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Objective of the Thesis 

Corrosion protection of aluminum and its alloys is a challenging subject to widen 

the service life of material and its industrial usage. Numerous protective measures 

have been employed for the corrosion protection of aluminum alloys. Chromate 

based coatings system was in use for a long time to protect the light metals alloys, 

but after the ban on Chromates based coating  (2017) in European Union due to 

strict health and safety rules and regulations, there is a need to develop 

environmentally friendly, greener coating systems to functionalize aluminum 

surface and to provide sufficient chemical and electrochemical stability against 

the aggressive environment and can possess multifunctional properties. 

The present study investigates the designing of the "Layered double hydroxide 

(LDHs)" based system for the protection of AA6082 alloy, which until now has 

given not much attention. LDHs demonstrate unique characteristic which helps to 

obtain special microstructure to attain multi-functional properties along with 

improved corrosion resistance properties. The methodology proposed the 

utilization of various LDH based systems and their modifications to achieve active 

and passive protection. Interests are focused to develop long-term stable, anti-

corrosion systems possessing influential corrosion resistance properties and stable 

compact structures. Besides understandings the utilization of LDHs for corrosion 

resistance properties, efforts are made to introduce a double-doped LDHs system 

where self-healing characteristics contribute to the development of advanced 

coating systems. 

Construction of Thesis 

The novel environmentally friendly “Layered double hydroxides” (LDHs) thin 

films were synthesized, through chemical conversion approach, directly on the 
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aluminum AA6082 substrates, and precisely characterized by various physical 

and electrochemical approaches. The defining of proper synthetic conditions for 

the synthesis of LDH is problematic due to the influence of certain parameters 

which made an impact not only on the structural properties of the LDHs but also 

on the anticorrosion behavior of LDH. This study focused on the thorough 

investigation of the optimization of synthetic conditions for LDHs and their effect 

on LDH assembly, surface morphology, thickness, interaction with corrosion 

inhibitors to control the corrosion resistance properties.  

The first step of the work is to control the synthetic parameters to obtain unique 

LDHs structural geometries for the development of anti-corrosion thin films. The 

addition of a complexation agent i.e. urea, ammonium hydroxide was also 

introduced to obtain distinct surface morphologies. Various LDHs classes were 

developed on the aluminum substrate in that scenario, for example, MgAl-LDH, 

ZnAl-LDH, NiAl-LDH, CaAl-LDH, and a detailed comparative study is reported 

about the dependency of structural- electrochemical relationships. The aim was to 

find the ideal films' properties, which leads to widening the potential window of 

corrosion resistance films in the defined electrolytes. To analyses high-

temperature applications, calcination of developed MgAl-LDHs is investigated to 

understand the effect of thermal treatments on the LDHs structure, basal spacing, 

intercalated anions, and its effects on corrosion resistance properties.  

The second part of the thesis is focused on the modification of the LDHs. Initially, 

graphene is introduced inside the LDHs network due to graphene chemical 

inertness and electrochemical characteristics. A thorough investigation is reported 

about the interaction of graphene with LDHs, and the ability of graphene to tune 

the properties of LDH for the designing of improved protective LDHs films. 

Specifically, the research focused on the use of graphene to seal the micropores 
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of LDHs films to promote barrier properties and explore the graphene interaction 

with the LDHs. Overall, the impedance modulus of the films was compared with 

the results of virgin LDHs and the efficacy of the graphene-based LDH system is 

described.  

In the third part of the thesis, cerium modified LDHs are developed on the anodic 

AA6082 substrate to understand the self-healing characteristic of the modified 

LDHs based system and their long-term protective ability. Rare earth elements 

found to have a significant inhibiting effect and are the object of considerable 

scientific interest, exhibiting nontoxic nature. Conceptually, the cerium modified 

LDH grown on the anodized surface can seal the micropores of the anodized 

surface (improved barrier properties), while LDHs themselves provide active 

protection via entrapment of aggressive species and through self-healing 

properties. The final part of the thesis comprises the introduction of a double-

doped effect, where cerium was introduced inside LDHs galleries and further 

doped with superhydrophobic species to obtain compact LDH multifunctional 

films with enhanced LDHs corrosion resistance properties. In the case of the 

double doped cerium-based LDHs films, the improvement in the corrosion 

resistance properties were observed during the long-term EIS measurements, 

while superhydrophobic, self-cleaning characteristics, and UV radiation impact 

on coating was thoroughly reported. Double doped LDHs lead to an influential 

increment in corrosion resistance properties, durability, and long-term stability. 

Furthermore, the role of LDHs as adsorbents for the heavy metals present in 

drinking water is also reported. Different adsorption models are studied, and 

adsorption kinetics is reported to understand the adsorption behavior of LDHs 

against arsenic impurities. The results depicted the successful removal of arsenic 
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from drinking water with high efficiency than traditionally used materials. Figure 

1 demonstrated the general workflow conducted in the Ph.D. academic duration. 

 

Figure 1. The general timeline of the workflow conducted in the tenure of the 

Ph.D. research. 
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1. Corrosion and corrosion aspects of aluminum alloys 

Aluminum is the most utilized industrial material after iron, and possess numerous 

attractive properties for numerous applications i.e. high conductivity for 

electricity and heat, readily fabricate into different designs for customer goods, 

demonstrate one-third of the density compare to the steel, stiffness, strength to 

weight ratio, and also highly recyclable. Therefore, aluminum alloys are the pillars 

of industrial materials. Figure 2 shows the total primary production of aluminum 

alloys for 2017. The corrosion resistance of aluminum alloys is one of the biggest 

challenges to its cost and economic growth [1]. The weight loss studies reported 

the 0.03 to 4 µm/year which varies in different atmospheric conditions [2]. To 

overcome the corrosion reactions various approaches have been employed i.e. 

surface treatments, anticorrosion coatings, metallography techniques which have 

been found influential to deal with corrosion [3]. Coatings can support to manage 

of materials operations, material saving, reduction of environmental pollutants, 

and can introduce new functional properties for a variety of applications. Strict 

health and safety regulations demand to design of a new greener, environmentally 

friendly coating system to substitute the traditional coatings like chromate, 

phosphate-based, and also there is a need to advance the coating systems to open 

the new windows of industrial applications. Chromium-based coating systems are 

used for a long time to protect light metallic materials, but due to health and safety 

rules and regulation, the usage of carcinogenic chromate coating systems have 

declined and been banned in European union, while the zinc-based coating 

systems are discouraged due to zinc price fluctuations. Hybrid materials, 

composites, unfunctionalized graphene, polymeric coatings, metallic coatings are 

widely investigated approaches to substitute the traditional coating systems [4]. 
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Corrosion is termed as the metals surface degradation and depends upon several 

factors i.e. material constituents, electrochemical reactions, material 

metallography, environmental conditions, and so on. Other definitions of 

corrosion are;- "Physicochemical interaction between a metal and its environment 

which results in changes of the material properties which may often lead to 

impairment of the function of the metal, the environment, or the technical system 

of which these form a part (ISO 8044-1986)", “Corrosion is an irreversible 

interfacial reaction of a material with its environment which results in the 

consumption of the material or dissolution (International Union of Pure and 

Applied Chemistry (IUPAC))”. Corrosion caused severe expense to the industrial 

costs due to the massive waste of resources and by the damage of the developed 

materials [5][6]. Every material has its properties in a specific set of media, which 

defined the material corrosion reactions [7]. The term reaction is also being used 

in classifying corrosion based on its mechanism; which can be physical, chemical, 

or electrochemical [8]. The most significant is the electromechanical reaction, 

involving the transfer of electrons which initiate corrosion reaction. The word 

environment is described as the factors/species that caused the corroding of metal 

at the time of reaction. Such an environment is called corrosive and the material 

is called corrodible. The defining factors of the environment are thermodynamics, 

kinetics, metallurgical factors, and nature. 
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Figure 2. Aluminum production (2017) [9]. 

1.1. Mechanism of corrosion 

Electrochemistry and thermodynamics are considered the main controlling 

phenomena to control corrosion. Based on the mechanism of corrosion reaction, 

corrosion is classified generally into three categories (a) Physical, (b) Chemical, 

and (c) electrochemical. Physical corrosion is a type where solid metal in contact 

with liquid materials caused dissolutions/penetration into grain boundaries [10]. 

Chemical corrosion is referred to laws of kinetics accompanied by the electric 

current, where corrosion of metallic surface in dry gas/nonelectrolytes caused the 

etching and degradation of parent material [11]. The electrochemical reaction 

causes the most industrial corrosion followed by anodic and cathodic reactions, 

where anodic reaction caused the dissolution of the material at the cathodic site, 

which results in material degradation at specific areas. The electrode is considered 

as the boundary between the liquid phase (environment) and the solid phase 

(metallic material), where the reaction process has taken place at the phase 

boundary. The basic corrosion cell includes the following components; - cathode, 
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anode, connection, and electrolyte. In general, the removal of any component from 

the system can obstruct corrosion reaction and that can provide a way to stop the 

corrosion process. On the other hand, the corrosion in aqueous solution is 

charge/or electron transfer took place by the electron activity, potential 

differences, and are affected by the nature of the metal surface. Thermodynamics 

involves the energy changes due to electrochemical reactions that control the 

corrosion chemical reaction. The understanding of thermodynamics helps to 

control the conditions which are the basics of corrosion reactions, but it is difficult 

to estimate the corrosion rate once it is initiated. The more active half-cell/negative 

cell has the potential to oxidize, while the noblest metal tends to reduce, and such 

alloy combinations will initiate corrosion. Industrially the major concern is the 

control of corrosion rate, and the prediction of conditions on which corrosion 

reaction depends, which determines the mechanism of the overall process. 

1.2. Forms of corrosion 

The corroded metals are generally grouped in the following forms of corrosion 

(ASM 2000), localized corrosion, Uniform corrosion, filiform corrosion, galvanic 

corrosion, deposition corrosion, intergranular corrosion, erosion-corrosion, stress 

cracking corrosion, filiform corrosion, cavitation corrosion, Microbiological 

induced corrosion [12]. 

1.2.1. Localized Corrosion 

A micro galvanic cell is formed when the intermetallic element of different 

electrochemical activity contributes to an alloy formation and the alloy comes to 

contact with the electrolyte. The phase with lower electro potential acts as an 

anode, while the other with higher electro-potential serves as the cathode. The 
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aluminum oxide protective film formed on the surface did not provide protection 

uniformly all over the surface due to the presence of intermetallic and caused 

defects which promote localized corrosion. Figure 3 demonstrates the overall view 

of localized corrosion on the surface of the aluminum. (a) The more noble 

electrochemical phases caused the cathodic process and initiate oxygen reduction 

reactions by the formation of hydroxyl ions, (b) The aluminum dissolution in the 

aluminum matrix results in the anodic process, (c) Electron transfer between 

cathode and anode in the bulk alloy taken place, (d) Acidification produced inside 

the pits due to hydrolysis and cause acidification of the solution at the anodic sites. 

 
Figure 3. Localized corrosion attack on aluminum alloy [13]. 

1.2.2. Uniform Corrosion 

Uniform corrosion also termed General corrosion occurs in solutions such as 

concentrated solutions, rich in chlorides with varying pH from mild to acute. 

Aluminum alloys are most susceptible to uniform corrosion in acidic or alkaline 

media, thus are the cause of uniform corrosion. Crevice corrosion is a form of 

Localized corrosion that results from the gap or overlap of two metallic parts i.e. 

between the structure and the bolt. When water/electrolytes enter the gap and 

caused deaeration, results in an oxygen reduction reaction (more acidic) thus 
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increases the corrosion rate. Figure 4 demonstrated the crevice corrosion 

mechanism for corrosion reactions. 

 

Figure 4. A schematic representation of crevice corrosion of an aluminum alloy 

[14]. 

The pitting potential is another extreme form of localized corrosion, manifested 

in the random formation of pits/cavities. Pitting of aluminum alloys occurs at 

defects (phase particles/ grain boundaries) in the low level of anions 

concentration. Figure 5 represents the general representation of the pitting 

corrosion mechanism. 
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Figure 5. General representation of pitting corrosion [15]. 

1.2.3. Galvanic Corrosion 

Galvanic corrosion in the case of aluminum occurs when aluminum relates to 

more noble metals and both come into contact with electrolytes. The galvanic 

couple formed due to potential differences and cause degradation. 

1.2.4. Deposition Corrosion 

Several metals that are more cathodic than aluminum alloys can reduce the 

metallic form of corrosion during the designing of aluminum alloys. Reduction of 

these heavy metals (copper, lead, mercury, nickel, and tin), even in small number, 

lead to severe localized corrosion during to galling cell formation on aluminum 

palates. 

1.2.5. Intergranular Corrosion 
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Intergranular corrosion occurred at the grain boundaries/ closely adjacent regions, 

caused due to the different thermodynamic treatments and the presence of 

different materials in alloy formation. This caused the different anodic paths on 

the grain boundaries locations and caused the depletion of elements i.e. copper in 

AA2xxx alloys etc. Among the developed aluminum alloys, the AA6xxx series 

have shown reasonable resistance for this sort of corrosion, However, 

intergranular attacks can be initiated in aggressive media. 

Exfoliation corrosion can be considered the class of intergranular corrosion, which 

is caused due to the grains flattened during the rolling of the material and subject 

to deformation. Such corrosion processes are more commonly observed in 

AA2xxx, AA7xxx series of alloys, where grain boundary regions are more 

vulnerable to depletion and can be handled by the remedies just like intergranular 

corrosion reactions.  

1.2.6. Erosion-Corrosion 

Erosion corrosion of aluminum alloys occurred in high-velocity fluids and 

accelerated in high pH especially in carbonated and high silica contents in water. 

Generally, aluminum is considered stable in water and becomes corroded in 

acidic/alkaline media. To reduce the erosion-corrosion, pH level, solution 

concentration and velocity of fluid managing is a crucial factor. 

1.2.7. Stress Corrosion Cracking (SCC) 

Stress corrosion cracking (SCC) happened in suspectable aluminum alloys in a 

humid environment when tensile stress caused the propagation of cracks and thus 

can form intergranular stress corrosion cracking and transgranular stress corrosion 
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cracking, followed by the crack in grain boundaries and cracks cut through grains 

respectively.  

1.2.8. Corrosion Fatigue 

Corrosion fatigue is the repeatedly stressed condition on the aluminum structure 

in a corrosive environment that can initiate crack and it can propagate under crack 

opening stress. Corrosion fatigue is more dominant in the low-stress air 

environment, compared to seawater or other conditions. The trans-granular 

fracture appears in corrosion fatigue and required a water presence for corrosion 

propagation.  

1.2.9. Filiform Corrosion 

Filiform corrosion is the general problem of painted aluminum alloys, where paint 

defects/pinholes act as initiation sites for corrosion initiation. Filiform corrosion 

propagates under the presence of chlorides and high humidity. 

1.2.10. Microbiological Induced Corrosion 

Microbiological induced corrosion (MIC) is caused by the accumulation of 

biological organisms, where the growth of fungus/microorganisms at the metallic 

surface developed oxygen/fuel interface and excrete an acid that caused 

pits/cracks and further the corrosion. To overcome the MIC, it is recommended 

either to manage the fuel quality and control the water into the fuel supplies in the 

fuel tanks, or fungicides are sometimes introduced in the system.  



 
 

38 

 

A general comparison of different forms of corrosion is discussed in Figure 6, and 

the systematic classification of different forms of corrosion is demonstrated in 

Table 1. 

 

Figure 6. Schematic summary of the various forms of corrosion (ASM, 2000). 
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Table 1. ASM classifications of corrosion types. 

Generally, 

corrosion 

Localized 

corrosion  

Metallurgical 

influenced 
corrosion 

Mechanically 

assisted 
degradation 

Cracking/environm

ental 

Corrosion 

attack by 

uniform 

thinning 

Metal 

penetration 

at a specific 

site 

Heat treatment and 

metallurgy 

Mechanical 

component 

corrosion 

Environmental 

Stress-induced 

corrosion 

Galvanic 

corrosion 

Filiform 

corrosion 

Dealloying 

corrosion 

Fretting 

corrosion 

Hydrogen damage 

Stray current 

corrosion 

Pitting 

corrosion 

 cavitation Liquid metal 

embrittlement 

Atmospheric 

corrosion 

Crevice 

corrosion 

Intergranular 

corrosion 

Erosion 

corrosion 

Stress cracking 

erosion 

Biological 

corrosion 

Localized 

biological 

corrosion 

 Corrosion fatigue Solid metal induced 

embrittlement 

High-

temperature 

corrosion 

    

Molten salt 

corrosion 

    

1.3. The role of chemistry on corrosion 

The addition of alloying elements in aluminum brings specific chemical and 

mechanical characteristics with a heterogeneous microstructure that make a 

compromise on the materials corrosion resistance properties. Every alloy element 

demonstrated a different effect on aluminum corrosion and that makes a 

prominent factor to design aluminum alloys. The general E-pH diagram may 

provide the prediction of corrosion processes but in the presence of several 

parameters on the industrial scale, it becomes difficult to consider the exact 
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corrosion rate. The possible factors in that sense are; - temperature, the various 

concentration of electrolytes, alloying elements, mode of corrosion, corrosion 

kinetics, etc. For general representation, the E-pH diagram of the aluminum is 

shown in Figure 7, where it provided a conclusive thermodynamic process that 

allows us the understanding to design an alloy because of corrosion resistance 

properties. The diagram provides a general estimation of the conditions for the 

aluminum corrosion attacks, stability, passivity, and immunity for the corrosion. 

However, the E-pH diagram did not indicate the passivity under strong acidic 

solutions. The effect of different alloying elements is discussed in the below 

section. 

 

Figure 7. E-pH diagram of Aluminum [15]. 
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1.3.1. Influence of magnesium 

Magnesium is found one of the major elements in the 6xxx series and is found to 

improve the mechanical properties of the alloy and stabilize the GP zone and 

decrease the alloy density. Furthermore, Mg decreases the rate of cathodic 

reactions and increases corrosion resistance. However, excess Mg in the alloy will 

cause the precipitation at grain boundaries [16,17] [18] [19][20] and are known to 

be anodic concerning aluminum matrix and can become susceptible to localized 

corrosion [21–23]. This is also reported that magnesium in the 6xxx series can 

precipitate with other alloying elements and can strengthen the alloy [24–27]. 

1.3.2. Influence of silicon 

The addition of silicon in 6xxx series with magnesium alloy in conjunction 

precipitate Mg2Si which enhances the mechanical properties  [28,29] [30,31]. The 

composition provides the strength but also causes pitting corrosion, where Mg2Si 

acts as more anodic than the aluminum matrix and dissolute in the matrics with 

intergranular corrosion and stress cracking corrosion. Excess silicon however 

enhances cathodic reaction rate [31].  

1.3.3. Influence of copper 

Copper in the aluminum matrix formed cathodic particles Al2Cu and has a 

determining role in corrosion protection. Copper is low quantity in 6xxx provides 

strength with improve hardness. Al2CuMg (S- phase) present in Al-Cu-Mg alloys 

caused a potential difference between more noble and Mg contents phases, which 

caused the dissolution of magnesium in the matrix and copper redistributed at/near 

the sites of Al2CuMg [32,33], [34].  
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1.3.4. Influence of zinc 

In the 6xxx series, zinc in a low amount is added for hardening and stimulate 

precipitation where the intermetallic like MgZn2 is evenly distributed throughout 

the aluminum matrix [31,35].  

1.3.5. Influence of manganese 

Maganese in the 6xxx series is found effective to reduce the pitting corrosion and 

modify the ferrous-containing intermetallic particles by reducing the iron 

concentration and make it nobler with the formation of Al6MnFe [36]. However, 

it is also reported that excess manganese can lead to the cathodic reaction when 

are beyond the soluble limit. 

1.3.6. Influence of other elements, including Zr, Cr, Sc, Ti, W, and Sr 

These elements are added in very small amounts to refine the grains, reduce 

recrystallization, and avoid undesired intermetallic compounds [21]. Their effect 

besides metallurgical characteristics is the corrosion resistance properties by 

minimizing the intermetallic to avoid localized and stress-induced corrosion. 

Microstructure tunes the corrosion resistance properties and such elements 

addition provide improved corrosion resistance properties [37]. The corrosion 

potential of different intermetallic alloys is represented in Table 2. 
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Table 2. Intermetallic corrosion potential in 0.1M NaCl solution [15]. 

Phase Corrosion Potential mV (SCE) 

Al3Fe -539 

Al2Cu -665 

Al6Mn -779 

Al3Ti -603 

Mg2Al3 -1013 

MgZn2 -1029 

Mg2Si -1538 

Al7Cu2Fe -551 

Al2CuMg -883 

Al20Cu2Mn3 -565 

1.4. The role of microstructure on corrosion 

The role of the microstructure is a vital parameter to understand the corrosion 

resistance properties of aluminum alloys. Alloying elements contribute to the 

alloy microstructure and have a significant impact on determinable corrosion 

behavior. For homogenous alloys, corrosion attack is low due to the lack of 

microstructural defects and attack sites. However, heterogeneous alloys are of 

specific interest that mentioned superior mechanical properties but also is 

susceptible to localized corrosion attacks. The most common reason for the 

corrosion attack is the intermetallic particles and are categorized into the 

following classes, (a) Constituent particles, including the insoluble elements, 

impurities in the size of few microns to tens of microns, (b) Precipitates formed 

from nucleation and growth in the range of nm [38]. Each microstructural 

variation brings different electrochemical characteristics that provide potential 

differences and attacking sites for corrosion reactions. Numerous authors have 

reported comprehensive work on the simulation of microstructural features and 

corrosion reactions and demonstrate the corrosion mechanisms in detail [39][25]. 

However, there are still uncertainties in multi intermetallic particle roles and their 
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contribution to corrosion measurements under different stimuli. In multi ternary 

and above alloying elements incongruent dissolution of alloying elements decide 

the anodic and cathodic sites an [32] intermetallic contains Cu and Mg, whereby 

the corrosion attack is also dependent upon pH, temperature, and humidity 

conditions which decided the pitting corrosion phenomenon and localized 

intermetallic attack. but this does not necessarily mean the pit will propagate 

deeper [40]. Alloying elements control the microstructure of the aluminum alloys 

and further contribute to the corrosion resistance properties. Corrosion potential 

of different aluminium alloys is described in Table 3. 

Table 3. Corrosion potential of aluminum alloys in 1M NaCl solution containing 

H2O2 [15]. 

Material Corrosion potential (V SCE) 

Pure aluminum -0.75 

Pure Cu 0.00 

Mg -1.64 

Fe -0.55 

Zn -0.99 

2024-T3 -0.60 

3003- -0.74 

5052- -0.76 

6063- -0.74 

7075—T6 -0.74 

8090-T7 -0.75 

1.5. Corrosion prevention and control 

One way to suppress the corrosion rate is the modification of the properties of the 

material, change in environmental conditions, applications of coatings, and play 

with electrochemical reactions of the materials and electrolytes. Further, it is also 

an estimation point, either corrosion is needed to be avoided or merely controlled. 

The decision of control of corrosion, where it must be suppressed, avoided, or just 
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merely controlled solely depends upon the economics of the materials involved 

and the process of the reactions. Corrosion prevention of materials depends upon 

the modification of environmental introduction of corrosion-resistant materials, 

and electrochemical approaches, In that scenario, the introduction of coatings and 

their importance is the key parameters and prevention techniques i.e. barrier 

effects, cathodic protection, inhibitions, materials selection are the factors 

generally employed to control the corrosion. Generally, the mechanism of 

anticorrosion coating is differentiated into the following categories (a) Inhibition 

of the corrosion reactions, (b) creating barrier between the environment and the 

materials of contact, (3) introduction of corrosion resistance coating acting as 

sacrificial materials. Recently, the new concepts of collective active and passive 

corrosion protection is employed, where barrier layers formed provide passive 

protection, while the corrosion inhibitors in the coating system provide the active 

protection against corrosion where the active and passive layers, impede the 

corrosion half-reaction resulting in the depletion of electrons [41]. 

Electrochemical protection involves the controlling of surface potential, which is 

either more positive (anodic polarization) or more negative (cathodic 

polarization), where electrons are either removed from the surface which results 

in positive protentional or electron are supplied to the metallic surface which 

slows the reaction rate and develops negative potential. These factors are 

considered crucial parameters in the development of preventing coating systems. 

1.6. Developments in Corrosion Protection 

Thermodynamically, corrosion is possible for most environments and that makes 

primary attention to know how to protect and control the corrosion. Chemical 

kinetics predict the corrosion rate and corrosion reactions, and fundamental laws 
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of electrochemical reaction assist to protect the alloys from corrosion reactions 

and to develop more corrosion-resistant material [42]. Electrochemical reactions 

involve the release or acceptance of electrons and thus that flow measures the 

corrosion current. A general overview of the corrosion protective approaches is 

demonstrated in Figure 8, where the following ways are reported to manage 

corrosion control:- (a) Design improvement of material, (b) Alter the material 

properties, (c) influence the environmental conditions, (d) potential changes of 

metals, (e) Coatings. Coatings illustrate the facile approach to protect the 

underneath material by benefiting the system cost, service life, stability, and where 

additional properties of the material are needed. The formulation of corrosion 

inhibitors and their incorporation in the coating system is illustrated in Figure 9. 

The step-by-step approach conducting on the corrosion inhibitors enables the 

formulation of a protective coating system for metallic alloys. 
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Figure 8. Corrosion protection methods [43]. 

1.7. Coatings 

Coatings are a mostly considered multi-layered system, where the function of each 

layer is interactive and specific. Coatings that can be organic, inorganic, or 

metallic are found to provide barrier properties, thus mostly act as sacrificial 

coatings. Metallic coatings are mostly applied by spraying, chemical conversion, 

diffusion, electrodeposition, and generally exhibit formability with sufficient 

barrier characteristics. Organic coatings provided a thin barrier between the 

environment and the substrate, but coatings porosity/defects can cause accelerated 

localized attacks because of galvanizing defects. The other commonly applied 

protective coating systems are:- chemical vapor deposition, physical vapor 

deposition, electro galvanizing, and thermal spraying, ion beam, immersion, 

welding, etc. Environmental and health regulations have made the restriction on 
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the usage of phosphate and chromate based coating system, therefore continuous 

efforts are devoted to finding the replacement by taking into consideration rare 

earth metals, silicate-based, titanium oxide, and zirconium oxide-based systems, 

and so on [44] [45] [46–50]. 

Generally, barrier effect is considered the main mechanism for materials coating 

protection, and further addition of corrosion inhibitors is taken as an active 

approach to enhance corrosion resistance properties. Surface passivation can also 

be formed due to the firmly bonded upper coating layer. For example, aluminum 

formed an aluminum oxide layer, which acts as a barrier layer and can protect the 

aluminum from corrosion except in the silane environment [51,52]. Corrosion is 

caused by the formation of electrochemical cells, where anodic sites are depleted 

and benefit the cathode. Electrochemical cells are formed whenever surface 

uniformity is disturbed and results in the cathodic and anodic area whereby 

moisture, oxygen act as an electrolyte. In sacrificial coating, the preferential 

dissolution of the coating takes place to protect the substrate and is termed as 

sacrificial protection. The introduction of various corrosion inhibitors inside the 

coating system is regarded as active protection, where inhibitors act as additional 

corrosion protection beyond the general coating barrier layers and offered enhance 

corrosion protection. However, the choice of corrosion inhibitors is related to 

system complexity, technical and economic difficulties. To solve that problem, 

the self-healing concept is deployed, where inhibitors are added in the 

conventional coating system to heal the damaging effect of corrosion. Numerous 

works are conducted on the deployment of ceramic coatings, but over time 

ceramic materials have proven to be brittle and fail to protect the constructive 

materials. Zhang and Tang et al [53] published a thorough review of the patents 
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for polymeric corrosion resistance materials and concluded the pro and cons of 

various polymeric materials as anti-corrosion materials.  

Organic coatings are the most employed coating films to protect metallic alloys 

with vase applications in different sectors of metallic materials. It consists of alloy 

pre-treatment, primer, and top coating as shown in Figure 9. Numerous variables 

affect the choice of suitable organic coatings such as the nature of electrolytes, 

environmental conditions, and are characterized by various functional groups. 

Organic polymeric materials are characterized by different functional groups and 

materials corrosion resistance properties influentially depend upon the coating 

functional groups, thickness, friction resistance, shape, and so on [53]. Composite 

materials demonstrated the properties of good adhesion, self-healing, strain 

recovery, conductivity. To replace traditional coating systems, many 

environmentally friendly composite coatings such as vanadate based, 

fluorometallate based systems are actively investigated [54]. 

 

Figure 9. Schematic representation of the active corrosion protection system for 

aluminum alloys [61]. 
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1.8. Anti-corrosion coating: New and emerging materials 

In recent years, efforts are made to develop a new generation of emerging and 

novel coating materials that are much of the coating industry's interest. The 

emergence of specific design, active materials may support the reduction of 

expenses expand on the corrosion of materials. The researchers also focused on 

the development of stimuli-responsive smart coating, which can be engineered for 

large-scale industrial applications. The smart coating is developed based on their 

electric current, humidity, temperature, pressure, pH-controlled stimuli, and 

applications in those fields. Smart coatings are generally described by three 

categories; (a) microcapsule healing, (b) Self-healing characteristics, (c) 

Anticorrosion coatings. The self-healing concept was modeled based on the 

coating healing process, which can be linked to the coating underlying 

performance. The introduction of corrosion inhibitors into the coatings for healing 

can be achieved by various synthetic approaches [55]. Nanocoating composites 

are the recent trends to control corrosion and develop anti-corrosion thin films due 

to their unique physical and electrochemical properties due to the 

encapsulation/incorporation of the nanoparticles inside the coatings for specific 

features [56]. To replace chromate treatments, various chemical conversion 

approaches of phosphorous, titanate, zirconate, rare earth and electrochemical 

process like organic polymeric coatings, anodic coatings, silane films, etc are 

introduced. The following approaches are used to incorporate the corrosion 

inhibitors inside the coatings; - 

(a) Inorganic anion-exchange containers 

(b) Core-shell containers 

(c) Functional layers for storage 

(d) Direct incorporation of inhibitors in the matrix 
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(e) Layer-by-layer assembled nanocontainers 

Layer-by-layer assembly of thin-film coatings is used as an efficient treatment in 

corrosion protection of aluminum alloys, where nanocontainers can be stored 

inside the active coating system and provide active and passive protection. The 

coatings that held nanocontainers showed better inhibitive properties and self-

healing abilities. The general approach of self-healing includes the incorporation 

of inorganic/organic pigments inside the layered structure of the films due to 

charge difference and on contact with a basic solution, the coatings release the 

corrosion inhibitors. Layered double hydroxide (LDH) are a unique class of ion-

exchange materials where the controlled release of corrosion inhibitors, 

incorporation of inorganic/organic pigments inside the LDH framework made 

them suitable coating system for further investigation. The main difference 

between an ion-exchange container with other nanocontainer materials is loading 

efficiency, facile synthesis growth, sample preparation, and interaction with the 

substrate and the environment. This thesis emphasizes the fundamental 

understanding of the LDH synthesis and the parameters that affect the structural 

growth, geometry, interlayer thickness, adhesion, uniformity, and the relation of 

structure to the corrosion resistance properties. This knowledge is effectively used 

to optimize the synthetic conditions following the anticorrosion behavior and 

potential towards an ion-exchange mechanism for different classes of LDHs. 

Afterward, the modification of the LDH structure to enhance the corrosion 

resistance properties is explored by introducing the graphene flakes and by the 

calcinations.  Finally, a detailed investigation is made on the effect of the 

introduction of rare earth elements inside the LDH, and understanding of self-

healing characteristics are monitored and finally, the double doped effect is 

introduced where two different corrosion inhibitors are introduced for the sake of 
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long service life and to achieve special characteristics i.e. superhydrophobicity, 

self-cleaning, UV resistance, etc. Such systems can become the choice to replace 

chromium-based coating systems due to compatibility with inorganic/organic 

pigments, inhibitors storage, self-healing characteristics. The best systems must 

have combined properties of long service life, stability performance, efficiency, 

and facile synthesis approach. 
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2.1. Layered double hydroxide 

Layered double hydroxides are expressed by the general expression [M2+
1-

xM3+
x. x(OH)2]An-

x/n·mH2O], where M2+ are divalent cations, while M3+ is trivalent 

metal cations and “A” represents the n-valent anions. The LDH structure is 

organized when M2+ is substituted by M3+ and An- anions are used to balance the 

net positive charge [57–60], and the molar ratio of M 3+/(M2+ + M3+) range from 

0.20 to 0.33 [61, 62]. Due to the anion exchange capability of LDHs, various 

anions can be successfully incorporated inside the LDH interlayer to modify the 

chemistry of LDH for specific applications: for instance, supercapacitors, 

environmental sciences, catalysts, adsorption, and so on Figure 10 [63–69]. The 

possibility of the development of layered three-dimensional structures 

incorporated with inorganic components opens new windows for novel properties. 

 

 

Figure 10. Applications of Layered double hydroxide [70]. 

Recently, in the subject of anti-corrosion materials, layered double hydroxide 

(LDH) based coating systems have gain attention due to LDH’s peculiar 

morphology, a wide range of cationic/anions combinations, environmental 

friendliness, barrier properties, high surface to volume ratio, and multifunctional 

design along with the capability to intercalate various species, such as metal ions 
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of mixed valences, complex inorganic, organic molecules in the in LDH 

interlayers, and thus can be utilized as multifunctional coating systems. The LDHs 

film thickness, number of layers, composition, surface geometry, and morphology 

are found to influence the ability of LDH to encapsulate various functional groups 

and can be controlled with the adjustment of synthetic conditions, fabrication 

methodology, and initial salt concentrations [71–73]. Furthermore, the interlayer 

anions and ratio of metal cations can largely impact orientation, crystal structure, 

and surface geometry [74]. The LDH protective mechanism includes the 

following key features; (a) the anion-exchange ability, (b) the self-healing 

mechanism, and (c) barrier effect, which are found to improve the anti-corrosion 

properties. Considering the ion exchange equilibrium constant, the nitrate ions 

demonstrate the lower value in the following order: NO3
- < Br- < Cl- < F- < OH- < 

MoO4
2-< SO4

2- < CrO4
2- < HAsO4

2- < HPO4
2- < Naphthol Yellow2- <CO3

2- [75]. 

That’s the reason a lot of research has been conducted on LDH-NO3, where nitrate 

groups act as active precursors to modify the LDH chemistry with different 

anticorrosion inhibitors through ion-exchange and can design multifunctional 

coating systems for corrosion protection. To develop a compact LDH coating 

system, two main strategies have been pursued: (a) loading of corrosion 

inhibitors/anticorrosion pigments inside the LDHs; (b) LDHs dispersed/coated 

with polymeric coating matrix to protect the metallic surface. 

The following advantages made LDHs a promising choice to consider for the 

investigation of anticorrosion films.  

1. Easy synthesis routes. 

2. Low-cost precursors 

3. High surface to volume ratio 

4. Positively charges layers neutralize by interlayered anions 
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5. High loading efficiency 

6. Adsorbents 

7. Chemical and structural stability 

8. Easy availability of precursors 

9. Interaction with inorganic/organic pigments 

2.2. Synthesis of LDH on aluminum and aluminum alloys 

Given LDH based protective coatings, coprecipitation and in situ growth 

methods are the widely investigated approaches with various customized 

reaction/host modifications to develop LDH based systems. Here, we discussed in 

detail these two approaches and their modifications in terms of coating resistance 

properties. 

2.2.1. Coprecipitated synthesis  

The coprecipitation approach is an illustration of the ex-situ method where 

the LDHs precursors are initially synthesized in powder form and applied on the 

aluminum surface by using certain techniques. The coprecipitated LDH precursors 

are synthesized by the combination of divalent and trivalent cationic salt solutions 

and exhibit the advantages of high purity, crystallinity, controlled chemical 

composition, and significant interaction with organic/inorganic inhibitors. On the 

other side, the adhesion to the surface is inconsistent. In recent years, several 

reviews sum up the work on the synthesis of layered double hydroxide and the 

parameters/conditions affecting their formation [76–81]. Frederick et al. did a 

comprehensive review of the synthesis of LDH by the coprecipitation method 

[81]. Recently, Bukhtiyarova et al [74] reported a concise review on LDHs 

synthesis and discussed in detail the various parameters that affect the growth of 



 
 

57 

 

LDH i.e. synthetic solution pH, salts concentration, nature of alkaline solution 

(NaOH, urea, ammonia, ammonium carbonate, etc), aging time, reaction 

temperature, and molar cationic ratios. The synthetic conditions - including the 

initial concentration of salts, crystallization time, solution pH, precipitating 

agents, and the ratio of divalent to trivalent cations have been found to have an 

influential impact on LDH structure, functional properties, and crystal structure 

parameters [82]. To enhance the corrosion resistance properties, the LDHs coating 

system can also be modified either with the various corrosion inhibitors/ 

anticorrosion pigments by taking the advantage of LDHs anion exchange, or by 

the utilization of dispersed LDH in the polymeric/organic systems. The self-

healing capability of LDHs also makes them a viable material to enhance the 

corrosion resistance properties. Buchheit et al. initially developed ZnAl-LDH 

based coating system by using the coprecipitation method and further introduced 

it on the aluminum 2024 alloy [83] and reported the intercalation of decavanadate 

corrosion inhibitor inside LDH galleries [84]. William et al. [85] synthesized 

ZnAl-LDH intercalated with nitrate, carbonate, and chromate and processed it on 

organic coated AA2024 alloy. They also investigated the various anti-corrosion 

pigments (oxalate, benzotriazolate, ethyl xanthate) to protect the AA2024 [86]. 

Zheludkevich et al. [87] synthesized MgAl and ZnAl-LDH loaded with divandate 

anions in the LDH interlayers and investigated the controlled release behavior and 

corrosion resistance properties of resultants to protect the aluminum AA2024. 
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2.2.2. In situ growth method 

In situ growth approach is considered a promising choice to develop 

LDH directly on the substrate with the advantage of a more facile approach, 

controlled film thickness/size, distinct surface morphologies, strong adhesion 

between LDH and the substrate, and feasible to coat complex geometries. The 

successful intercalation with various inorganic/organic anions can be achieved by 

controlling the differential growth of LDH islands on the surface-active 

intermetallic/active zones. The aluminum alloys act as a source of Al3+, where the 

aluminum surface starts dissolution in a basic solution to form aluminum oxides. 

Al(OH)3 reacts with water to form a mixture of precipitated divalent cations and 

OH- on the surface of Al(OH)3. The substitution of divalent cations with Al3+ ions 

results in the coexistence of Al(OH)3 and M2+(OH)2 to form the LDH structure. 

On the other hand, the hydroxyl ions present inside the galleries were exchanged 

by the solution anions (depending on ionic radii’s). LDHs formed a compact layer 

at LDH/interface, followed by a comparatively porous LDH network.  

In recent years, the introduction of various corrosion inhibitors has been 

reported in in-situ growth LDHs to develop hybrid LDH/polymeric structures to 

achieve better stability. Polymeric primer layer can provide enough binding 

support and inhibit the diffusion reactions. However, the basic issue of self-

healing is still not thoroughly investigated in different situations, and 

defects/scratches may remain open for continuous interference of aggressive 

species with the coating systems. 

Synthetic conditions have many crucial parameters to control the in situ 

growth of LDHs; reaction temperature and aging time strongly affected the 

crystallinity and geometry of LDH. The pH of the synthetic solution is another 

factor that can influence the composition of developed LDH. For example, in the 
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case of Zn-based LDH, it is reported that a solution pH higher than 12.6 causes an 

increase in the wt% ratio of ZnO/LDH. while ZnO is found highly soluble in NaCl 

solution, thus a reduction in corrosion resistance properties is reported. Elevated 

pH can also cause cracks and defects and can favor the formation of secondary 

phases. 

Urea hydrolysis is another approach to obtain the fine distribution of 

crystallites and a high degree of crystallinity, but urea hydrolysis promotes the 

formation of carbonate ions in the system which restricts the anion exchange 

capabilities of LDHs [88]. The complete overview of synthetic approaches and 

relevant parameters is mentioned in Table 4. 
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Table 4. Synthetic conditions for the development of LDHs. 

LDH 
Anion-

exchanger 
Precursors 

Alkaline 

media 
Method Al alloy 

Synthetic condition 

Ref. 

°C pH 

Aging 

time 

(h) 

ZnAl V ZnCl2, AlCl3 NaOH coprecipitation 2024 55 
6.3-

6.5 
12 [83] 

ZnAl V ZnCl2, AlCl3 NaOH coprecipitation 2024 55 
6.3-

6.5 
12 [84] 

MgAl 
(MBT)/ (QA) 

Mg(NO3)2, Al(NO)3 
NaNO3 coprecipitation 

2024 65 10 24 
[89] 

ZnAl Zn(NO3)2, Al(NO)3 2024 65 10 24 

ZnAlVO3  
Zn(NO3)2, Al(NO3)3, 

NaVO3 
NaOH coprecipitated 

2024 

65 9.5 24 

[87] 
MgAlVO3  

Mg(NO3)2, Al(NO3)3, 

NaVO3 
NaOH coprecipitated 65 9.5 24 

ZnAl V Zn(NO3)2, Al(NO3)3, NaNO3 coprecipitation 65 10 24 
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MgAl V Zn(NO3)2, Al(NO3)3, NaNO3 coprecipitation 65 10 24 

ZnAl 

4-ABSA, 3-

ABSA 3,4-

HHBA 

ZnCl2, AlCl3 NaOH coprecipitation 2024 30 9 12 [90] 

ZnAl  ZnCl2, AlCl3 NaOH coprecipitation 2024 30 10 12 

[91] 

ZnAl NaCO3 ZnCl2, AlCl3 NaOH coprecipitation 2024 30 9 12 

ZnAl K2CrO4 ZnCl2, AlCl3 NaOH coprecipitation 2024 30 10.5 12 

ZnAl 
Na2C10H14N2

O 
ZnCl2, AlCl3 NaOH coprecipitation 2024 30 10 12 

ZnAlCe  
Zn(NO3)2, 

Al(NO3),Ce(NO3)3 
NaNO3 coprecipitation 2024 65 10 18 [92] 

ZnAl V Zn(NO3)2, -- Insitu 2024 <100 7 ----- [93] 

ZnAl* laurate Zn(NO3)2, NH4NO3 Insitu Al 45 6.5 36 [94] 

MgAl 8HQ Mg(NO3)2 NH4NO3 Insitu Al 100 9 48 [95] 

MgAl C6H5COON Mg(NO3)2, urea NH4NO3 Insitu 6061 45 10 24 [96] 

ZnAl* V Zn(NO3)2, NH4NO3 Insitu 2198 45 7 ------ [97] 
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ZnAl* V Zn(NO3)2 NH4NO3 Insitu 2024 95 6.5 0.5 [98] 

ZnAl* V Zn(NO3)2 NH4NO3 Insitu 2024 95 6.85 0.5 [99] 

NiAl  Ni(NO3)2, NH4NO3 NH4OH Insitu Al 85  40 [100] 

MgAl  Mg(NO3)2, NH4NO3  Insitu 5005 125 8-10.5 1-8 [101] 

MgAl 

Laurate, 

Stearate, 

oleate 

Mg(NO3)2, urea  Insitu  Al 70  24 [102] 

ZnAl  Zn(NO3)2, NH4NO3 NH4OH Insitu  Al 120 6.5 --- [103] 

MgAl Stearic acid Mg(NO3)2, NH4NO3 NH4OH Insitu 5005 125 10 4 [104] 

ZnAl Mo, graphene Zn(NO3)2, NH4NO3,  insitu 2024 45 8.8 6 [105] 

MgAl Sol gel Mg(NO3)2, Al(NO3)3 NaOH coprecipitation 2024 70  18 [106] 

ZnAl Stearic acid Zn(CH3COO)2 NH4OH insitu Al 60  4 [107] 

ZnAl V 
Zn(NO3)

2 
NH4NO3, 

NH4OH insitu 2024 95 6.5 0.5 [108] 

MgAl PFDTMS 
Mg(NO3

)2 
NH4OH insitu 2198 45 7 80 [109] 
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CoAl 
Co(NO3)

2 

NiAl Ni(NO3)2 

ZnAl 
Zn(NO3)

2 

ZnAl 
MBT/8HQ/V/

PA/Mo 
Zn(NO3)2  coprecipitation 2024 60  20 [110] 

LiAl 
Vanillin, 

aspartic acid 
Li(NO3)2  In situ A6N01 60  0.33 [111] 



University of Trento, Italy 

   

2.3. The corrosion resistance of LDH films 

Among the possible solutions, LDHs incorporated with corrosion inhibitors 

seem to be a feasible choice that is found to protect the metallic surface, while, 

the compatibility with organic matrices makes it a powerful option to provide 

long-term stability and to effectively reduce the corrosion rate. 

 2.3.1. Corrosion resistance of in-situ growth LDHs  

LDH based coatings have been pursued to achieve high corrosion 

resistance. The mechanisms through which these materials can provide the 

underlying substrate with improved corrosion resistance are manifold. Alongside 

being a physical barrier against water and ions migration, LDH based coatings are 

recognized for their capability to encapsulate functional species in between the 

charged lamellae. As a result of this specific property, coatings based on these 

materials have a self-healing potential if proper corrosion inhibitors are embedded 

and released in situ upon a specific trigger. LDH coatings commonly show a two-

layered structure (schematically depicted in Figure 11): an inner relatively 

compact layer and an outer porous layer formed by the interconnection of the 

different platelets. Figure 11 (c) demonstrated the cross-sectional image of layered 

double hydroxide on AA5005. It can be seen that LDHs have shown two distinct 

layers i.e. upper porous layer and bottom dense layer and this is in agreement with 

the above explanation. Liang et al [112] described the formation of LDHs on 

AA2099-T83 Al-Cu-Li alloy, and further explain the role of intermetallic particles 

on the formation of LDHs and corrosion resistance properties. Iron-containing 

intermetallic particles act as a preferential site for the formation of nucleation and 

growth of LDHs and compact, uniform LDHs developed on the aluminum surface. 

Overall, intermetallic particles like iron contribute to the formation of LDHs, and 
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other non-reactive elements with LDHs i.e. silicon covered by LDHs nest-like 

morphology [113]. 

 

Figure 11. Structure of LDH based coatings: (a) schematic representation of the 

structure of the film; (b) schematic representation of the structure of the film in 

presence of intermetallic particles; (c) cross-sectional FIB-SEM image of LDH 

developed on AA5005. 



 
 

66 

 

Notice that in correspondence with the active intermetallic particles 

(Figure 11 b), a differentiated growth of island-like LDHs occurs [60]. The inner 

compact layer is responsible for the physical barrier effect of the coating while the 

platelets, which form the outer layer, mainly provide the ion exchange reactions.  

Regardless of the synthesis technique employed for the development of LDH 

films either by the in-situ method or the two-step method, LDHs suffer from 

corrosion induced by halogen ions such as chlorides. The durability of LDH 

coatings can also be increased with embedding corrosion inhibitors in between the 

platelets. LDHs anion exchange reactions are generally assumed to take place too 

tactically, even if precipitation mechanisms have been also proposed [114,115]. 

Nitrate-based LDHs might be a possible option to enhance the corrosion resistance 

by trapping the chloride ions through anion exchange process and release 

corrosion inhibitors [116]. Tedim et al. [116,117] described the synthesis of ZnAl-

LDH (NO3) and ZnAl-V LDH developed on AA2024 and chlorides entrapment 

capability of LDH-NO3 and possible diffusion process which affects the stability 

of the coating against corrosion and leads to the damaging of the LDH/substrate 

interface.  

LDHs with intercalating corrosion inhibitors are a better choice, as they 

are expected to deliver the inhibitors upon damaging of the matrix and can provide 

self-healing property. Vanadate exchanged LDHs were utilized by various 

research groups, either directly on the aluminum substrate (in-situ) or co-

precipitated on the substrate, but, in both cases, the vanadate’s were found to 

enhance the corrosion resistance of LDH [83,118], [78,84,93][97]. 
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2.3.2. Corrosion resistance co-precipitated LDHs in organic and hybrid 

matrices  

LDH dispersions in polymeric matrices have been studied to enhance the 

coating stability against corrosion and provide better mechanical properties along 

with stress dissipation ability. To achieve an enhancement in terms of corrosion 

properties, LDH particles are embedded inside an organic or organic/inorganic 

hybrid matrix to: (1) act as a physical barrier against moisture and oxygen 

permeation and (2) provide a controlled release of corrosion inhibitors (Figure 

12). Layered double hydroxides dispersed inside a polymeric matrix improves the 

barrier properties of organic coatings by increasing the length of the pathway 

water and other species take to reach the metal interface, similar to other lamellar 

pigments [119]. 

 

Figure 12. Schematic representation of the co-precipitated LDH dispersed into 

an organic coating. 

The inhabitation effect of MgAl-LDH mixed at various proportions with 

hybrid sol-gel compose of (tetra-n-ropoxyzirconium (TPOZ) and 3-glycydoxy 

propyl trimethoxysilane (GPTMS)) were synthesized, and enhancement in 

corrosion resistance was monitored [106]. Subasri et al [110] reported a 

comparative study of the utilization of various corrosion inhibitors in different 

proportions, for instance, vanadate group, 2-mercapto benzothiazole, 8-
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hydroxyquinoline, phytic acid intercalate4d LDH - and studied the effect of 

resultant dispersion in the sol-gel matrix to investigate the compactness and 

corrosion resistance properties of LDH to protect the AA2024 substrate. 

2.4. Testing and evaluation of LDH coatings or co-precipitated particles  

Electrochemical Impedance Spectroscopy (EIS) is considered a basic 

approach to evaluate the coating properties and barrier properties. Impedance 

measurements are recognized to supply valuable information about protective 

coatings applied on metals and about their degradation mechanism, as well [120–

122]. Impedance modulus and impedance phase graphs (quite often referred to as 

“Bode plots”) and Nyquist plots are used to show the impedance spectra collected 

over coated metals immersed in different electrolytes. From these graphs it is 

possible to gain a preliminary knowledge of the protective properties of the 

coatings: scientists refer to the modulus of the impedance in the low-frequency 

range (commonly in the 0.015-0.010 range) as a rough estimation of the quality 

of the protection system, following the claims of Bacon [123] and Murray and 

Hack et al [124], as highlighted by Amirudin and Thierry et al in their review [52]. 

To get some insight into the mechanisms through which coatings can protect the 

substrate, very often the experimental EIS data are studied through the nonlinear 

least-squares fit technique [122,125], which has been recognized to be a valuable 

tool for analyzing complex frequency dispersion data [126]. For this purpose, 

passive circuit elements (called “e.e.c., electrical equivalent circuits”) are 

commonly employed to fit impedance data arising from different experimental 

systems. Despite the implicit ambiguity claimed by McDonald et al [127] of the 

different possible geometrical arrangements of the circuit elements, the 

exploitation of the e.e.c. for the fit of an experimental set of EIS spectra is 

widespread. In this context, LDH developed in situ on aluminum alloys has been 
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often investigated by EIS and diverse e.e.c. have been suggested by different 

groups to fit the EIS experimental data and to assess the corrosion protection 

properties of the coatings. Various equivalent circuits were used due to the 

dynamic nature of LDH coating systems, where capacitance is replaced generally 

by a constant phase element (CPE), which describes the non-homogenous nature 

of the LDH system and how it deviates from the ideal capacitive behavior. CPE 

approach is used extensively in equivalent circuits for fitting the experimental data 

and is attributed to the surface activity, inhomogeneity, factual geometry, 

roughness, electrode porosity, etc. It is believed to describe the current and 

potential distribution associated with the electrode geometry [128].  

Wang et al [129] introduced the circuit depicted in Figure 13(a) to fit the 

experimental EIS data of MgAl LDH developed on 99.9% Al. In the model 

employed by the authors, Rs refers to the solution resistance, Rpore, and CPEpore to 

the conductive path in the films and double layer capacitance in the pores of the 

films, respectively; Rct and CPEdl to the polarization resistance and double-layer 

capacitance, respectively; Rfilm to the inner film resistance and CPEfilm the constant 

phase element of the film. 

A similar circuit (depicted in Figure 13b) has been proposed by Zhou et al 

[130] for the interpretation and fit of the EIS data set collected over ZnLaAl LDHs 

developed on AA6061. Also, in this case, the presence of a three-time constant 

has been suggested. A time constant has been attributed to the Faradic process and 

modeled by a charge transfer resistance, Rct, in parallel with the double layer 

capacitance (CPEdl); a second time constant has been related to the oxide film 

between the aluminum substrate and LDHs: ROX represents the resistance of film 

in parallel with the capacitance (CPEOX); a third time constant has been introduced 

to account for the contribution of the LDH layer itself: the LDHs film resistance 

(RLDHs) in parallel with the layer capacitance (CPELDHs). Similarly, Tedim et al. 



 
 

70 

 

[93] identified three-time relaxation processes in the EIS spectra collected over 

ZnAl LDHs on AA2024. The time constant in the high-frequency range has been 

associated with the LDH layer response, a second-time constant attributed to the 

aluminum oxide present on the alloy surface, and a third-time constant attributed 

to the corrosion process. 

Wang et al [131] introduced two relaxation processes e.e.c. (Figure 13c) 

where Rs represents the solution resistance; Rct and Rf are the charge transfer 

resistance and the film of the MgAl LDHs resistance, CPEf, and CPEdl, are the 

capacitance of the LDH film and the electrical double layer, respectively.  

A two-time constant model (Figure 13c) has been employed also by Liang et al 

[112] investigating the properties ZnAl LDHs on AA2099. According to the 

attribution given by the authors, in addition to the resistance of the electrolyte 

(RS), Rf and CPEf represent resistance and component of the constant phase 

elements of the LDH/natural alumina film, respectively; Rct and CPEdl (charge-

transfer resistance and component of the double layer constant phase, 

respectively) account for the faradic process. AC techniques and EIS provide a 

general description of the LDH system but these techniques refer to the average 

surface response, and localized defects cannot be truly estimated by those 

approaches. 
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Figure 13. Schematic of the circuits employed to fit the experimental data set of 

LDH coatings developed on aluminum alloys: (a,b) three-time constants and (c) 

two-time constants. 

 

As far as LDH dispersions in polymeric matrices are concerned, EIS 

spectra are fitted employing the well-established e.e.c. developed for organic 

coatings [124,132,133]. In particular, ionically conducting low resistive paths in 
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the coatings, due to discontinuities or defects, are modeled with a resistance 

(namely “porosity resistance”, “pore resistance”, Rpo) [134]. The dielectric 

behavior of the coating is modeled employing a pure capacitance (namely 

“coating capacitance”, Cc). The corrosion process occurring under the paint is 

modeled employing a charge transfer resistance (Rct) in parallel with a double 

layer capacitance (Cdl). It has to be underlined that in some cases the response of 

an aluminum/coating/electrolyte system is also modeled employing a CPE which 

accounts for an oxide layer existing on the aluminum alloy electrode instead of 

the time constant attributed to the faradic process (Rct, Cdl) [135]. 

Figure 14 suggests the possibility to significantly increase the corrosion 

protection properties of LDH layers by exchanging the anions in the lamellar 

structure with corrosion-inhibiting species. 

 

Figure 14. Comparison of the total resistance obtained from EIS spectra fitting 

for neat and inhibitor exchanged LDH coatings; data taken from ref [102-117]. 
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Chapter 3 

 

 

 

 

 

 

 

 

 

3. Experimentation, Characterization and 

Testing Methods 
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3.1. Materials Synthesis 

3.1.1. Materials 

The AA6082 extruded bar was pursed (Metal center, Italy) and were cut into the 

specimen dimension (3.14 × 3.14 cm2) with the following chemical composition 

(Table 5); 

Table 5. Chemical composition of AA6082. 

Magnesium Silicon Copper Manganese Iron Aluminum 

0.6-1.2 0.7-1.3 0.4-1.0 0.5 0.5 Balance 

 

The following chemicals are used in the thesis work;- Zn(NO3)2·6H2O, 

Mg(NO3)2·6H2O, Ni(NO3)2·6H2O, Ca(NO3)2·6H2O, Ce(NO3)2·6H2O, (purity 

98%), Urea, NaOH (purity ≥98%), and NH4NO3 (purity 95%) were purchased 

from Sigma-Aldrich Corporation (Saint Louis, MO, USA). The graphene powder 

was provided by COMETOX s.r.l. (Milan, Italy). The sheets have an average 

thickness of 6 nm with an average particle diameter of 25 μm. 

3.1.2. Pretreatment 

The AA6082 specimens were initially ground with silicon-carbon paper, starting 

from 500 grit paper to 1000, 2400, and 4000-grit respectively. The samples were 

cleaned with deionized water and further ultrasonically in pure ethanol for 15 min. 

Lastly, the specimens were immersed in a 0.1 M aqueous NaOH solution for one 

minute to etch the oxide layer on the surface of the alloy. 

3.1.3. Fabrication of LDHs 
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LDHs in this thesis are developed by the insitu growth approach, where the film 

is directly developed on the aluminum 6082 substrate, where the aluminum alloy 

is dipped in the divalent cation source (MgNO3, ZnNO3, etc). Aluminum alloy act 

as the source of trivalent cations and the support for the formation of LDHs. The 

direct synthesis on the aluminum alloys provides better adhesion of LDH film on 

the surface, controlled synthesis, facile fabrication approach, easy synthesis route, 

low cost, control synthesis on the complex shapes. 

Due to element segregation and the presence of secondary phases in aluminum 

alloys, a possible potential difference can form which causes the formation of 

corrosion microcell on the aluminum surface (equation 1-3). While hydrogen 

bubbles can also be formed during LDH preparation (equation 3). Porous outer 

and inner compact Al2O3 layers formed and transformed into Al(OH)3, which act 

as a precursor to form LDHs on the aluminum surface on reaction with divalent 

cations. The anion exchange step further allows to incorporation of various anti-

corrosion inhibitors inside the LDHs interlayers and also can precipitate on the 

metal/LDH interface (Equation 1-6) [130]. It can be said that the thickness of the 

LDH correlates with the number of cations, pH, reaction temperature, aging time, 

alkali solution, and so on [74]. However, on consistent values of all the describe 

factors, that the morphological quality of LDH nanostructures increases with the 

increase of nitrate concentration in the solution. In an aqueous solution containing 

metallic aluminum and nitrate anions several electrochemical processes involving 

anodic dissolution of aluminum and cathodic reduction of nitrates and oxygen can 

occur. The cathodic processes generate hydroxyl ions and create a pH gradient. 

Although the reduction of nitrates to nitrite has been proven, there are other 

possible reactions involving nitrate and nitrate anions, producing nitrogen gas or 

ammonia, which may contribute to the overall reduction process [136] and thus 

can affect the film thickness as well surface morphology. Figure 15 demonstrates 
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the schematic representation of LDH synthesis directly on the aluminum alloy and 

further modification concept with various organic/inorganic pigments. 

𝐴𝑙 → 𝐴𝑙3+ + 3𝑒−      (1) 

𝑂2 + 2𝐻2𝑂 → 4𝑂𝐻−     (2) 

𝐻2𝑂 + 2𝑒− → 𝐻2 ↑ +2𝑂𝐻−    (3) 

𝐴𝑙2𝑂3 + 3𝐻2𝑂 → 2𝐴𝑙(𝑂𝐻)3    (4) 

𝑀2+ + 𝑂𝐻_ → 𝑀(𝑂𝐻)+     (5) 

𝑀(𝑂𝐻)+ + 𝐴𝑙(𝑂𝐻)3 + 𝐴𝑛
_ + 𝐻2𝑂 → 𝑀𝐴𝑙 − 𝐿𝐷𝐻  (6) 

 

Figure 15. (a-c) Synthesis procedures of in situ growth LDH and possible 

modification approaches, (d) general representation of an LDH structure. 
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3.2. Characterization & Testing Techniques: 

To understand and characterize intermediates and final products, it is 

recommended to thoroughly identify the step-by-step process of the synthetic 

route.  There are numerous characterizing techniques but in current research, 

approaches like SEM, XRD, and TGA/DTA are mainly employed to investigate 

and characterized structural composition, the phase, microstructures, and effect of 

material structure on its thermal analysis of the powdered samples and free-

standing layers. The following are some of the characterization and testing 

methods employed to study the samples prepared in this research work. 

3.2.1 Ultra-Sonicator 

The technique named sonication utilizes sound waves for the agitation of particles 

in the solution. The process utilizes an ultrasonic frequency of greater than 20 kHz 

that leads to the practice named ultra-sonication or ultrasonication. Samples are 

placed in the water bath and the sonicator generates sound waves, or it might be 

the probes that are inserted right into the solutions whose sonication is required as 

shown in Figure 16. Though both the systems apply ultrasound to the sample, still, 

there are noteworthy differences in efficiency, process capabilities, and 

effectiveness. 

https://en.wikipedia.org/wiki/Ultrasound
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Figure 16. Bath and Probe Ultrasonicator. 

3.2.2. X-ray Diffraction: 

X-ray diffraction (XRD) shown in Figure 17 is an analytical and more 

distinctly non-destructive technique employed for calculating unit cell dimensions 

and identification of phases of crystalline material. Apart from that it also reveals 

information on crystal structure type, average crystallite size, crystal defects, and 

preferred orientation of crystals along with other strain parameters. For the 

identification of phase, structure, etc., of the materials, intensities, and positions 

of the peaks are used. 

Suppose two monochromatic parallel X-ray beams having the 𝜆 as wavelength 

that is falling on the successive planes at θ angle which undergoes constructive 

interference to reveal the XRD pattern. The incident x-rays interact with the 

sample and when Bragg’s law is satisfied, they undergo constructive interference. 

The mathematical representation of Bragg’s law is given below: 

𝑛 𝜆 = 2𝑑𝑠𝑖𝑛𝜃 
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Where “λ”, is taken as the wavelength of x-ray, “n” is an integer, “d” is the crystal 

plane separation and “θ” is the angle among the reflected and incident beam.  

Through an appropriate analysis of x-ray line broadening, we can calculate the 

crystallite size of particles. The peaks are obtained from the diffraction of x-rays 

at specific angles. Crystallite size “D” of any material in nanometers (nm) can be 

found from the equation given below using XRD significant peaks: 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜃
 

Here the parameter “β” is considered as the full width half maximum, while “θ” 

is termed diffraction angle. 

XRD patterns of the investigated were recorded by X-ray diffraction (X’Pert 

High Score diffractometer, Rigaku, Tokyo, Japan) at ambient conditions by using 

cobalt Kα (λ = 1.789 Å) and copper Kα (λ = 1.54 Å) emission source at 10 mA 

and 30 kV conditions. The lattice parameters of MgAl layer double hydroxide 

were calculated by that Equation [34], where d is the lattice spacing calculated by 

Braggs law. 

1

𝑑2
=

4

3
(ℎ2 + ℎ𝑘 +

𝑘2

𝑎2
) +

𝑙2

𝑐2
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Figure 17. X-Ray Diffractometer and its Principle 

3.2.4. Scanning Electron Microscopy: 

Morphological information, cracks, delamination, and battery degradation 

mechanisms studies often benefit from SEM characterization technology. The 

contrast of the SEM image depends on the detector being used, which collects the 

backscattering or the secondary electrons. The interaction of materials chemistry 

with the electron beam generates signals to provide the specimen's morphology 

and a constituent of materials. In principle, the electron emitted by the electron 

gun beamed onto the samples with the support of a series of lenses (Figure 18). 

Scanning electron microscopy (SEM) provides essential information on the 

microstructure and surface morphologies of the developed layered double 

hydroxide. 
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Figure 18. Schematic of SEM. 

3.2.5. Energy Dispersive Spectroscopy 

Energy dispersive x-ray spectroscopy (EDX/EDS) is another non-destructive X-

ray analysis technique used to study the elemental and chemical composition of 

elements having an atomic number of more than 3. Principally, EDS comprises of 

spotting the characteristic x-rays created by every element after bombarding a 

sample with high-energy electrons in an electron microscope. Using a process 

known as x-ray mapping, information about the elemental composition of a 

sample can then be overlaid on top of the magnified image of the sample. 

EDS/EDX is used to analyze the elemental composition of selected areas using 

SEM or TEM imaging as well as for defect identification/mapping. Every element 

has its characteristic x-ray. When the sample is bombarded with the source of 

high-energy electrons or protons, the atoms on the surface of the sample eject 
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electrons resulting in the generation of vacancies in the structure. These vacancies 

are subsequently filled with electrons from higher energy states releasing x-ray 

due to balancing the energy difference between the two electronic states. EDS 

detector records the plenty of x-rays released from the sample against their energy, 

consequently, results in an EDX spectrum. 

Limitations: 

There are some limitations like: 

• The size of the sample must be well-suited with TEM /SEM. 

• Mostly, semi-quantitative analysis is possible. 

• Coatings can limit subsequent surface analysis. 

• There should be a vacuum compatible with the samples and mostly not 

best for wet organic materials. 

• Overlap of various elemental peaks is possible, therefore, a careful review 

of the spectra is needed. 

3.2.6. Fourier Transform Spectroscopy 

Fourier transform infrared spectroscopy (FT-IR) is the material characterization 

approach, where infrared radiation is absorbed by the material results in molecular 

transmission and absorption (Figure 19) and can be taken as a unique Fingerprint 

for that material. FT-IR demonstrated the unique absorption peaks, which are 

associated with the vibrations between the bonds, and thus provide qualitative 

analysis of various kinds of materials. Further, the peak size, intensity can provide 

information about the amount of material present by using various software’s thus 

can take information about the quantitative analysis of the materials.  

https://www.eag.com/energy-dispersive-x-ray-spectroscopy-eds/
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Figure 19. The basic instrumentation of FT-IR analysis [137]. 

3.2.7. Focused ion beam (FIB) 

The localized ion beam technique (FIB) allows both imaging information and 

ablation of the sample at the nanometre or micrometer scale. At first glance, the 

FIB shows many similarities with SEM microscopy, from which however it 

differs in that the beam is now ionic and no longer electronic. From the interaction 

between the ion beam with the surface of the sample, secondary electrons are 

generated from which high-spatial-resolution images can be obtained at the 

nanometer scale. Usually, the ion used in the FIB is the gallium type, whose 

sputtering action allows a very precise ablation of the sample. The newly 

manufactured FIB instrumentation also combines a column for an electron beam 

with the column of the ion beam, then the SEM technique is approached to the 

FIB one obtaining double beam instrumentation. To obtain a focused ion beam 

the source must be characterized by very small dimensions the more satisfied this 

requirement is, the more current can be focused on a single point. The high-

resolution ion beams are generated by a source field ionization characterized by 

an ion emitter with very small dimensions, having a final tip radius of 10 mm, 
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which allows the beam to be focused very much at 4-6 nm. Currently, the most 

used FIBs are based on the liquid gallium ion source (LMIS) positioned in the 

upper part of the column allowing the production of Ga+ ions. In an LMIS source, 

contact is made between the heated metallic gallium and a tungsten needle which 

is moistened by the first. 

Thanks to a very large electric field, greater than 1010 V/m present on the tip of 

the needle, Ga atoms are emitted and ionized. As with electrons in the SEM, ions 

flow through lenses before ending up on the surface of the sample, which will be 

scanned. Unlike the electron beam seen in the SEM that was directed to the surface 

through electromagnetic components to scan the surface, the ion beam needs 

electrostatic components to be addressed. This variation derives from the fact that 

the focusing force of the electromagnetic lenses is correlated to the charge/mass 

ratio of the particle, therefore for the ions it is practically impossible to realize 

electromagnetic lenses adequate since they would have a hypothetical weight 

measurable in tons. An ion, when it hits a solid, loses part of its kinetic energy 

transferring it to the atoms with which it impacts. This phenomenon generates a 

series of different processes: 

• ion reflection and backscattering 

• electron emission 

• electromagnetic radiation 

• atomic sputtering and ion emission  sample damage 

• sample heating 

The impacted ion usually remains inside the lattice, it is called ion implantation. 

The collision between the Ga ions and the sample atoms, then the kinetic energy 

and the momentum transferred to the solid can occur both in an elastic and 

inelastic way. The first way allows the material to be removed, while in a second 
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way the emission of secondary electrons and ionized atoms from the sample 

occurs. Thanks to the inelastic collision, imaging can be achieved. 

3.2.8. Raman Spectroscopy 

Raman spectroscopy is used to observe rotational, vibrational, and low frequent 

modes. The materials scattered small amounts of the beam in all directions on 

exposure to the radiations, Raman scattering associated with the quantities of 

vibrations changes with IR spectra and can provide information about molecular 

structure. Raman is based on inelastic scattered, stokes and anti-stokes proportion, 

and is helpful to analyze vibrational energies of metals. Raman studies are 

considered potential experimentation to understand the graphene interaction with 

the materials, structure, coordination compounds. Figure 20 represents the general 

instrumentation of Raman spectroscopy. 

 

Figure 20. Raman spectroscopy instrumentation. 

3.2.9. Thermal Analysis of Samples 

In the thermal analysis, the substance can experience chemical decompositions or 

phase transitions throughout the heat practice. Phase transitions involve heat 
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effects like endothermic or exothermic. Different gaseous by-products can be 

formed during a chemical or electrochemical reaction during the process which 

causes material degradation, deterioration, and effect the material structure phases 

and sometimes mass loss or addition due to corrosive behavior of materials. 

Thermal analysis techniques have a wide range of approaches used to characterize, 

here three different main techniques are taken into consideration.  

• Thermo-gravimetric analysis (TGA)  

• Differential thermal analysis (DTA) 

• Differential scanning calorimetry (DSC) 

These analyses can provide worthy information regarding phase transformations 

of the sample, melting, crystallization, decomposition and sublimation 

temperatures, enthalpy changes, desorption, absorption, redox reactions, and 

nature of reactions involved that is endothermic or exothermic. Figure 21 shows 

a typical TG/DTA scheme and the main components of the devices.  

 

Figure 21. Schematic View of Thermogravimetric Analyzer 

The thermo-gravimetric analysis is another main a widely used thermal analysis 

approach whereby, weight gain or weight loss of a sample can be measured up to 
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a wide range of temperatures and over a fixed period. Samples may be 

isothermally kept at a fixed temperature. Thermo-balances with µg sensitivity are 

offered in the current generations of thermo-gravimetric systems. 

Differential thermal analysis (DTA) method usually combined with a TGA unit 

used to determine the heat flow through the sample over a wide temperature range 

and fixed time duration. In DTA, one measures and records the difference (Ts-Tr) 

where Ts is the sample temperature while Tr is the reference temperature and that 

conveys information about the nature of the reaction occurring in the sample. For 

an exothermic reaction, it shows an upward deflection but in the case of an 

endothermic reaction, a downward deflection appears in the DTA plot. 

3.2.10. Potentiodynamic polarization measurements 

Potentiodynamic polarization is considered a destructive measurement technique. 

From potentiodynamic measurements, it is possible to know which is the trend of 

the current density (i) as a function of the potential (E). Current density means the 

current intensity (I) compared to the area of the electrochemical cell used in the 

analysis. This technique, like all electrochemical techniques, is based on the 

presence of a measurement solution, a working electrode consisting of the material 

to be analyzed (WE), the reference electrode (RE) concerning which the ΔE is 

evaluated and the electrode (CE) to close the circuit. Ag/AgCl electrode is used 

as a reference electrode, which has a potential equal to +207mV compared to the 

standard hydrogen electrode (SHE). A general illustration of potentiodynamic 

curves is shown in Figure 22. 

The redox reaction to which the current exchanged in the electrochemical process 

is connected occurs at the interface between the metal and the electrolytic 

measurement solution. The equilibrium of the system is reached when the anodic 
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current density is equal to the cathodic current density. Sweeping potentials 

progressively far from the equilibrium in absolute terms, the system polarizes in 

an anodic sense. This occurs if the imposed potential increases concerning Ecorr. 

Vice versa, imposing cathodic overpotential, the system it polarizes in a cathodic 

sense. In other words, by polarizing towards positive values of the potential it will 

tend to force the anodic half-reaction (oxidation of the metal) while polarizing 

towards negative values the tendency is to force the cathodic half-reaction 

(oxygen reduction). Polarizing, thus evolving the system to take it out of the 

equilibrium condition, there will be an exchange of current with the external 

environment. The ratio between the current and the area of the sample exposed to 

the electrolytic solution, gives the total current density measured. Usually, in the 

measurement of potentiodynamic curves, the attention is placed on the anodic 

branch since it provides characteristic information of the electrochemical behavior 

of the material. If the material is passivated or has a protective oxide layer at the 

interface between the metal and the solution. 

For a material with passive behavior, at potential E < Eeq there is the zone of 

immunity where the material does not corrode. For potentials between Eeq, and the 

primary passivation potential, Epp, corresponding to the maximum anodic current 

density value, there is the activity zone, or even said active branch of the anodic 

characteristic. In the initial part, an increase in anodic current density is observed 

and the material is not covered by protective layers but passes into solution. The 

maximum current density exchanged by the metal before entering the next zone 

is called critical passivity current density, icp. For potential values between the 

primary passivation potential, Epp, and the potential from which the anodic current 

density stops to decrease, called the passivity potential, Ep, there is the transition 

zone. This area is the one that leads to the formation of surface films, hence where 

the complete oxide layer is created. The part of the anodic branch with a negative 
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slope is not, however, representative of stable operating conditions. The current 

density, however, as one might think, does not go down to the zero value but only 

up to the passivity current density value, ip, since an equilibrium condition is 

reached. The passivity zone is placed at E values between Ep and the trans 

passivity potential, Etr, (or pitting potential, Epit, if present). This area is 

characterized by a very low dissolution rate of the metallic material due to the 

presence of the protective surface film, measured by the passivity current density, 

ip. This rate does not vary (or varies very little) with the potential, and is up to 10-

6 times lower than the icp. Out of the passivity zone, polarizing to potentials higher 

than Etr, anodic processes enter in competition with the dissolution processes, and 

therefore the passivating oxide is no longer stable, and it can break so that the 

anodic current density increases also very quickly. This area is called the trans-

passivity zone.  

 

Figure 22. Evaluation of potentiodynamic curves. 
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3.2.11. Electrochemical impedance spectroscopy (EIS) 

EIS is a non-destructive electrochemical measurement that is commonly used to 

characterize corrosion behavior and provides sufficient information about the 

kinetics of the reaction. The systematic arrangement to measure EIS is much 

simple, three different electrodes in an electrolyte are used, namely reference 

electrode, working electrode, and electrode whose impedance must measure. EIS 

helps to find out impedance and provides analysis during alternating current 

resistivity, conductivity, and inductivity. The theory behind electrochemical 

impedance spectroscopy (EIS) is based on the imposition of a signal of potential 

or alternating current and the evaluation of the associated response (Ohm law), 

where the resistance is the ratio between voltage and current. This well-known 

relationship with one circuit element is limited and used for the ideal resistor. 

𝑅 =  
𝐸

𝐼
 

Impedance, a function of angular frequency, is defined as the relationship between 

the applied potential E(t) and the consequent pulse of the current variable in time 

that the surface of an electrode emits, I(t). However, there is much complex 

behavior and use impedance which is a measure of the ability of a circuit to resist 

the flow of electrical current. 

𝐸(𝑡) = 𝐸(𝑜) sin(𝜔 𝑡) 

 

Where E0 is the amplitude of the signal, and Et is the potential at time t, and ω is 

the radial frequency, expressed in hertz:- 

𝜔 = 2𝜋 𝑓 

Further, the response signal, It, is shifted in phase (Φ) and has a different amplitude 

than I0. On the electrode, there are electrochemical processes that absorb energy 



 
 

91 

 

at different frequencies between them. This aspect is what generates the delay 

described by the phase angle between the impulse imposed from the outside and 

the response of the system. 

𝐼(𝑡) = 𝐼(𝑜) sin(𝜔𝑡 + 𝜑) 

So we can use the mathematics expression:- 

𝑍 =  
𝐸(𝑡)

𝐼(𝑡)
 =  

𝐸𝑜 sin(𝜔𝑡)

𝐼𝑜 sin(𝜔𝜔𝑡 + 𝜑)
 

The impedance as a complex function can be described as: 

𝐸(𝑡) = 𝐸𝑜 exp(𝑗𝜔𝑡) 

and the current response as: 

𝐼(𝑡) = 𝐼𝑜 exp(𝑗𝜔𝑡 − 𝜃) 

The impedance is then represented as a complex number, 

𝑍(𝜔) =
𝐸

𝐼
= 𝑍𝑜 exp(𝑗𝜑) = 𝑍𝑜(𝑐𝑜𝑠𝜑 + 𝑗𝑠𝑖𝑛𝜑) 

Where the maximum variation of current density, while Io is the value around 

which the sinusoidal oscillation occurs, a value that generally corresponds to icorr. 

This sinusoidal modulation I(t) is however out of phase by the phase angle, 

compared to the potential, E(t). 

The data resulting from the EIS measurements can be represented in two ways 

(Figure 23): 

• Through the Bode diagrams. 

• Through the Nyquist diagrams. 

EIS measurement is performed with a low potential excitation amplitude to 

maintain linearity, typically 10 mV. The frequency range usually ranges from 100 
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kHz up to 1 mHz. Equivalent circuits are associate with characteristics of the 

system with elements of an electrical circuit (capacitors, resistors, inductances, 

etc.) are discussed in Chapter 2. 

 

Figure 23. Nyquist and Bode's plots obtained through EIS 

Bode Plot:  

• Using the Bode plot option, the individual charge transfer process can be 

measured.  

• The frequency of the system is the explicit function here 

• Easy to measure small impedances too here. 

Nyquist Plot: 

• Individual charge transfer processes are also measured able in Nyquist 

Plot. 

• Frequency, in that case, is not obvious.  

• Small impedances are swapped to larger impedance. 
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The instrumentation used for this test is the Metrohm Autolab 

potentiostat/galvanostat, which consists of inside the apparatus must then be 

included the potentiostat, a frequency response analyzer, a generator of alternating 

voltage pulses, and finally the computer that allows having an interface between 

user and analysis system. Where the AC signal is scanned over a wide range of 

frequencies to generate an impedance spectrum for the electrochemical cell under 

test. EIS differs from direct current (DC) techniques in that it allows the study of 

capacitive, inductive, and diffusion processes taking place in the electrochemical 

cell. The electrochemical measurements were conducted (PAR Parstat 2273) in 

0.1M NaCl solution to understand the anti-corrosion properties performed at 

ambient conditions under the faraday cage to minimize the external noise on the 

system. A relatively diluted electrolyte (0.1M) has been employed to better 

highlight the differences among the investigated samples. The traditional three-

electrode setup was used, where the platinum mesh was used as a counter 

electrode while MgAl-LDH and Ag/AgCl/KCl (+210 mV vs SHE) were used as 

working and reference electrode respectively. The MgAl-LDH was exposed to the 

electrochemical solution for 30 minutes in 0.1M NaCl solution before the 

measurement, for the system stabilization. The polarization curves were obtained 

with a sweep rate of 2 mV/s. The impedance measurements (EIS) were performed 

at the open circuit potential (OCP) over the frequencies ranging from 100 kHz 

down to 10 mHz at a 5 mV (rms) amplitude. 
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Chapter 4 

 

 

Synthesis of X-Al-LDHs (X=Mg, Zn, Ca, 

Ni): -Structural and corrosion resistance 

properties 
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Introduction 

The structural and corrosion resistance properties of layered double hydroxide 

(LDH) actively depend upon the synthetic conditions, which can control the 

crystal growth rate, geometry, and surface morphologies. In this chapter, various 

classes of layered double hydroxide, including- MgAl-LDH, ZnAl-LDH, NiAl-

LDHs, and CaAl-LDH were synthesized on the aluminum AA6082 substrate by a 

single step hydrothermal process, and the relation of LDH structural variations to 

the corresponding corrosion resistance properties are briefly discussed. The 

comparison of the synthesized LDHs on their ion-exchange capabilities, barrier 

effect, and their combined effect on corrosion resistance properties is reported. 

CaAl-LDHs thin films were further grown on an aluminum surface, for the very 

first time, by using a facile in situ growth method to investigate the anticorrosion 

behavior of CaAl-LDH. Further, the urea hydrolysis method is used to synthesis 

novel cone-shaped unique LDH structure which will be helpful to design 

environmentally friendly CaAl-LDH thin films for numerous potential 

applications. This chapter includes a detailed investigation to synthesize the 

various LDHs, their structural-electrochemical relationships, and the factors 

which affect the LDHs corrosion resistance properties. 

4. Material and pretreatment 

Aluminum AA6082 ingot (containing 0.80-1.20 wt.% Mg, 0.15-0.40wt.% Cu, 

0.40-0.80wt.% Si, 0.25wt.% Zn, 0.15wt.% Mn, 0.04-0.35wt.% Cr, 0.15wt.% Ti, 

0.70wt.% Fe and balance Al) purchased from Metal Center Italy were cut into the 

cylindrical dimension 3.14 cm2 surface area. The samples were mechanical 

ground with SiC papers of grit 600#, 1200#, 2400#, 4000# and were washed with 

deionized water. The specimen was ultrasonically cleaned with ethanol followed 

by 10 min etching with 0.1M NaOH solution.  
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4.1. MgAl-LDHs structural geometry and corrosion resistance properties 

4.1.1. Synthesis route of MgAl Layered Double Hydroxide Film 

A 0.05 M (Mg(NO3)2·6H2O) solution was prepared in 1000 mL deionized 

water and the pH of the solution was adjusted to 10.0 by the dropwise addition of 

ammonium hydroxide solution. The solution was poured into a four-bottleneck 

heating flask (Sigma-Aldrich Glassware) and pretreated aluminum samples (3.14 

cm2) were immersed vertically in the solution. The experiments were performed 

at 40, 60, 80, and 100 °C reaction temperature, for 12, 18, and 24 h, under nitrogen 

bubbling. The samples were washed with deionized water after the completion of 

the experiments and were dried at room temperature. Figure 24 represents the 

general schematic diagram of the layered double hydroxide. 

 

Figure 24. Schematic illustration of layered double hydroxides. 

4.1.2. Results and Discussion 

Figure 25 shows the XRD pattern of MgAl–LDH thin film developed on the 

AA6082 at various temperatures and crystallization periods. The XRD pattern of 

the MgAl layer double hydroxide at 40 °C-24 h and at 60, 80, 100 °C for 12, 18, 

and 24 h crystallization time, demonstrated the characteristic peaks of layered 
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double hydroxide structure, described in the literature [113], further the sharpness 

of the peaks suggested an ordered structure of LDH layers. Synthesis temperature 

and crystallization time have an influential effect on characteristic peaks. The 

(003), (006), (009), (110), and (113) characteristics peaks of crystal planes are 

related to the MgAl LDH film. The intensity and broadness of the reflection peaks 

vary with the increase of temperature and also depend upon crystallization aging 

time. When the samples were synthesized at 60 °C and lower aging time (12 and 

18 h), the pattern exhibited low intensity and a broader peak which describes their 

low crystallinity. At a higher temperature range, for instance, 80 and 100 °C, the 

reflection peaks exhibited sharp and high intense narrow peaks which describe 

well the crystalline and ordered structure. The intense reflection peaks of (003) at 

low 2θ value exhibited an interlayer distance of ≈0.80 nm and the reflection peak 

could further be used to calculate the cell parameter “c” by the correlation “c = 

3d003”, while the d110 interlayer thickness was used to calculate the cell parameter 

“a” by the correlation “a = 2d110”. The basal spacing of MgAl LDH slightly shifted 

to a lower angle with the effect of enhanced temperature and crystallization aging 

time, indicating the strong intercalation of NO3
− ions. However, due to the 

formation of carbonate anions, small absorption peaks of d003 at 40 °C–24h, 60 

°C–18 h were also observed. Fourier transform-infrared spectroscopy (FT-IR) 

spectra further confirmed the presence of CO3
2− ions. The interlayer thickness, 

lattice constants of “a” and “c”, and crystallite size for MgAl LDHs thin film on 

AA6082 are listed in Table 6. 
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Figure 25. The XRD spectra of Mg-Al layered double hydroxide (LDH) film 

samples developed on aluminum alloy AA6082 obtained at various reaction 

temperatures and crystallization times. 

Table 6. Cell parameters and sizes of the coherent domains determined 

for the Mg−Al layered double hydroxide (LDH) precursor powders 

from X-ray diffraction. 

Sample 

Cell 

Parameter, 

a (nm) 

Cell 

Parameter, c 

(nm) 

Interlayer 

Distance, d003 

(nm) 

Interlayer 

Distance, d110 

(nm) 

Crystallite 

Size, D (nm) 

40 °C–24 h 0.308 2.329 0.776 0.154 11.214 
60 °C–12 h 0.306 2.296 0.765 0.153 12.908 

60 °C–18 h 0.305 2.668 0.889 0.152 7.608 

60 °C–24 h 0.305 2.294 0.765 0.152 11.657 
80 °C–12 h 0.303 2.275 0.759 0.151 6.685 

80 °C–18 h 0.306 2.461 0.820 0.153 6.987 

80 °C–24 h 0.311 2.412 0.804 0.155 8.465 
100 °C–12 

h 
0.311 2.691 0.897 0.155 5.929 

100 °C–18 
h 

0.311 2.391 0.797 0.156 6.165 

100 °C–24 

h 
0.311 2.463 0.821 0.157 6.411 

 

The selective samples, synthesized at various temperatures and 

crystallization times, were further investigated by FTIR analysis. FTIR spectra in 

attenuated total reflection mode were recorded, as shown in Figure 26. All the 

samples showed almost similar types of features. The broadbands displayed in the 
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range of 3370–3427 cm−1 were assigned to OH group stretching and the absorption 

band around, 1627–1633 cm-1 was caused due to the flexural oscillation peaks of 

interlayer water molecules [138]. Moreover, the absorption peaks around 1360 

cm−1 were assigned to the asymmetric stretching bond of intercalated NO3
− 

[139][140][141]. The small peak around 1520 cm−1 corresponded to the CO3
2− 

ions, which shows the presence of a small number of carbonate ions in the LDH 

phase. The bond at 655, 751, and 1202 cm−1 may be associated with Al–OH 

stretching [137]. The absorption peaks around 550–770 cm−1 correspond to the 

lattice vibration of metal-oxygen bonds (M–O) [142].  

 

Figure 26. ATR-FTIR spectra of MgAl LDH powder scraped from as-prepared 

MgAl–LDH coated samples fabricated at different reaction temperatures. 

As revealed from the SEM observations, shown in Figure 27, a compact and 

uniform interviewed LDH structure was obtained by the increase of reaction 

temperature and of aging time, moreover distinct surface morphological variations 



 
 

100 

 

were also observed. Initially, the LDH granules started to originate and developed 

into distinct platelet structures with an increase of reaction temperature and 

crystallization time, while on a further increase of the temperature and aging time, 

the nano-sheets of the LDH structure fused to form a compact blade-like LDH 

structure. For example, at 80 ˚C temperature and 24 h aging time, a fully groomed 

curved shaped platelet morphology was obtained which fused on further increase 

in temperature and appeared as a compact needle-shaped structure. The atomic 

composition of LDH, calculated by energy disperse spectroscopy (EDS) plane 

scanning, is listed in Table 7. The EDS findings showed that the coated structure 

is mainly composed of Mg, Al, N, and oxygen. A small amount of carbon is also 

evident in the EDS study, caused by contamination from air, which results in the 

formation of carbonate anions. The atomic ratio of Mg/Al varies with the effect 

of temperature and crystallization time. Table 7 showed that with higher reaction 

temperature and crystallization time, a higher ratio of Mg/Al is obtained. The 

oxygen content also varied with the influence of temperature and time. The atomic 

ratio of Mg: Al lies in the range of 2.5:1–3.87:1, which provides a rough 

approximation of the MgAl LDH assembly. Note that the Mg: Al ratio increases 

with the duration of the treatment regardless of the temperature. The duration of 

the treatment seems therefore to affect the chemical composition of the LDHs 

which enrich with Mg during the long immersion time. The possible formation of 

MgAl LDH on the AA6082 surface may start with the dissolution of aluminum in 

the basic solution to release Al3+ ions (aluminum surface is partially dissolved on 

contact with the high pH solution and generated aluminum oxides) [143], which 

react with the water to form Al(OH)3 while the final step is related to the 

precipitation of Mg2+ and OH− on the surface of the Al(OH)3 surface to form the 

pre-MgAl LDH hydroxide mixture. The ammonium nitrate continuously 

hydrolyzed to form NO3
− in the system, along with the release of ammonium ions 
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which led to progressively keep the pH in the range of 10. Finally, the divalent 

Mg2+ ions in Mg(OH)2 were substituted by the trivalent Al3+ ions, which result in 

the coexistence of Al(OH)3 and Mg(OH)2 to form a stable hydrotalcite-like LDH 

structure. On the other hand, the hydroxyl ions present inside the galleries were 

exchanged by NO3
− ions present in the solution, and as the average atomic ratio 

of Mg to Al is approximately around three, as shown in Table 7 (EDS analysis), 

it can be concluded that the final film of Mg3Al(OH)2·xNO3·yH2O was formed on 

the substrate of AA6082 and formed stacking of LDH layers one above another 

to form the LBL configuration. The obtained EDS findings agree with the XRD 

results. 

 

Figure 27. SEM images of LDH films developed at various reaction 

temperatures and crystallization times. 
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Table 7. EDS study of atomic percentage at various reaction 

temperatures and crystallization times. 

Sample Mg (at.%)? Al (at.%) N (at.%) O (at.%) Mg/Al 

40 °C–24 h 17.6 6.8 3.1 64.7 2.6 

60 °C–12 h 18.1 7.2 3.0 60.7 2.5 

60 °C–18 h 26.2 7.5 3.3 57.4 3.5 

60 °C–24 h 27.5 7.5 4.2 57.0 3.7 

80 °C–12 h 19.3 7.3 3.1 58.7 2.6 

80 °C–18 h 27.2 7.6 4.1 53.8 3.6 

80 °C–24 h 24.7 6.6 4.7 56.2 3.8 

100°C–12 h 24.5 7.6 4.2 53.9 3.2 

100 °C–18 h 28.6 7.5 4.7 53.9 3.8 

100 °C–24 h  28.7 7.4 4.3 63.1 3.9 

The results from SEM suggest that the synthesis conditions promote the 

formation of uniform and quite ordered structures. As far as the appearance of the 

coatings is concerned, it seems that on increasing the treatment temperature from 

60 to 100 °C, the LDHs layer becomes more and more compact and homogenous. 

Also, the duration of the treatment plays a similar role: prolonged immersion in 

the solution promotes the formation of homogeneous LDHs structures in which 

the platelets are closely packed.  

The effect on the film thickness of the synthesis parameters is reported in 

Figure 28, which shows also the cross-sectional image of MgAl LDH at 80 °C and 

18 h (reported as an example). The results of the film thickness indicated that with 

the increase of reaction temperature and treatment time, the film thickness of 

coating increased. The film thickness increased from about 20.8–73.5 µm with the 

increase of the processing parameters. The high temperature and aging time in this 

study were shown to promote the growth rate of LDH formation, confirmed also 
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by XRD and SEM analysis. It was observed that a rapid increase in film thickness 

was found for 100 °C temperature and 24 h treatment time. However, with the 

increase of thickness, the interface of the substrate and coating become blurred and 

also caused an increase in defect density, which promoted loose interaction with the 

substrate. Some pores were observed at the interface of coating and substrate with 

the increase of coating thickness. This fact is expected to negatively influence the 

corrosion protection ability of LDH.  

 

Figure 28. MgAl LDH thickness of the film-coated AA6082 estimated from the 

cross-sectional optical microscopic images as a function of reaction temperature 

and treatment time, (for representation, insight is the optical images of LDH at 

80 °C and 18 h reaction conditions. 

4.1.3. Electrochemical Study 

The as-prepared MgAl-LDH anticorrosion behavior was investigated 

through electrochemical studies. Figure 29 exhibits the potentiodynamic 

polarization curves of all the tested samples, while the corrosion current density 
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and corrosion potential are listed in Table 8. With the increase of synthetic 

reaction temperature and crystallization time, the corrosion current density 

decreases, and a significant increase in the film resistance is observed. The 

reduction of both the anodic and cathodic currents suggests an increase in 

corrosion resistance. The polarization curves of MgAl LDH coating obtained from 

the specimens developed at 60°C–24h, 80°C–18h, 80°C 24h, 100°C 18h and 100 

°C–24 h showed a noticeable decrease in corrosion of both anodic and cathodic 

current density compared to the bare AA6082. The significant reduction of the 

current densities suggests that the MgAl LDH thin films can help to decrease the 

corrosion rate of the substrate. All the developed films on AA6082 showed lower 

corrosion current density along with a shift of the corrosion potential to higher 

values compared to bare AA6082. As one can see, for almost all the investigated 

samples a rise in the corrosion potential was observed as the crystallization time 

increased. The MgAl LDH is believed to provide corrosion protection due to the 

following two mechanisms: (1) the barrier effect, as they are dielectric materials 

that protect the metal surface by avoiding interaction with the metal substrate; (2) 

by entrapping Cl− ions and releasing nitrates. In the case of the polarization curves, 

the main protection mechanism likely observed is the physical barrier effect 

provided by the LDH layer which promotes a decrease in the flow of current. 

According to the mixed potential theory, anodic and cathodic reactions can be 

described by a straight line in the E versus Log(i) plot. For purely activation-

controlled anodic and cathodic processes, a linear extrapolation of the Tafel slopes 

from the experimental curves is possible [144], thus determining the corrosion 

current density. When one of the reactions (generally the cathodic reaction) is 

limited by the rate of transport of the reactant to the metallic surface 

(concentration-controlled processes) the extrapolation of the corrosion current 

density is still possible, even if it becomes more complex. If a dielectric coating 
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is present over the metal surface, the ohmic drop due to its insulting nature affects 

the reliability of the Tafel extrapolation of the corrosion current density. Besides, 

the extrapolation of corrosion current density values over passive metals such as 

aluminum in a near-neutral chloride containing media is of doubtful scientific 

significance. However, there are many literature reports in which the corrosion 

current density is extrapolated from E versus Log(i) plots in presence of a 

dielectric film (LDH coating or organic coating) over the surface of aluminum 

electrodes immersed in neutral chloride containing media. It is our opinion that 

DC polarization curves collected over coated aluminum samples can provide 

mainly a qualitative assessment of the quality of the coatings. The flow of direct 

current in the case of metals coated with insulating materials is mainly possible 

thanks to the presence of defects and or heterogeneity through which the 

electrolyte can reach the metallic surface. Therefore, the evolution of the anodic 

and cathodic current densities can be related to the amount of defect and 

homogeneity of the coatings. 

 

Figure 29. Polarization curves of bare AA6082 and the coated AA6082 in 0.1 M 

NaCl aqueous solution. 
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Table 8. The electrochemical parameters estimated from the 

polarization data in Figure 28. 

Specimens Ecorr (Ag/AgCl) (V)  Icorr (µA/cm2)  

AA6082 –0.879 0.46556 

40 °C–12 h –0.679 0.33138 

40 °C–18 h –0.721 0.07629 

40 °C–24 h –0.564 0.28947 

60 °C–12 h –0.683 0.40345 

60 °C–18 h –0.519 0.07524 

60 °C–24 h –0.254 0.05214 

80 °C–12 h –0.623 0.03121 

80 °C–18 h –0.243 0.00156 

80 °C–24 h +0.016 0.00024 

100 °C–12 h –0.099 0.03903 

100 °C–18 h +0.241 0.00001 

100 °C–24 h –0.122 0.00263 

To further understand the corrosion resistance ability of MgAl LDH, EIS 

analysis was performed. Figures 30 and 31 show the impedance modulus and 

phase plots, respectively. At low frequency (about 0.01 Hz), higher impedance 

modulus values (|Z|0.01) are a rough estimation of the corrosion resistance 

properties: It can be seen that the samples 100 °C–24 h and 100 °C–18 h exhibit 

the highest value of |Z|0.01 among the investigated samples. Furthermore, |Z| values 

follow a general tendency of corrosion resistance, higher temperature, and 

crystallization time and exhibit a greater propensity of corrosion resistance, 

according to the higher thickness of the LDH layers. These results are consistent 

with the results obtained from the potentiodynamic curves. The specimens 

fabricated at 100 °C–24 h showed comparatively lower corrosion resistance than 

100 °C–18 h, which may be due to their greater film thickness which causes more 
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defects in the coating itself and/or pores at the interface with the substrate. The 

impedance results suggest that the high temperature and aging time lead to an 

increase in corrosion resistance, which is probably due to increased crystallization 

of the layered double hydroxide and a thickening of the layer as well. When the 

temperature conditions and aging time are moderate, the enhancement in terms of 

corrosion resistance is less pronounced. Besides, the |Z| values of the MgAl LDH 

film developed at different reaction conditions follow a general tendency: the 

higher the hydrothermal reaction temperature, the higher is the corresponding |Z| 

value obtained. The thickness of the film also plays a vital role in corrosion 

protection, and |Z| values vary with the increment in film thickness. The sample 

(100 °C–18 h) showed around 33 µm film thickness and the highest corrosion 

resistance among all the processed samples. 

 

Figure 30. EIS spectra (Bode plots of log(|Z|) vs. log(frequency) ) of bare 

AA6082 alloy and AA6082 alloy coated with LDH film at various reaction 

temperatures and crystallization times in 0.1 M NaCl solution after 30 minutes. 
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Figure 31. EIS spectra (Phase angle vs. log(frequency)) of bare AA6082 alloy 

and AA6082 alloy coated with LDH film at various reaction temperatures and 

crystallization times in 0.1 M NaCl solution after 30 minutes. 

Figure 32 shows the evolution with an immersion time of the impedance 

modulus of the most representative samples among those investigated (data 

collected after 1, 3, and 7 days of immersion are reported). All the samples show 

a quite relevant decay of the protection properties during the 7 days of continuous 

immersion in the electrolyte. Regardless of the synthesis conditions, after one 

week of immersion, the low-frequency impedance is in the 105–106 Ω cm2 range 

for all the investigated samples. This value is in any case remarkably higher than 

the |Z|0.01 value of the bare substrate at the beginning of the immersion in the 

electrolyte (|Z|0.01 ≈ 104 Ω cm2). The decrease in impedance observed for the 

investigated coatings is likely to rely on the presence of porosity and defect in the 

coating and at the metal/LDH layer interface. According to optical microscope 

observations of the LDH layer and LDH/metal interface, thicker coatings (i.e., 

with synthesis conditions that promote higher LDH growth rate) are more 

defective and porous. This would explain the evolution of the impedance spectra 

with time: at the beginning, the LDH layers act as a barrier against electrolyte 

permeation; as time elapses, the solution moves through the defects and pores thus 
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reaching the metal/coating interface. The latter process promotes a decrease in 

impedance over all the frequency ranges since coating resistance is reduced and 

the Faradic process is promoted. 

 

Figure 32. Bode plots of AA6082 samples, coated with MgAl–NO3 LDH thin 

film after immersion in 0.1 M NaCl: (a) 60 °C–24 h and 80 °C–18 h sample 

from 1 to 7 days immersion; (b) 80 °C–24 h and 100 °C–18 h 1 to 7 days 

immersion time. 

The EIS spectra reported in Figure (30-31) were fitted to get some insight into the 

effect of the different parameters on the corrosion protection properties of the 

investigated coatings. According to Figure 31, all the samples show two relaxation 

processes, which are located in the middle-high or middle–low-frequency range. 

Notice that the thickness, as well as the defectiveness, of the coatings, strongly 

affect the electrochemical response of the diverse samples. For this reason, it is 

not surprising to observe the dispersion of the relaxation processes in the 

investigated frequency range. According to the literature [145][146], the EIS 

response of the LDH covered samples can be analyzed employing a 

Rs(CPELDH(RLDH(CPEdlRct))) electrical equivalent circuit. In this circuit, Rs stands 

for the resistance of the electrolyte. The relaxation process at the higher 

frequencies is fitted employing a resistance, RLDH, which indicates the pore 
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resistance of the LDH layer and a constant phase element, CPELDH, which 

represents the dielectric properties of the layered double hydroxide coatings. The 

relaxation process at the lower frequencies is fitted employing a resistance, Rct, 

which is related to the superimposition of the contribution of the charge-transfer 

process and of the aluminum oxide and a constant phase element, CPEdl, which 

represents the double layer capacitance contribution, overlapped to that of the 

dielectric properties of the aluminum oxide. According to the mathematical 

representation of a CPE, (i.e. ZCPE = 1/(Q(ωj)α) the parameters Q and α were 

employed to describe the dielectric response of the electrodes. Table 9 shows the 

fitting results for the investigated samples. Notice that the parameters αLDH and αdl 

are almost always far from unity. For this reason, it is not possible to attribute any 

precise physical meaning to the pre-exponential factors QLDH and Qdl. As far as 

the RLDH and Rct parameters are concerned, one can observe a certain scattering 

during immersion time for the samples 60 °C–24 h and 80 °C–18 h, probably due 

to the porosity of the coatings and to the consequent localization of the corrosion 

attack promoted by chlorides. On the other hand, the samples 80 °C–24 h and 100 

°C–18 h show a smoother decrease in the corrosion protection properties 

(described by RLDH and Rct) which indicates that the coatings are more compact 

(as suggested by the relatively high values of RLDH) and protective (as suggested 

by the relatively high values of Rct). 
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Table 9. Evolution with the time of the fitting parameters RLDH, QLDH, 

αLDH, Rct, Qdl, and αdl.  

Sample 
Immersion 

Time 

RLDH (kΩ 

cm2) 

QLDH (Ω−1 

cm−2 sα) 
αLDH 

Rct (kΩ 

cm2) 

Qdl (Ω−1 

cm−2 sα) 
αdl 

60 °C–24 

h 

1 day  13.0 4.2 × 10−7 0.51 420.0 1.4 × 10−6 0.72 

3 days 96.30 1.7 × 10−6 0.31 828.7 1.1 × 10−6 0.71 

7 days 98.3 1.1 ×10−5 0.85 0.5 7.8 × 10−6 0.46 

80 °C–18 

h 

1 days  5705.0 5.1 × 10−6 0.91 0.9 7.2 × 10−5 0.46 

3 days  50.1 7.2 × 10−6 0.51 270.2 9.9 × 10−6 0.65 

7 days  118.1 1.7 × 10−5 0.85 2.2 7.9 × 10−5 0.19 

80 °C–24 

h 

1 days  41.0 4.6 × 10−7 0.54 2095.0 8.1 × 10−8 0.77 

3 days  11.2 2.0 × 10−6 0.43 372.9 1.8 × 10−6 0.69 

7 days  7.8 2.5 × 10−5 0.71 354.8 1.0 × 10−5 0.93 

100 °C–

18 h 

1 days  6135.0 2.0 × 10−8 0.69 18420 7.8 × 10−8 0.68 

3 days  13.0 4.2 × 10−7 0.51 418.4 1.4 × 10−6 0.72 

7 days  104.2 8.8 × 10−6 0.46 97.4 1.2 × 10−4 1.0 

However, one should consider that: (1) in this study the crystallization 

treatment was prolonged to obtain relatively thick coatings, while in the literature 

very often only a thin conversion layer of LDHs was investigated; (2) the 

electrolyte employed in this study is more dilute than 3.5 wt % NaCl (0.1 M ≈ 

0.58 wt %): for this reason, higher resistance values are expected. Also, the 

parameter Rct for the samples investigated in this study is one of the highest 

compared to other works reported in the literature [146][147][148]. 

The EIS results seem also to be following the visual observation of the 

immersed samples as shown in Figure 33: optical microscope photos were taken 

after the 7 days of immersion in 0.1 M NaCl solution. The bare aluminum sample 

was badly corroded after the immersion and was covered with a thick layer of 
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corrosion products. Notice that cracks and blisters are observed on the LDH 

layers, following the remarkable decrease in RLDH and Rct. 

The surface morphologies of the MgAl–LDH after 7 days immersion in 0.1 

M NaCl solution are shown in Figure 34. It can be seen that no serious collapse of 

platelet structure is observed after 7 days of immersion and most of the structure 

remained almost intact and was shown to be similar to the as-prepared original 

structure. However, due to the longtime contact, dissolution of some platelets of 

MgAl–LDH structure was observed at some points Strong Cl− signals in EDS 

analysis (inset of Figure 34b) were observed after contact with chloride solution, 

so we can say that the MgAl–LDH film exhibited anion exchange capability by 

absorbing Cl− while the XRD analysis also showed that the interlayer of the 

MgAl–LDH was able to retain Cl− inside the structure. The LDH film anion-

exchange behavior on the aluminum alloy in the chloride solution can be generally 

expressed as follows: [149]. 

LDH–NO3
− +2Cl− → LDH–2Cl− + NO3

− (1) 
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Figure 33. The specimens after 7 days of immersion in a solution of 0.1 M NaCl: (a) bare 

aluminum surface; (b) coated sample at 60 °C–24 h; (c) 80 °C–18 h; (d) 80 °C–24 h; and 

(e) 100 °C–18 h. 
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Figure 34. SEM images of (a) original MgAl LDH coating, 60 °C–24 h sample, 

and (b) an immersed sample soaked in 0.1 M NaCl solution for 7 days (Insets 

are the corresponding EDS spectra). 

4.1.4. Conclusions 

The finding demonstrated that the reaction temperature and crystallization times 

have an influential effect on the growth mechanism of layered double hydroxide 

which ultimately has a strong impact on its corrosion resistance behavior. Well-

grown uniformed structures were obtained at 80 and 100 °C with crystallization 

times of 18 and 24 h while the thickness of the obtained films lay in the range of 

24–74 µm, which also imparted a significant influence on the corrosion resistance 

properties. The results from polarization curves confirmed that MgAl LDH stands 

as improved corrosion protection thin film, which demonstrates significantly high 

impedance and low corrosion current density as compared to the substrate. The 

thicker coatings (>30 µm, obtained on treating the substrate at 100 °C for 18 and 

24 h) showed a remarkable decrease of the corrosion current (3–4 orders of 

magnitude) and a remarkable increase in low-frequency impedance (|Z|0.01) 

compared to the bare substrate. However, the long-term durability of the 

investigated coating is still an issue as after about one week of immersion in the 
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0.1 M NaCl solution, the impedance in the low-frequency range showed a 

decrease of a few orders of magnitude. Compared to the bare substrate the 

investigated coatings were revealed to be in any case quite protective compared 

to the bare AA6082 substrate.  

4.2. MgAl-LDHs surface morphologies and their effect on the corrosion 

resistance 

4.2.1. Synthesis of MgAl- layered double hydroxide film 

Considering the reaction temperature and salt concentrations, the Mg-Al layer 

double hydroxide film is synthesized by the in-situ crystallization method on the 

aluminum AA6082 alloy. The four different molar solutions of MgNO3.6H2O and 

NH4NO3 were prepared to synthesize various morphological structures of MgAl 

layer double hydroxide. The solutions were separately prepared according to the 

salt concentrations listed in Table 10 and were dissolved (1:1) in a 1000mL four 

bottleneck heating flask (Sigma-Aldrich Glassware). The pH of the solutions was 

adjusted at 10, with a drop-by-drop addition of ammonium hydroxide solution. 

The pretreated aluminum samples were immersed vertically in the solution at 

different reaction temperatures i.e. 40˚C, 60˚C, and 80˚C for the 24 hrs 

crystallization time (conditions adjusted based on our preliminary results) under 

nitrogen gas bubbling. The samples were washed with deionized water after 

completion of film growth and were dried at room temperature. 

Table 10. The compositions of the salts for the formation of MgAl LDH on 

AA6082. 

Solution 

composition 

MgNO3.6H2O NH4NO3 

(a) 0.008M 0.048M 

(b) 0.008M 0.024M 
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(c) 0.028M 0.168M 

(d) 0.028M 0.084M 

(e) 0.05M -------- 

4.2.2. Results and Discussion 

The XRD pattern of the as-prepared MgAl LDH films developed at various salt 

concentrations and reaction temperature, under the same crystallization time 

(24hr) and pH (10), are presented in Figure (35-36). XRD patterns of the samples 

were well consistent with the formation of MgAl LDH and well resolved and 

distinct reflection peaks of typical LDH phases are observed. As presented in 

Figure 35 (a-b), at various salt concentrations ratios, almost a strong characteristic 

reflection of LDH phase is observed for 40˚C, 60˚C, and 80˚C reaction 

temperature, but the XRD pattern at salt concentrations of 0.008M MgNO3.6H2O-

0.048M NH4NO3, and 0.008 M MgNO3.6H2O-0.024 MNH4NO3, almost no 

characteristic peak is observed for 40˚C reaction temperature. The characteristics 

peaks of (003), (006), (009), (110), and (113) crystal planes can be attributed to 

the presence of MgAl-NO3 LDH [150]. In addition to characteristics peaks of 

LDH, Mg(OH)2 peak was also observed, especially in the case of fabrication by 

the amount of 0.008M MgNO3.6H2O and 0.048 MNH4NO3, as shown in Figure 

35(a). That may be due to the excess hydrothermal treatment, where the sample 

was found to decompose and the excess Mg+2 ions phase separate as Mg(OH)2 

[151].  A decrease in peak intensity of MgAl-LDH at high temperature and salt 

concentrations could imply an increase in film thickness. At higher temperatures, 

80˚C & 100˚C, the reflection peaks exhibit sharp and high intense narrow peaks 

which describe well crystalline and ordered structure. 
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Figure 35. The XRD spectra of MgAl-LDH film samples developed on AA6082 

obtained at various reaction temperatures and salt concentrations: - 

(M=MgNO3.6H2O, N= NH4NO3, W=without NH4NO3). 

 

 

Figure 36. The XRD spectra of Mg-Al LDH film samples developed on 

AA6082, Fig (2a), a) 40˚C-24hr, b) 60˚C-24hr, c) 80˚C-24hr, Fig (2b) a) 40˚C-

24hr b) 60˚C-24hr c) 80˚C-24hr at specified salt concentrations. 

Figures (37, 38, 39) exhibits the surface morphologies of specimens synthesized 

at different conditions of reaction temperature and initial salt concentration at a 

pH of 10 and for an aging time of 24 hr. With the change of the molar ratio of salt 

concentrations and reaction time, the nanoarchitecture of LDH varied which could 
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prove a significant morphology influence on corrosion properties, owing to the 

ion exchangeability with the chlorine ions and it also acts as a barrier that protects 

the substrate from aggressive species. The optimized pH of 10 can cause the 

dissolution of the surface of aluminum alloys and cause the generation of 

aluminum oxides, which interact with Mg to form MgAl LDH on the aluminum 

substrate. Considering the process reaction conditions, different morphologies of 

MgAl-LDhH were obtained. Among them, three distinct morphologies were 

observed, namely: - flower-shaped lamellar or plate-like structure, stone-shaped, 

cauliflower structure as shown in Figures (37, 38, 39). The LDH microcrystals 

almost blanket the entire surface, perpendicular to the substrate. It is clear from 

the SEM images that the LDH granules start to originate at a lower temperature 

and crystallization time, which grows further with the increase of reaction 

temperature and aging time, and finally, at optimum conditions of both 

parameters, a distinct well-developed layer double hydroxide structure produced. 

The EDS results showed that the abraded Al surface was mainly composed of Mg, 

Al, and O, and a small percentage of C, caused by the contamination from the air. 

The film thickness of the obtained structure is studied through cross-sectional 

analysis, analyzed by optical microscopy. The increase in the temperature and 

initial salt concentrations remarkably influenced the thickness of LDH. The film 

thickness increased from 8 µm to 59 µm with the variation of reaction temperature 

and salt concentrations, as shown in Figure 40. With the increase of reaction 

temperature at the same initial salt concentrations, a significant increment in film 

thickness was also observed. As the film thickness getting thicker, there was also 

evident some pores at the interface of the substrate and the film, which can cause 

poor corrosion resistance properties. The film thickness of processed parameters 

at 60˚C for the molar ratio of 0.028M MgNO3.6H2O and 0.168M NH4NO3 is 

shown in Figure 41. 
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Figure 37. SEM images of LDH films obtained at various salt concentrations and 

reaction temperatures at 24 hr synthesis conditions. 
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Figure 38. SEM images of LDH films obtained at various salt concentrations and 

reaction temperatures at 24 hr synthesis temperature. 

 

Figure 39. SEM images of LDH films obtained at 0.5M MgNO3.6H2O 

concentrations and various reaction temperatures for 24 hr at a synthesis 

temperature of (a) 40°C, (b)60°C, (c) 80°C. 
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Figure 40. MgAl LDH thickness of the films coated AA6082 estimated from the 

cross-sectional optical microscopic images as a function of reaction temperature 

and salt concentrations. 

 

 

Figure 41. Cross-sectional optical images of the MgAl LDH films coated on 

AA6082 alloy at 60˚C for the molar ratio of 0.028M MgNO3.6H2O and 0.168M 

NH4NO3. 
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The corrosion resistance of obtained MgAl LDH film at various reaction 

temperatures and crystallization time is investigated by electrochemical studies. 

The potentiodynamic polarization curves of all the tested samples are shown in 

Figure 42. The corrosion potential and corrosion current density of each developed 

sample, extracted from polarization curves, are listed in Table 11. The corrosion 

current density of the MgAl LDH film prepared at 80˚C with 0.008 M 

MgNO3.6H2O & 0.024 M NH4NO3 and 60˚C with 0.008 M MgNO3.6H2O & 0.048 

M NH4NO3 molar concentrations have shown a significant decrease as compared 

to the substrate while demonstrating the film thickness of around 6 and 38 µm, 

respectively. A significant increase in corrosion resistance was also observed for 

0.028M MgNO3.6H2O and 0.168 M NH4NO3 at 80˚C temperature. It is also to be 

noted, that with the increase in salt concentrations and even reaction temperature, 

the film thickness also varies, which also remarkably affects the electrochemical 

properties. There are two possible assumptions from the above results, on the one 

hand, the ion exchangeability of the MgAl-LDH film causes an increase in the 

corrosion resistance ability of the films, while On the other hand, the increases of 

the film thickness act as a protective layer, which provide an additional barrier 

between the contact of corrosive ions and the aluminum substrate. But the higher 

thickness of LDH may cause loose interaction with the substrate due to high defect 

density and pores formation at the interface of coating and substrate. A smoother 

and more regular morphology is expected to guarantee better wear and corrosion 

resistance. The calculated corrosion rate of treated samples is much lower than the 

corrosion rate of the untreated sample and up to a decrease of 5 order magnitude 

in corrosion current density is observed. 
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Figure 42. Polarization curves of bare AA6082 and the coated AA6082 in 0.1M 

NaCl aqueous solution. 

Table 11. The electrochemical parameters estimated from polarization data in 

Figure 42. 

Specimens E(Ag/AgCl)V 

A(Ag/AgCl2)V 

I (µA/cm2) 

40˚C -1R3-N -0.712 6.61E-02 

 60˚C -1R3-N -0.594 2.29E-01 

 80˚C -1R3-N -0.169 6.95E-06 

 40˚C -1R6-N -0.701 6.31E-01 

74 60˚C -1R6-N -0.381 1.23E-04 

 80˚C -1R6-N -0.495 9.12E-02 

 40˚C -1R3-4 -0.512 3.09E-01 

 60˚C -1R3-4 0.486 1.05E-01 
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80˚C -1R3-4 -0.554 1.73E-05 

 40˚C -1R6-4 -0.920 8.13E-01 

 60˚C -1R6-4 0.019 

 

1.23E-03 

 80˚C -1R6-4 -0.249 8.32E-04 

 40˚C -24hr -0.563 1.45E-01 

 60˚C -24hr -0.263 5.13E-02 

 80˚C -24hr 0.009 7.42E-05 

  

To further analyze the corrosion resistance properties of LDH films, which 

developed at different reaction conditions, EIS spectra were acquired in 0.1M 

NaCl solution after the 30 min delay for the system stabilization Figures (43-44). 

It can be observed from the Bode plots that the LDH-coated samples exhibit higher 

impedance in the low-frequency domain (0.1-0.01 Hz) compared with the bare 

aluminum alloy sample. It is also worthy to note that the impedance modulus of 

MgAl-LDH at feasible conditions has nearly five orders of magnitude higher than 

that of the Al substrate at 0.01 Hz. The strong shift of the impedance in the middle-

high frequency range is related to the presence of the coating. The 

presence/absence of the shift in impedance in this range provides information 

related to the real presence of a dielectric coating on the surface of the metal. As 

far as Figures 43(a) and 43(c) is concerned, the samples produced at 80°C have 

shown an almost capacitive behavior in the middle-high frequency range, thus 

suggesting the presence of a dielectric LDH coating. For the coating derived from 

0.008M MgNO3.6H2O & 0.048M NH4NO3 solution, a similar EIS response is 

observed even when the temperature was 60°C. The other coatings in Figures 43a 

and 43c have shown much lower values of the electrochemical impedance in the 

investigated frequency range. The presence of two partially overlapped peaks in 

the phase angle spectrum (Figure 43c) and the limited increase in impedance seem 

to suggest that an LDH layer is present on the surface of the samples (in agreement 
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with XRD findings) but it is likely to be thin (or defective) and, therefore, only 

slightly protective. Considering Figures 43 (b-d), the EIS response suggests that 

only the coatings derived from 0.028M MgNO3.6H2O & 0.168M NH4NO3 and 

treated at 80°C are characterized by a capacitive response in the middle-high 

frequency range. The low-frequency impedance of these coatings is also 

remarkably high compared to the other samples, indicating that the LDH layer is 

protective. The samples derived from 0.028M MgNO3.6H2O & 0.084M NH4NO3 

and treated at 60 and 80°C have shown a relevant increase of the low-frequency 

impedance (from 104-105 to 107-108 Ωcm2) compared to the bare aluminum 

sample. However, a purely capacitive response was not observed. These coatings 

seem to be protective, thanks to the relevant increase in impedance but they are 

likely to be partially porous, permeable, and/or defective as they do not show a 

clear capacitive behavior. The EIS spectra of the other coatings reported in Figure 

43(b-d) seem to indicate that all the LDH layers provide corrosion protection to a 

certain extent, as suggested by the increase in the low-frequency impedance 

compared to the bare sample. However, also in this case the conversion layer is 

likely to be thin or defected, as no remarkable increase of the impedance values in 

the middle-high frequency range was observed, compared to the low-frequency 

range values. 
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Figure 43. Bode plots of bare AA6082 alloy and AA6082 alloy coated with 

MgAl LDH film at various reaction temperatures and salt concentrations, in 

0.1M NaCl solution. *1R3-N=0.008M MgNO3.6H2O&0.024M NH4NO3, 

*1R6-N=0.008M MgNO3.6H2O & 0.048M NH4NO3, *1R3-4 =0.028M 
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Figure 44. Bode plots of MgAl LDH film developed at 0.05M MgNO3.6H2O 

for different reaction temperatures. 

4.2.3. Conclusion 

In this part, we prepared the MgAl-LDH films on AA6082, exhibiting various 

morphologies, while their corresponding structural and corrosion resistance 

behavior is discussed. The finding obtained from SEM and XRD confirms the 

MgAl -LDH formation on the substrate and the results reveal that the reaction 

temperature and salts concentrations exert a significant effect on the LDH 

morphologies and growth rate. Among the developed morphologies, the flowers-

like morphologies were of interest due to their curved or contoured nano-sheets 

structure, which is expected to increase the ion exchangeability of LDH with 

chloride ions. It was also confirmed that at the same salt concentration, uniformity 

and film thickness also increased with the increase of reaction temperature and 

concerning high salt concentrations, which influences the anticorrosion property. 

According to the electrochemical studies, the cauliflower structure and platelet 

structure had an eminent corrosion resistance performance in comparison to other 
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morphologies. The corrosion current density of the MgAl-LDH coatings is 

decreased up to five orders of magnitude compared with that of the AA6082 alloy, 

thus has proved effective protection against aggressive species. 

4.3. ZnAl-Layered double hydroxide and corresponding corrosion resistance 

properties 

4.3.1. Synthesis of Zn-Al layered double hydroxide film 

Zinc nitrate hexahydrate with a concentration of 0.035M (Zn (NO3)2.6H2O) and 

0.210 (NH4 (NO3)2.6H2O) solution was mixed in 1000 mL deionized water to have 

a 1:6 of salts concentrations. The pH of the solutions was adjusted at three 

different pH values i.e 6.0, 6.5, and 7.0 by the ammonium hydroxide addition. The 

solution was poured into four bottleneck heating flask (Sigma-Aldrich Glassware) 

and a pretreated aluminum sample (3.14cm2) was immersed vertically in the 

solution. The experiments were performed at different reaction temperatures i.e. 

40˚C, 60˚C, and 80˚C, for the reaction times of 18h and 24h under nitrogen gas 

bubbling. The samples were washed with deionized water after the completion of 

the experiments and were dried at room temperature. 

4.3.2. Results and Discussion 

The XRD patterns of ZnAl-LDH synthesized at various reaction conditions have 

shown in Figure 45(a-c), which is well consistent with the formation of LDH 

structure, and well-resolved distinct reflection peaks of typical LDH phases were 

observed [152]. The characteristics peaks of (003), (006), (012), (110) crystal 

planes are attributed to the presence of layered double hydroxide. The 003 planes 

of the ZnAl-LDH correspond to the interlamellar distance of the nitrated 

intercalation inside the layer double hydroxide. The cell parameters “c” is 
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measured by three times the interlayer distance d003, and “a” is calculated by the 

two times of the d110. The calculated cell parameters are listed in Table 12. The 

findings have shown small variations in the cell parameters “a” and “c” which 

indicate effective incorporation of divalent cations (Zn2+) in the brucite LDH 

structure. The cell parameter “c” of ZnAl-LDH for d003 lies around ⁓ 3.0 nm which 

relates to nitrated LDH. The small variation of the “c” parameter is due to the 

different arrangement of the nitrate anions, which is strongly entitled to the LDH 

synthesis parameters. The cell parameter “c” was found to elevate possibly due to 

different size, strength, and bonding orientation of the hydroxyl group and nitrate 

anions inside the brucite-like structure, with the effect of the increasing reaction 

treatment time and temperature, [153]. While other low-intensity reflection peaks 

were observed that attributed to the presence of a secondary phase, (Al2O3)4. H2O) 

crystalline secondary phase (Al2O3)4. H2O is a commonly observed phase in the 

brucite-like structure when the synthesis condition of pH is adjusted lower than 8. 

As presented in Figure 45, the samples developed at 6.0 and 6.5 pH for 40˚C and 

60˚C and 24 hr crystallization time, have shown the strongest reflection peaks with 

sharp and high intense narrow peaks. and also for 60˚C-18 hr for 7.0 pH reaction 

conditions, which describe well crystalline, ordered structure, and proper stacking 

of the ZnAl-LDH layers. The diffraction peaks of the ZnAl-LDHs alloy have 

almost disappeared at 80˚C temperature for the treatment time of 24 hr for 6 and 

7 pH solution, possibly due to high thermal treatment and result in relatively 

thicker and flatter surface structure, as can see in SEM images the LDH platelet 

structure found to be fused and no curved platelet structure were observed. 
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Table 12. Cell parameters of ZnAl-LDH structure at various synthetic 

conditions. 

Sample 
Cell Parameter, 

a (nm) 

Cell Parameter, 

c (nm) 

Interlayer 

Distance, d003 

(nm) 
40 °C–24 h-6.0pH 0.298 2.801 0.934 

40 °C–18 h-6.5pH 0.299 2.887 0.963 

40 °C–24 h-6.5pH 0.298 2.798 0.933 

40 °C–18 h-7.0pH 0.311 2.691 0.897 

40 °C–24 h-7.0pH 0.311 2.673 0.891 

60 °C–24 h-6.0pH 0.334 3.139 1.047 

60 °C–18 h-6.5pH 0.334 3.169 1.056 

60 °C–24 h-6.5pH 0.336 3.089 1.030 

60 °C–18 h-7.0pH 0.336 3.205 1.068 

60 °C–24 h-7.0pH 0.334 3.192 1.064 

80 °C–18 h-6.0pH 0.336 3.179 1.060 

80 °C–18 h-6.5pH 0.335 3.222 1.074 

80 °C–24 h-6.5pH 0.336 3.169 1.060 

80 °C–18 h-7.0pH 0.335 3.381 1.147 
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Figure 45. The XRD spectra of ZnAl-LDH film samples developed on AA6082 

obtained at the extended reaction temperature, crystallization time, and different 

pH conditions. 
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Figure (46-48) exhibits the surface morphologies of the specimens synthesized at 

different conditions of reaction temperature and reaction time, at pH values of 6.0, 

6.5, and 7.5. With the variation of synthesis parameters, the nanoarchitecture of 

LDH varied, which has a significant effect on the LDH structural growth and 

corresponding corrosion properties. The pH of 6.5 has shown the well-established 

architecture of surface morphology at 40˚C-24hr, where Al interacts with Zn to 

form a distinct ZnAl LDH film on the substrate. It is clear from the SEM images 

that the LDH granules start to originate at a lower temperature and crystallization 

time. They grow further with the increase of synthesis conditions, and at optimum 

conditions of both parameters, a distinct well-developed layer double hydroxide 

structure is produced. With the further increase of reaction temperature and aging 

time, the LDH plates fused and a flat layer of LDH is formed on the substrate. The 

LDH microcrystal’s in most cases homogeneously blanket the entire substrate 

surface, perpendicular to the substrate. With the increase of reaction conditions, a 

regular increment in film thickness was also observed as shown in Figure 49. On 

the other hand, at the same values of reaction temperature and aging time, the pH 

has shown to cause an increase in the film thickness and this trend is more evident 

at higher reaction temperature conditions. This may be due to the increase of 

nucleation at higher pH, resulting in higher growth of LDH, as suggested by 

Abderrazek et al [152]. The LDH film thicknesses of the obtained structures are 

studied through cross-sectional analysis (optical microscopic) of the LDH coated 

specimens and shown that the increase in the pH, reaction time, and reaction 

temperature remarkably influenced the LDH thickness. The film thickness 

increased from 5 µm to 49 µm with the synthesis parameters, as shown in Figure 

49. As the film thickness is thicker, it became evident that some pores at the 

interface of the substrate and the film, which can cause poor corrosion resistance 

properties. 
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Figure 46. SEM images of ZnAl-LDH films obtained at a pH of 6.0. 

 

Figure 47.SEM images of ZnAl-LDH films obtained at a pH of 6.5. 
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Figure 48. SEM images of ZnAl-LDH films obtained at a pH of 7.0. 

 

Figure 49. ZnAl LDH thickness of the films coated AA6082 estimated from the 

cross-sectional optical microscopic images as a function of reaction time, pH, and 

reaction temperature. 
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The corrosion resistance of ZnAl LDH fabricated at various conditions is 

investigated by electrochemical studies. The potentiodynamic polarization curves 

of all the tested samples are shown in Figure 50. At a constant pH value, generally 

with the increase of reaction temperature and crystallization time, it is found to 

have significant decreases of the corrosion current density and thus an increase in 

the corrosion resistance of LDH is observed. With the increase of reaction 

conditions, it is also found that the LDH microstructure transforms into compact 

architecture, which acts as a barrier film against the aggressive media and helps 

to increase the ZnAl-LDH corrosion resistance. On the other hand, a well-

developed platelet structure is formed at moderate conditions, especially at 40˚C-

24hr reaction conditions for a pH of 6.5 that also cause a significant increase of 

ion-exchange area for the intercalation of Cl- ions and effectively reduce the 

corrosion current density with high corrosion potential, as shown in the 

polarization curves (Figure 50). At 80˚C reaction temperature, there was observed 

the lowest corrosion current density among all sets of specimens developed at 

different pH. Although cracks appeared on the surface of LDH film at the high 

temperature, due to high film thickness it can be suggested that cracks did not go 

deeper inside the film, thus the overall structure acts as a strong barrier against the 

aggressive environment and up to a 3 order of reduction in corrosion current 

density was observed. The open-circuit potential is found to be shifted toward 

nobler values with increasing temperature and immersion time. In particular, 

40˚C-24hr-6.5pH derived samples have shown relatively high corrosion potential 

(-0.091 V vs Ag/AgCl ), probably due to the well-developed distinct LDH 

structure. The overall polarization curves of the ZnAl LDH coating have shown 

an increase in the corrosion resistance compared to the bare AA6082. The 

significant reduction of the cathodic and anodic branches of the curves of ZnAl 

LDH implies that the thin films can help decrease the corrosion rate of the metallic 
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substrate. A remarkable anodic and cathodic current density reduction is observed 

for the samples treated at 80°C for 18-24 h at pH 6.5 and 7.0. For these samples, 

both anodic and cathodic current densities are decreased up to three orders of 

magnitude compared to the untreated sample. The ZnAl LDH provides corrosion 

protection due to the following two mechanisms: (1) barrier effect, as they are 

dielectric materials that protect the metal surface by avoiding the interaction of 

the aggressive environment with the metal substrate; (2) and also by entrapping 

Cl- ions inside the brucite structure [154]. In this case (from polarization curves), 

it seems that the main protection mechanism is a barrier effect which decreases 

the flow of current acting as a physical barrier.  
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Figure 50. Polarization curves of bare AA6082 and the coated AA6082 in 0.1M 

NaCl aqueous solution.  
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To further understand the corrosion resistance ability of ZnAl LDH, EIS analysis 

was performed, as shown in Figure (51-52). At low frequency, higher |Z| depicts 

higher corrosion resistance, it can be seen that LDH film developed at the high 

reaction temperature conditions exhibit a higher value of |Z| compare to low-

temperature conditions. Although moderate temperature conditions cause the 

formation of a well-developed platelet structure which increases the ion-exchange 

area with the Cl- ions. However, the film developed at high temperature exhibits 

a compact formation of the LDH layer with the fusion of LDH structure and thus 

acts as a strong barrier against aggressive media. Furthermore, it is clear from 

Figure 51, |Z| values follow a general tendency of corrosion resistance, at each pH 

value, higher temperature and crystallization time exhibit greater propensity of 

corrosion resistance and it is consistent with the results obtained from the 

potentiodynamic curves and also from SEM and XRD results. The LDH films 

developed at 80˚C reaction temperature for different pH values observed a 

capacitive behavior in the middle-high range frequencies. This suggested the 

presence of the dielectric film and almost a similar trend was found for the 

specimen developed at 60˚C-24hr for 6.5 pH. A dramatic increase in EIS was also 

observed for the specimen developed at 40˚C-24hr-6.5 pH, which was consistent 

with the polarization curves. The samples developed at lower reaction 

temperatures have shown much lower values of the electrochemical impedance in 

the investigated frequency range and that limited increase in impedance suggested 

the presence of LDH film on the surface of the samples is not properly 

homogeneous or porous, therefore only slightly protective. The samples treated at 

80°C-18 h and 24 h have shown a significant increase in the low-frequency 

impedance (from 104-105 to 107-108 Ωcm2) compared to the bare AA6082. 

However, overall a purely capacitive response of the frequency range was not 

observed in the developed LDH films, which suggested that LDH films are likely 
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to be partially porous, permeable, and/or defective. The EIS spectra indicate that 

all the LDH layers provide corrosion protection to a certain extent, as suggested 

by the increase in the low-frequency impedance compared to the bare sample. 

Based on the qualitative comparison of the impedance modulus spectra, the 

extended reaction conditions seem to make a strong impact on the corrosion 

resistance properties, in addition to coming sufficiently higher than the traditional 

platelet structure. 

 

 

Figure 51. EIS spectra, ( Bode plots of log (|Z|) vs.log(frequency) ) of bare 

AA6082 alloy and AA6082 alloy coated with ZnAl-LDH film at various reaction 

temperatures and crystallization time at 6.0,6.5 and 7.0 pH, in 0.1M NaCl solution. 
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Figure 52. EIS spectra (-phase angle vs frequency) of bare AA6082 alloy and 

AA6082 alloy coated with ZnAl-LDH film at various reaction temperatures and 

crystallization time at 6.0,6.5 and 7.0 pH, in 0.1M NaCl solution. 

The EIS spectra reported in Figures 51 and 52 have been furtherly 

investigated utilizing electrical equivalent circuits (e.e.c.) to get a deeper 

knowledge of the corrosion protection properties of the investigated coatings. The 

phase angle spectra reported in Figure 52 shows two partially overlapped 

relaxation processes, which are in the middle-high or middle-low frequency range. 

According to the relevant increase in thickness obtained by increasing the 

treatment temperature and/or duration, the electrochemical response of the 

investigated samples remarkably differs from one sample to another. A dispersion 

of the relaxation processes in the investigated frequency range is therefore 
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expected. The presence of inhomogeneities and defects, occurred during the 

synthesis of the coatings, furtherly exacerbates the differences among the EIS 

spectra of the samples. Having said this, the impedance modulus experimental 

curves of Figure 51 suggest that the samples treated at 80°C during 18h provides 

the substrate with the most relevant improvement in terms of corrosion protection 

among the investigated LDH based treatments. Notice that this observation is 

valid regardless of the pH of the solution. For this reason, the impedance spectra 

corresponding to the LDH layer obtained at 80°C during 18h at the different pH 

values, have been fitted employing a Re(CPELDHRLDH)(CPEdlRct) electrical 

equivalent circuit (in accordance to literature reports [155][156]. In the above-

mentioned circuit, Re stands for the resistance of the electrolyte. The time constant 

in the middle high-frequency range has been attributed to the LDH layer. For this 

reason, a resistive element, RLDH, which indicates the pore resistance of the LDH 

layer, and a constant phase element, CPELDH, which represents the dielectric 

properties of the layered double hydroxides coatings, have been employed in the 

e.e.c. The relaxation process at the lower frequencies has been attributed to the 

interface processes: a resistance, Rct, which is related to the superimposition of the 

contribution of the charge-transfer process and the aluminum oxide and a constant 

phase element, and a constant phase element, CPEdl, which represents the double 

layer capacitance contribution, overlapped to that of the dielectric properties of 

the aluminum oxide, have been employed.  According to the mathematical 

representation of a CPE, (i.e. ZCPE = 1/(Q(ωj)α) the parameters Q and α have been 

employed to describe the dielectric response of the electrodes. Table 13 shows the 

values of the parameters employed in the e.e.c.. notice that due to the high 

scattering in the low-frequency range it has not been possible to fit the time 

constant corresponding to the interface processes for the sample 80˚C-18h-pH 6. 



 
 

142 

 

Table 13. Fitting parameters: RLDH, QLDH, αLDH, Rct, Qdl and αdl (n.d.: not 

determined). 

Sample 

RLDH 

MΩ 

cm2 

QLDH 

Ω-1 cm-2 sα 
αLDH 

Rct 

MΩ cm2 

Qdl 

Ω-1 cm-2 

sα 

αdl 

80˚C-18h pH 6.0 36 1.1·10-9 0.79 18 3.8·10-11 0.93 

80˚C-18h pH 6.5 4200 2.4·10-11 0.94 n.d. n.d. n.d. 

80˚C-18h pH 7.0 230 2.7·10-11 0.93 380 2.0·10-10 0.87 

 

Notice that it is not possible to attribute to the pre-exponential factors QLDH 

and Qdl any precise physical meaning since the parameters αLDH and αdl are quite 

far from unity (range from 0.79 to 0.94). The fitting parameters reported in Table 

13 suggest that the selected coatings decrease the corrosion rate of the aluminium 

substrate thanks to the remarkable values of RLDH and Rct. 

4.3.3. Conclusion 

In order to investigate the relation of ZnAl-LDH structural growth and 

corresponding corrosion resistance behavior, a series of LDH thin films on 

AA6082 were synthesized by the in-situ growth method at various reaction 

conditions, for instance, the reaction temperature, reaction time, and pH. The 

findings from SEM and XRD analysis have shown that proper well-crystallized 

LDH’s were obtained at the synthesis conditions of 40˚C and 60˚C at 24 hr 

crystallization time for each set of pH values, while at 80˚C for 18 and 24 hr aging 

time at 6.5 and 7.0 pH, the LDH structure fused and a compact structure formed 

on the substrate, which acts as a strong barrier against the aggressive media and 

caused an influential increase in the corrosion resistance. The extended reaction 

conditions were found to make an influential impact on the anticorrosion 
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properties of LDH. The thickness of the thin films lies in the range of 5 to 50 µm, 

which also has shown a significant influence on the corrosion resistance 

properties. The results from polarization curves have confirmed that ZnAl-LDH 

stands as effective corrosion protection thin film, and up to a five-order magnitude 

decrease in the corrosion current density of LDH was observed, compared to the 

substrate. 

4.4. Synthesis of NiAl-LDHs: Structural and corrosion resistance 

properties 

4.4.1. Experimental Section 

To synthesize NiAl-LDH, the four different solutions of Ni(NO3)2.6H2O and 

ammonium nitrate salt were prepared, based on the variation of ammonium nitrate 

solution (Table 14), as the ammonium nitrate salt is found to be an effective 

reagent to obtain unique LDH morphological characteristics. The pH of the 

prepared solutions was adjusted at 10 with a drop-by-drop addition of 0.3 mol/L 

NaOH solution. 70mL of above-prepared solutions were purged with nitrogen gas 

for 30 minutes to remove adsorbed gases and were separately transferred into a 

100mL Teflon-lined autoclave. The pretreated aluminum substrates, which act as 

a source of Al3+, were placed in the above-prepared solutions and the system was 

treated in an oven at 130˚C for 24 h. After experiment completion, the coated 

specimens were washed with deionized water and were dried with nitrogen gas. 

Table 14. The molar concentration of salts for the formation of NiAl LDH. 

Specimens NiNO3.6H2O NH4NO3 

NiAl-LDHa 

 

0.003M ---- 

NiAl-LDHb 

 

0.003M 0.003M 

NiAl-LDHc 

 

0.003M 0.009M 
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NiAl-LDHd 

 

0.003M 0.018M 

4.4.2. Results and Discussion 

Figure 53 shows the XRD patterns of the NiAl-LDHs, exhibits distinct reflection 

peaks around at 2(Ɵ) 11.7˚, 23.0˚ and 34.9˚, correspond to (003), (006), (012) 

respectively, demonstrating the characteristics peaks of LDH formation [152]. 

The “003” reflections of all synthesized NiAl-LDHs were observed almost on the 

same 2(Ɵ) angle of ⁓11.7°, indicating a basal spacing around 0.88 nm, which 

corresponds to the NiAl-NO3-LDH [150]. With the variation of ammonium nitrate 

salt concentration, the intensity and broadness of the reflection peaks vary and 

diffraction peaks (003) of NiAl-LDH begin to be a bit sharper, depicted the 

enhanced crystallinity, Table 15. The cell unit parameter is defined as c= 3d003= 

6d006, and it is found that from NiAl-LDHa to NiAl-LDHd a gradual reduction in 

the unit cell parameter is observed. As the reflection characteristic of NiAl-LDH 

gradually increases (Figure 53) with the variation of surface morphologies (Figure 

54), it can be concluded that NiAl-LDHd has shown high intense, sharp narrow 

peaks compare to NiAl-LDHa, thus describe well crystalline and ordered structure. 

Figure 54 shows the SEM images of the synthesized NiAl-LDHs, wherein in 

all cases, LDHs microcrystals uniformly covered the entire aluminum substrate 

surface in the lamellar form. By comparing the surface morphologies of obtained 

LDHs from NiAl-LDHa to NiAl-LDHd, it can be found that NiAl-LDHa is a less 

porous structure than that of NiAl-LDHd, where well ordered LDH platelet-

structure is observed. This phenomenon is particularly evident in high-resolution 

SEM micrographs (Figure 54 b, d, f, h), where four distinct morphologies can be 

observed, from less porous amorphous structure to well-formed platelet flower-

like structure. It can be concluded that due to well organize geometry structure, 

ion exchange property might be the basic attributes of NiAl-LDHd to increase the 
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corrosion resistance of Al AA6082, while the comparatively NiAl-LDHa less 

profound to exchange NO3
- with the Cl- and exposed to be more dominant barrier 

layer. The same trend is observed in the other developed NiAl-LDHs i.e. NiAl-

LDHb, NiAl-LDHc. Table 16 shown the weight % composition of NiAl-LDHs, 

calculated by energy dispersive spectroscopy in-plane scanning mode. It is clear 

that NiAl-LDHs mainly consist of Ni, Al, O, and N. The Ni/Al ratio from 

amorphous porous structure to platelet structure is found to be increased from 3.44 

to 4, which reflects the NiAl-LDH assembly. The effect of structural growth on 

the film thickness is reported in Figure 55(b), with a cross-sectional image of 

NiAl-LDHd in Figure 55(a) (reported as an example). It is clear that the film 

thickness remains in the range of 30 to 35 µm, and regular platelet NiAl-LDHd 

structure has shown slightly higher film thickness (34.6µm) than amorphous 

NiAl-LDHa structure (30.01µm). 

 

Figure 53. XRD patterns of the developed NiAl-LDH films, (a) NiAl-LDHa, (b) 

NiAl-LDHb, (c) NiAl-LDHc, (d) NiAl-LDHd 
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Table 15. Calculated cell parameters of the NiAl-LDHs. 

Sample Interlayer 

distance 

“d003” (nm) 

Interlayerdistance 

“d006” (nm) 

Interlayer 

distance 

“d012” (nm) 

NiAl-LDHa 0.872 0.45 0.298 

NiAl-LDHb 0.878 0.44 0.297 

NiAl-LDHc 0.881 0.34 0.296 

NiAl-LDHd 0.886 0.44 0.296 
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Figure 54. SEM images of the synthesized NiAl-LDH films: (a-b) NiAl-LDHa, 

(c-d) NiAl-LDHb, (e-f) NiAl-LDHc, and (g-h) NiAl-LDHd. 
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Table 16. EDS weight percentage of the synthesized NiAl-LDHs 

The weight percentage of NiAl-LDHs 

Sample Ni Al N O Ni/Al 

NiAl-LDHa 26.2 7.60 4.1 56.7 3.44 

NiAl-LDHb 26.4 7.51 4.8 57.2 3.51 

NiAl-LDHc 31.8 7.48 4.3 52.7 4.25 

NiAl-LDHd 34.7 7.42 4.6 53.0 4.67 

 

 

Figure 55. (a) For representation, the optical images of NiAl-LDHd, (b) 

thickness of the NiAl-LDH films measured from the cross-sectional optical 

microscope images. 

The possible formation mechanism of NiAl-LDH is generally explained 

in equations (1-6), in simple terms, the aluminum surface dissolved in the basic 

reaction solution to form Al3+ (Eq. 1). The anodic regions (Equation 2, 3) results 

in the large concentrations of OH- groups on the surface of the aluminum and 

favor the formation of Al(OH)3 which act as precursors for the formation of LDH, 

while the final step is related to the precipitation of Ni, OH and (NO)3 on the 

surface of Al(OH)3 to form the NiAl-LDH hydroxide mixture. Finally, the 

divalent Ni2+ ions in Ni(OH)2 were substituted by the trivalent Al3+ ions, which 

result in the coexistence of Al(OH)3 and Ni(OH)2 to form a precursor film of 

hydrotalcite-like LDH structure [157][158]. 
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𝐴𝑙
 

→  𝐴𝑙+ +  𝑒−                                                                                           (1) 

𝐴𝑙3+ + 𝐻2𝑂
 

→ 𝐴𝑙3+ + 𝑂𝐻− +  
1

2
   𝐻2                                                   (2) 

2𝐻2𝑂 + 2𝑒−  
 

→ 𝐻2 + 2𝑂𝐻−                                                                      (3) 

𝐴𝑙 + 4𝑂𝐻− 
 

→  𝐴𝑙 (𝑂𝐻)4
−

+  3𝑒−                                                          (4) 

𝑁𝑖2+ +  𝑂𝐻−
 

→  𝑁𝑖(𝑂𝐻)+                                                                         (5) 

𝐴𝑙(𝑂𝐻)4
− +  𝑁𝑖(𝑂𝐻)+ +  𝑦𝑁𝑂3

− + 𝑧𝐻2𝑂
 

→  𝑁𝑖𝑥𝐴𝑙1−𝑥(𝑁𝑂3)𝑦(𝑂𝐻)2. 𝑧𝐻2𝑂                             (6) 

 

The polarization curves of the developed NiAl-LDH on AA6082 are shown in 

Figure 56. The polarization curves of synthesized NiAl-LDHs coating have shown 

a decrease in both anodic and cathodic current density compared to the bare 

AA6082. All the synthesized NiAl-LDHs films on AA6082 have shown lower 

corrosion current density along with a shift of the corrosion potential to higher 

values as compared to bare AA6082, however, NiAl-LDHd has shown the 

significantly reduced anodic and cathodic current density compared to the 

substrate and also from other developed NiAl-LDHs. It is also worthy to note that 

NiAl-LDHd has shown a relatively higher film thickness of around 35 µm, which 

may provide a comparatively better barrier film against the aggressive media, and 

for NiAl-LDHd up to 3 order reduction in corrosion current density was observed 

compared to the substrate. Furthermore, the open circuit potential (OCP) is 

switched toward nobler values with structural variation from NiAl-LDHa to NiAl-

LDHd, whilst a high corrosion potential of -0.18 V vs Ag/AgCl was observed for 

NiAl-LDHd, probably due to the formation of well-ordered platelet structure. 

The EIS measurements of as-prepared NiAl-LDHs after one day immersion in 

0.1M NaCl solution are shown in Figure 57. The higher value of impedance in the 

low-frequency domain (impedance modulus at 0.01 Hz, |Z|0.01) roughly indicates 
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higher corrosion resistance properties [27]. From Figure 57(a), NiAl-LDHd has 

shown the impedance value around 6.3 Ώ.cm2 at |Z|0.01, which is near 2 orders 

magnitude higher than bare AA6082 alloy. The higher shift of impedance for 

NiAl-LDHc and NiAl-LDHd defined the presence of the strong dielectric 

protective film which is well consistent with the anti-corrosion behavior obtained 

from the potentiodynamic curves and also it well explained the ion-exchange 

effect on the increase in corrosion resistance. The LDHs are related to providing 

corrosion protection due to: (1) barrier effect, as they are dielectric materials that 

protect the metal surface by avoiding the interaction with the metal substrate; (2) 

by ion-exchange capability and entrapping Cl- ions by releasing nitrates.  

Considering the EIS response of the samples, two relaxation processes 

can be observed in the phase angle spectrum (Figure 57b): The time constant in 

the high-frequency range (103-104 Hz) can be attributed to the properties of the 

LDH layer itself, while the time constants in the middle frequency range 100-101 

Hz are the overlapping of the contributions of the aluminum oxide and the faradic 

process of substrate and solution interphase. In the case of aluminum AA6082 

substrate, two-time constants can also be observed, one related to the formation 

of the oxide in the middle-frequency range and the other due to corrosion reactions 

in the low-frequency range. The EIS results (Table 17) were further fitted using 

“ZSimpWin” software to get more detail of corrosion resistance properties to 

understand in detail the effect of surface morphologies on the corrosion resistance 

parameters. As the synthesized coating has shown two relaxation processes from 

middle-high to low-middle frequency range due to coating systems, while the 

variation in LDH film thickness can also be responsible for the change in behavior 

of electrochemical response and so as defects/porosity. The electrical equivalent 

circuit Rs(CPELDH(RLDH(CPEdlRct))) is used to analyze the EIS response of NiAl-

LDHs, where Rs is the resistance of the electrolyte, while RLDH describes the NiAl-
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LDH film resistance with a constant phase element which accounts for the 

Dielectric properties of the LDH film (CPELDH) and Rct represents the charge 

transfer resistance in parallel with constant phase element (CPEdl). According to 

the mathematical representation of a CPE, (i.e. ZCPE = 1/(Q(ωj)α) the parameters 

Q and α have been employed to describe the response of the electrodes. The total 

resistance (Rt) can be used to analyze the protective ability of deposited NiAl-

LDHs. Since the Rt values give relative information related to the corrosion rate 

i.e. higher is the total resistance, lower will be the corrosion rate. It can be seen 

that total resistance (Rt = Rct + RLDH) gradually increases with the change of 

surface morphologies (porous domains to platelet structure), moreover, a well-

formed platelet structure showed a higher value of total resistance. The relatively 

high values of RLDH values indicate that the LDH coatings are more compact while 

also protective as suggested by the relatively high values of Rct. This is well 

consistent with the polarization curves and bode plots analysis, but here it is also 

important to mention that CPELDH and CPEdl have a value of α far from 1, and 

thus the film did not act as a pure capacitance and it is difficult to interpret the real 

physical meanings of EIS fitting parameters. From electrochemical and physical 

characterization, we can conclude that the better is the ion-exchange capability to 

hold firmly the chlorides inside the interlayers, the better is the corrosion 

resistance properties. The equivalent circuit used to model the impedance results 

is shown in Figure 58, along with an example of fitting the experimental results 

of NiAl-LDHd. The well-organized geometry of NiAl-LDH is found to facilitate 

better ion exchange with the Cl- and strongly hold them between the LDH 

interlayer’s thus acts as a strong protective film on aluminum alloy against 

corrosion. Due to the well-formed Platelet LDH structure, nitrate ions properly 

intercalate between the interlayers and cause an increase in the chloride uptake 

and holding capacity, thus leading to the stabilization of the layered structure 
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which prevents chloride ions migration to the underlying metal. That made LDH 

structures a compact system for entrapping the chloride ions and prevents the 

aggressive media from interacting with the aluminum surface. 

 

Figure 56. Polarization curves in 0.1 M NaCl aqueous solution: (a) NiAl-LDHa, 

(b) NiAl-LDHb, (c) NiAl-LDHc, and (d) NiAl-LDHd. 

 

 

Figure 57. Impedance and phase plots of NiAl-LDH coated specimens at various 

synthetic conditions in 0.1 M NaCl solution after 1-day immersion. 
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Figure 58. An example of EIS fitting of NiAl-LDHd experimental data, and the 

equivalent circuit used to model the experimental results. 
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Table 17. Evolution with a time of the fitting parameters RLDH, QLDH, αLDH, 

Rct, Qdl, and αdl 

Sample 

Immer

sion 

time 

RLDH 

kΩ 

cm2 

QLDH 

Ω-1 cm-2 sα 
αLDH 

Rct 

kΩ 

cm2 

Qdl 

Ω-1 cm-2 

sα 

αdl 

NiAl-LDHa 1 day 11.77 1.69·10-6 0.91 308.0 
1.41·10-

6 
0.90 

NiAl-LDHb 1 day 21.87 7.62·10-6 0.83 467 
2.04·10-

6 
0.90 

NiAl-LDHc 1 day 
333.6

1 
4.92·10-7 0.51 1391.0 

8.60·10-

7 
0.70 

NiAl-LDHd 1 day 
1208.

8 
5.78·10-7 0.67 1819.9 

4.19·10-

6 
0.79 

 

To understand the Chloride entrapment capabilities of NiAl-LDHs, a direct Mohar 

chloride measurement method is used to measure the chlorine adsorption behavior 

of LDHs before and after the contact with 0.1M chlorine solution for 1 day. Here, 

silver nitrate is used as a reagent and potassium chromate as an indicator, the silver 

nitrate solution was added slowly in the tested chloride solution, and result in the 

formation of a precipitate of silver chloride, while the endpoint of the titration 

occurs when all the chloride ions are precipitated and the addition of silver nitrate 

reacts with the chromate ions (indicator) to form a red-brown precipitate of silver 

chromate (Figure 59). The calculated concentration of chloride after contact with 

NiAl-LDH and for comparison the chlorine concentration in 0.1M NaCl solution 

is listed in Table 18. It can be seen that the chloride uptake value for NiAl-LDHd 

is much greater than the other prepared NiAl-LDHs. The mechanisms behind the 
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chloride removal from the solution are likely to rely on the ion exchange capability 

of the LDHs. The reduced amount of Cl- measured upon exposure to the NiAl-

LDH is in agreement with an anion’s uptake in the film. Among the investigated 

samples, NiAl-LDHd has been found to combine the best corrosion protection 

properties (as suggested by polarization curves and EIS) as well as the highest 

chloride uptake capability. A hypothesis to explain these findings is to assume that 

chloride ions are entrapped inside the LDH structure (thanks to anions exchange 

mechanism), thus reducing the aggressiveness of the salt solution towards the 

metal substrate. Together with higher thickness, this would help to increase the 

corrosion protection properties of the LDH coating. Figure 60 shows the optical 

images of NiAl-LDHs after corrosion analysis and can be seen that the LDH film 

remains visually intact and uniform, which is in agreement with the observed 

system stability of the LDHs. 

 

Figure 59. (a) The chromate indicator gives a faint lemon-yellow color of fresh 

0.1M NaCl solution, (b). At the endpoint, all the Cl− ions have precipitated and 

with silver nitrate, precipitates with the chromate indicator giving a slight red-

brown coloration. 
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Table 18. The concentration of chloride in 0.1M NaCl solution before and after 

contact with NiAl-LDHs after one-day immersion. 

 0.1M NaCl 

(Fresh) 

mg.L-1 

NiAl-

LDHa 

mg.L-1 

NiAl-

LDHb 

mg.L-1 

NiAl-

LDHc 

mg.L-1 

NiAl-

LDHd 

mg.L-1 

Chloride 

Conc. 

3462 3426 3388 3340 3337 

 

 

Figure 60. Specimen surfaces after corrosion test: a) NiAl-LDHa, b) NiAl-

LDHb, c) NiAl-LDHc, d) NiAl-LDHd 

4.4.4. Conclusion 

In this study, an insitu growth approach was used to prepare anticorrosive 

NiAl-LDHs of various morphologies on aluminum AA6082 substrate and the 

effect of different LDH surface morphologies on their ion exchange capability 

with Cl- and corresponding corrosion resistance properties are reported. It is 

revealed that platelet NiAl-LDHd structure has shown better ion-uptake behavior 

compared to other analyzed morphologies. About 122 mg/L chloride uptake was 

observed from 0.1M NaCl in the electrolyte. Besides, it was found to remarkably 

reduce both the anodic and cathodic current compared to the bare substrate. The 

findings from EIS analysis furtherly confirmed the ability of NiAl-LDHd to 

protect the underlying metal against corrosion. 

Together with a physical barrier effect, the capability of the developed 

LDH structure to entrapped chloride ions, thus reducing the aggressiveness of the 
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salt solution towards the metal substrate, are believed to be responsible for the 

observed increase in the corrosion protection properties of the LDH coating. As a 

general conclusion, the selection of an appropriate choice of metal cations ratio 

and microstructure optimization seems to play a key role in the development of 

LDH coatings with enhanced corrosion protection properties.  

4.5. Synthesis of CaAl-LDH: Structural and corrosion resistance 

properties. 

4.5.1. Synthesis of CaAl-NO3-layered double hydroxide 

In our approach, the CaAl-LDH thin films were grown on AA6082 alloy by a 

facile one-step method at a temperature of 140˚C for different crystallization 

times, i.e. 12 h, 18h, 24h, and 72 h. 70 mL of 0.02M CaNO3.4H2O solution was 

prepared and purged with nitrogen gas to remove absorbed gases and transferred 

into a 100mL Teflon-lined autoclave. The pH of the solution was adjusted to 10 

with the dropwise addition of NaOH. The pretreated aluminum substrates (3.14 

cm2) which act as a source of Al3+ were placed in the above solution and were 

treated in an oven at 140˚C temperature for 12, 18, 24, and 72h crystallization time 

for in-situ growth CaAl-LDH on the aluminum alloy. After experiment 

completion, the coated specimens were washed with deionized water and were 

dried with nitrogen gas. 

4.5.2. Results and Discussion 

Figure 61(a-d) shows the SEM images of CaAl-LDH microstructure. It can be 

seen that with the increase of crystallization time from 12 to 24 h, the CaAl-LDH 

structure becomes more regular and the crystallite size grows bigger until 140˚C-

24h, while for 140˚C-72h the cones were found to have transformed into compact 
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nest-like microstructures and the intermixed uniform curvy structure can be 

visualized. The difference in morphology of CaAl-LDH can be related to the 

extended crystallization time which can be attributed to the variation in Ca/Al 

weight ratio (examined by EDS analysis) and also due to the variation in 

absorption of NO3
1- anions inside LDH interlayers (confirmed by XRD analysis). 

The surface of the LDH matrix was covered with horizontally- and vertically 

aligned nano-flake arrays, mainly composed of Ca, Al, N, and O. The Ca/Al 

weight % ratio was found to vary from 1:7 at (140˚C-12h) to 1:5 at (140˚C-72h) 

and around 1:4 for 72 h specimens. The high Ca/Al ratio and higher NO3
1- ion 

intercalation caused both an increased growth rate of CaAl-LDH and also an 

increase of nucleation density of NO3
1- anions, which remarkably influenced the 

structural geometry of CaAl-LDH.  

The layered structure of CaAl-LDH, synthesized at 140 ̊ C-24h, could be observed 

under TEM, as shown in Figure 62. During sample dispersion, the ultrasonication 

power might destroy the cone-like structure of most crystals, yet some triangular 

features remained as shown by the arrow in Figure 62a. The corresponding TEM 

diffraction pattern (Figure 62b) gave rings with bright spots, suggesting that the 

sample is polycrystalline and has some preferred orientations. The two rings with 

the smallest radii indicate an interplanar spacing of 3.1 and 2.8 Å, respectively, 

which accord with the two strongest peaks in the XRD pattern (Figure 63). The 

layered structures of CaAl-LDH can be seen at higher magnification in Figure 

62c.  

The crystal structure and phase identification of CaAl-LDH were confirmed with 

XRD analysis as shown in Figure 63. The XRD pattern of the CaAl-LDH is similar 

to those previously reported by Szabados, Márton, et al for co-precipitated CaAl-

LDHs [159]. The intercalation of NO3
1- anions inside LDH interlayers is 

confirmed by the (001) reflection peaks at the low 2θ value of 12.4º [159], which 
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sharpened concerning extended crystallization time indicating the relatively high 

crystallinity. The peak broadening is generally attributed to crystallite size effects 

and non-uniform broadening of anisotropic crystallites. The interlayer region 

mainly contains the hydroxyl groups and nitrate ions to balance the positive charge 

layers, while the peak at (001) planes of CaAl-LDH was used to measure the basal 

spacing’s of developed films by using Bragg's equation. The interlayer distance 

of CaAl-LDH at “001” lies around 0.8nm, which on prolonged crystallization time 

contract slightly, due to different NO3
1- anions and hydroxyl group orientation 

inside the interlayers. The obtained value of basal spacing corresponds to the sum 

of nitrate anions and hydroxyl groups, which is in agreement with the literature 

data [160]. The cell parameter “c” was found to elevate possibly due to the 

different size, strength, and bonding orientation of the hydroxyl group and nitrate 

anions inside the brucite-like structure, with the effect of the increasing reaction 

treatment time. Besides the CaAl-LDH characteristics peaks, few other peaks 

were also found, which correspond to the formation of Ca(OH)2 and Al(OH)3. It 

was previously reported that due to exothermic dissolution, Ca(OH)2 and Al(OH)3 

are also formed, which did not convert into an LDH structure. However, their 

concentration was found to decrease with extended crystallization time, and some 

Ca(OH)2 is also transformed into TCA (Tricalcium-aluminate) [159]. The XRD 

patterns showed that the overall LDH characteristic structure remained well-

preserved during thermal treatment from the 12 to 72 h crystallization time period; 

however, this extended time period caused the contraction of basal spacing, which 

is well consistent with the results of the literature study [73,161,162]. The 

interlayer thickness at d001, full width half maximum, and corresponding 

crystallite sizes (calculate by Scherrer formula) are listed in Table 19. 
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Table 19. Cell parameters of the CaAl-LDH structure were synthesized at 140 ˚C 

for different reaction times. 

 12 h 18 h 24 h 72 h 

d001 (nm) 0.832 0.821 0.818 0.820 

FWHM 0.413 0.317 0.231 0.238 

Crystallite size (nm) 22.3 29.0 39.3 38.4 

 

The FTIR spectra of all the obtained CaAl-LDHs are shown in Figure 64. The 

main bands at wavenumber 1365-1389 cm-1 and 3450 cm-1 are assigned to the 

presence of the NO3
1- group, and O–H vibration mode of the hydroxyl group and 

water molecules respectively [139]. A small bending around 1627cm-1 

corresponds to the bending vibration of water molecules while in the low-

frequency range and the band spectra at 532, 785 cm-1 corresponds to M-O 

vibration bonds [163][142]. Due to carbon dioxide contamination from the air 

during the synthesis of LDH, the broadness of the nitrate band can be attributed 

to the overlapping of nitrate and carbonate ions from 1360 to 1370 cm-1, especially 

in the case of the 140˚C-72h specimen; this peak is bit-shifted, probably due to 

the presence of carbonate groups. 
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Figure 61. SEM images of the CaAl-LDH films synthesized at various conditions: 

(a) 140 ˚C-12 h, (b)140 ˚C-18 h, (c) 140 ˚C-24 h, and (d)140 ˚C-72 h. 
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Figure 62. (a) TEM image of the CaAl-LDH film synthesized at 140 ˚C-24h, (b) 

corresponding diffraction pattern, (c) interplanar spacing lines of a layered 

structure in the high-resolution image. 

 

Figure 63. XRD patterns of CaAl-LDH film samples synthesized on AA6082: (a) 

140 ˚C-12 h, (b) 140 ˚C-18 h, (c) 140 ˚C-24 h, and (d) 140 ˚C-72 h. 
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Figure 64. FTIR spectra of CaAl-LDH synthesized at 140 ˚C for different 

crystallization time: (a) 12 h, (b) 18 h, (c) 24 h, and (d) 72 h. 

To understand the corrosion resistance properties of CaAl-LDH, the Tafel 

polarization curves were employed (Figure 66), which can be an effective way to 

understand the corrosion current density and corrosion current potential. Notice 

that the bare AA6082 showed an almost passive current at about 10-6 A cm-2 for 

anodic overpotential in the range of 250-300 mV. CaAl-LDH coated substrates 

did not show any more of a clear passive transient. However, an increase in 

corrosion potential is observed for all the investigated samples, regardless of the 

crystallization conditions. The LDH coatings derived from deposition times of 12 

and 18 h seem not to provide any significant improvement in terms of cathodic or 

anodic current density reduction. On the other hand, the CaAl-LDH coated 
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samples showed a noticeable reduction of both anodic and cathodic corrosion 

current compared to the bare substrate. In particular, the coating derived from 

deposition time of 24 h demonstrated a decrease in anodic current density of about 

3-4 orders of magnitude. Notice that the reduction in current density is not 

proportional to the increase in film thickness, as one can observe from Figure 

67(b). This finding will be discussed throughout the paper. The film thickness 

(barrier effect), up to an extent, can also be a responsible factor in reduced anodic 

and cathodic current densities and therefore is expected to impart an influential 

impact on the corrosion resistance properties. Figure 65(a) depicts the cross-

sectional optical analysis of CaAl-LDH of the 140˚C-24h specimen. The 

significant reduction of Icorr and the more positive corrosion potential of CaAl-

LDH specimens is attributed to the reduction of anodic and cathodic sites on the 

CaAl-LDH surface. As reported in our earlier works, the extended crystallization 

time can result in the more compact layered-double architecture and such behavior 

can also reorient the LDH as a strong barrier against the corrosive solutions 

[113,164], which is well consistent with the current study, where extended 

crystallization times facilitate to improve the overall CaAl-LDH corrosion 

resistance properties up to an extent. The increase in corrosion resistance 

properties of the aluminum can be due to the following factors: (1) the anion 

exchangeability of the CaAl-LDH film with the Cl1- ions, (2) the strong barrier 

properties of CaAl-LDH attributed to strong LDH adhesion with the substrate and 

its compact nest-like structure. The calculated corrosion current density and 

corrosion potential of developed specimens are listed in Table 20. Figure 65(b) 

shows the impact of extended crystallization time on the film thickness, which 

increased from 9.5 to almost 12µm with the increase of crystallization time from 

12 h to 72 h. 
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Figure 65. (a) Cross-sectional optical image of the CaAl LDH film coated on 

AA6082 alloy at 140 ˚C-24 h and (b) measured thickness from a cross-sectional 

analysis of the as-prepared coatings. 
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Figure 66. Polarization curves of the bare AA6082 and the CaAl-LDH coated 

AA6082 specimens in 0.1 M NaCl aqueous solution: (a) 140 ˚C-12 h, (b) 140 ˚C-

18 h, (c) 140 ˚C-24 h, and (d) 140 ˚C-72 h. 

Table 20. Electrochemical parameters are estimated from the polarization data in 

Figure 66. 

 Corrosion current density 

(µA/cm2) 

Potential (Ag/AgCl)  

V 

AA6082 0.7581 -0.879 

140 ˚C-12 h 0.6752 -0.831 

140 ˚C-18 h 0.3312 -0.649 

140 ˚C-24 h 0.0007 -0.473 

140 ˚C-72 h 0.0623 -0.087 

 

To further evaluate the electrochemical behavior of CaAl-LDH thins films, EIS 

characterization was carried out in 0.1M NaCl electrolyte as shown in Figure 67(a-
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b). The reason for using a relatively mild electrolyte (0.1M NaCl) relies on the 

intention to better highlight the small differences among the studied samples, 

considering the small variation of crystallization time and growth behavior on the 

corrosion-resistance properties. EIS results of bare AA6082 substrate showed two 

zones, one capacitive zone in the middle frequency range (103-100 Hz) and one 

resistance zone in the low-frequency region (below 100 Hz). The low-frequency 

impedance (|Z|00.1) for the bare sample is about 4.5×104 Ω cm2. The impedance 

modulus at a low frequency, such as |Z|00.1 can be used to compare the corrosion-

resistant capability of coatings [165]. It can be observed from the Bode plots that 

the LDH-coated samples exhibit higher impedance in the low-frequency domain 

(0.1-0.01 Hz) compared with the bare aluminum alloy sample. It is also worthy to 

note that the impedance modulus of CaAl-LDH at the optimum synthetic 

conditions (140˚C-24h) has more than two orders of magnitude higher than that 

of the Al substrate at 0.01 Hz. The strong shift of the impedance in the middle-

high frequency range is attributed to the presence of the coating. The 

presence/absence of the shift in impedance in this range provides information 

related to the real presence of a dielectric coating on the surface of the metal. The 

samples developed at 140˚C-24 and 72h have demonstrated an almost capacitive 

behavior in the middle-high frequency range (Figure 67(a)), thus suggesting the 

presence of a dielectric LDH coating, and their deviation reflects the LDH surface 

roughness and degree of homogeneity [166,167]. The other developed coatings at 

the lower crystallization times have shown much lower values of electrochemical 

impedance in the investigated frequency range (Figure 67(a)). The specimens at 

140˚C-12 h and 18h have shown two partially overlapped peaks in the phase angle 

spectrum with a slight increase in impedance which likely indicates a nonuniform 

and defective surface and, therefore, only slight protection. According to the 

relevant increase in thickness obtained by increasing the treatment time, the 
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electrochemical response of the investigated samples remarkably differs from one 

sample to another. The presence of inhomogeneities and defects, which occurred 

during the synthesis of the coatings, furtherly exacerbates the differences among 

the EIS spectra of the samples. Considering Figure 67(b), the EIS response 

suggests that only the coatings at high crystallization time have shown the 

capacitive response in the middle-high frequency range, with high impedance 

values which describe well-protective CaAl-LDH thin films. The samples at 

140˚C-24 h have shown a relevant increase of the low-frequency impedance (from 

104 to 107 Ωcm2) compared to the bare aluminum sample. These coatings seem to 

be protective, thanks to the relevant increase in impedance, but they are likely to 

be partially porous, permeable and/or defective as they do not show a clear 

capacitive behavior. 

Figure 68(a) shows the XRD spectra of CaAl-LDH thin film developed at 140˚C-

24h before and after immersion in 0.1M NaCl solution for 4 and 7 days. It can be 

seen that the (001) characteristic peak of CaAl-LDH is shifted towards a higher 

degree after immersion in chloride solution, which indicates the strong 

intercalation of chloride anions in the LDH galleries, indicative of anion-exchange 

of NO3
1- with the Cl1-. It is well-consistent with several other reports that describe 

the chloride exchange behavior with the nitrate ions, due to the higher binding 

energy of chloride ions compared to the nitrate ions [79]. When compared to a 7-

day immersion, the shift towards a higher degree is more evident in a 4-day-

immersion (due to a large amount of chloride uptake from the solution after 4 

days) and the concentration of chlorides on the solution decreases (which further 

slows down the diffusion rate); after 7 days, a negligible shift was observed in the 

diffraction peak of CaAl-LDH. Figure 68(b) depicts the stability of the impedance 

modulus and its evolution with the immersion time. The specimen (140˚C-24h) 

were immersed in 0.1M NaCl solution for 4 and 7 days and after that impedance 
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plots were collected to understand the evolution of impedance on contact with the 

corrosive solution. The value of decrease is comparatively higher in the low-

frequency range (|Z|00.1), and after 7 days of immersion, an almost one order 

magnitude decrease in the low-frequency range was observed. This evolution of 

decrease in impedance spectra can be explained due to following with time, the 

electrolyte filled the porous structure of LDH, and as time elapsed, the chloride 

solution moved through the pores and defects which decrease the film resistance. 

Figure 69 shows the cross-sectional image of CaAl-LDH (140˚C-24h) after a 7-

day immersion in 0.1M NaCl solution. As it can be seen, on contact with the NaCl 

solution, the CaAl-LDH film remained intact with a strong contact to the substrate, 

and a bit compactness of the structure can also be observed with almost the same 

original film thickness. Insets are the surface camera images of the thin film before 

and after immersion in 0.1M NaCl solution. 

 

Figure 67(a-b). Impedance and phase plots of CaAl-LDH coated specimens at 

various synthetic conditions in 0.1 M NaCl solution. 
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Figure 68. (a) XRD patterns and (b) the corresponding impedance plots of CaAl-

LDH synthesized at 140 ˚C-24 h: (I) as-prepared, (II) after 4 days, (III) after 7 

days immersion in 0.1 M NaCl solution. 

 

Figure 69. Cross-sectional image of CaAl-LDH after 7 days of immersion in 0.1 

M NaCl solution. The insets are digital pictures of the specimen surface: (a) before 

immersion, (b) after 7 days immersion. 

  



 
 

171 

 

4.5.3. Conclusion 

In this contribution, we successfully developed anticorrosive CaAl-LDH thin 

films on AA6082 substrates by a single step in-situ hydrothermal method. In 

particular, CaAl-NO3 LDH uniform vertically aligned structures were formed at 

140˚C-24h, which demonstrated excellent corrosion resistance properties with 

reduction of corrosion current density up to 4 orders of magnitude and impedance 

of near 3 orders larger at 0.01 Hz compared to bare AA6082 substrate. The 

orientation of LDH nano-sheets and morphology (as confirmed by XRD, SEM) 

are responsible for anion exchange and the barrier properties at different 

crystallization times which controlled the corrosion resistance of the CaAl-LDH. 

The extended reaction times caused more uniform and compact morphologies 

with small variations in film thickness, which significantly impacted the corrosion 

current density of CaAl-LDH. It is believed that NO3
1- anions inside the interlayers 

can further be replaced with various anions (thanks to the anion-exchange 

behavior of CaAl-LDH) to further improve the anticorrosion behavior of CaAl-

LDH thin films. 

4.6. Synthesis of Cone Shaped CaAl-LDH through Facile Urea 

Hydrolysis Method 

4.6.1. Synthesis of Nano Cones CaAl-LDH  

The cone-shaped CaAl-LDH thin film was grown through the urea hydrolysis 

approach. The pretreated aluminum substrate acts as the source of Al+3 which 

provides a building block for the synthesis of LDH on it. 0.03M CaNO3.4H2O and 

0.18 M urea (1:1) were prepared and were transferred into 100mL Teflon-Lined 

autoclave, while the pretreated aluminum substrates (3.14cm2) were placed in the 

prepared solution and were treated in an oven at 120˚C for 18 hr. The initial pH 
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of the prepared solution was 5.36, which on completion of the experiment 

approached 9.7. 

4.6.2. Results and Discussion 

Figure 70(a-c) depicted the CaAl-LDH SEM images. It can be seen that LDH 

microcrystals uniformly covered the entire aluminum substrate surface, and a 

well-developed nano-cone-shaped like structure is formed on the Al 6082 

substrate. This phenomenon is particularly evident in the high-resolution SEM 

micrographs (Figure 70 (b-c)), where nano-cone-shaped morphology can be 

observed. Figure 70(d) showed a cross-sectional analysis of LDH film, depicting 

the average thickness of 10.30 µm. The particle size distribution lies in the range 

of 1.6 to 3.2 µm. Further, the TEM images were recorded to evaluate the 

morphological characteristics of LDH, as shown by Figure 70(e, f). The TEM 

analysis was performed for the CaAl-LDH scraped from the substrate, and during 

sample preparation, the scraped LDH was dispersed in ethanol. The 

ultrasonication may destroy the cone-like structure of most crystals; however 

characteristic features of LDH can be seen and the layered structure of LDH is 

dominant in Figure 70(f). The hydrolysis of urea increases at high temperature i.e 

120˚C and caused an increase in pH of the synthetic solution which is found to 

favor the formation of LDH on the aluminum substrate. Usually, carbonate ions 

have also been reported inside the LDH layers when synthesized by the Urea 

hydrolysis method, however, here FTIR analysis did not show the characteristics 

peaks of carbonate ions. The previous studies have shown that high-temperature 

synthesis may favor the intercalation of nitrate ions (present in the solution) in the 

LDH interlayer’s [168]. The XRD pattern of CaAl-LDH is shown in Figure 71 

(a), where distinct reflection peaks at 2(Ɵ) 12.29˚, 24.1˚, corresponds to (001) and 

(002) respectively can be seen which confirmed the CaAl-LDH structure [169]. 
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In addition to the CaAl-LDH peaks, there can also be seen TCA (tri-calcium 

aluminates), because it is arduous to synthesize thermodynamically pure CaAl-

LDH phase due to the favor of different secondary phases during the CaAl-LDH 

synthesis. It is well revealed that Ca2+ in CaAl-LDH is coordinated tetrahedrally 

with the Al, due to the relatively large size of Ca2+ [170].  

The “001” reflection peak at 2(Ɵ) of 12.29° indicated a basal spacing of 0.72 nm. 

The resultant basal spacing is specific for the family of LDHs, where positively 

charged layers interlayer anions hold the OH- [171]. Here, the basal spacing did 

not correlate with the traditional NO3
1- spacing, possibly due to the following 

reasons; (1) the anions intercalation varies in terms of orientations, for instance, 

nitrate anions can intercalate in three specific orientations from “flatter” to 

“stacked” orientation. Among them, flatter orientation can show a reduction in 

basal spacing [172], (2) the water molecules are trapped inside the interlayers 

along with anions in various fashions, which affect the d-spacing. (3) Nitrate 

anions can be absorbed on the diffuse electrical layers of LDH. Further. the 

formation of Tricalcium aluminate (TCA) may cause the suppression of nitrates 

inside the interlayers. However, FTIR analysis has shown the characteristics peak 

of NO3
1- groups and confirmed the presence of nitrate groups in the LDH system. 

It seems that TCA formation caused suppression of nitrate intercalation and nitrate 

groups adsorbed on the diffuse electrical layers. 
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Figure 70 (a-c) SEM images, (d) optical image of the cross-section of CaAl-LDH, 

(e,f) TEM images of LDH. 

FT-IR analysis is shown in Figure 71 (b), the broadband displayed in the range of 

3370-3427 cm-1 are assigned to OH group stretching, while the absorption band 

around 1627 to 1633 cm-1 is caused due by the flexural oscillation peaks of 

interlayer water molecules. Moreover, the absorption peaks around 1389 cm-1 

assigned to the asymmetric stretching bond of intercalated NO3
-1 [173]. The bond 
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at 655, 751, and 1202 cm-1 may associate with the Al-OH stretching [137]. The 

absorption peaks around 550 to 770 corresponding to the lattice vibration of metal-

oxygen bonds (M-O) [174]. The obtained findings of FTIR are also well consistent 

with the TGA-DSC, XRD, and SEM analysis. The TGA-DSC results (Figure 

72(a)) describe the LDH structural decomposition, which in general eventuates in 

two stages: Initially, the dehydration of the interlayer water molecules took place, 

around 200˚C, while on a later stage, the decomposition of interlayer anions and 

dehydroxylation occurs (temperature range 200-600˚C). This statement well 

correlates with the TGA-DSC thermograms in the previous reports related to LDH 

[51]. The increase in mass loss (40%) is because there are more bounded anionic 

species, the results correspond to the FT-IR analysis. The EIS measurements of 

as-prepared CaAl-LDH are shown in Figure 72 (b), the higher value of impedance 

in the low-frequency domain (impedance modulus at 0.01 Hz, |Z|0.01) roughly 

indicates higher resistance properties. In the insets of Figure 72 (b), the phase 

angle response is presented,  Considering the EIS response of the samples, two 

relaxation processes can be observed in the phase angle spectrum (Figure 72 b): 

The time constant in the high-frequency range (103-104 Hz) can be attributed to 

the properties of the LDH layer itself, while the time constants in the middle 

frequency range 100-101 Hz are the overlapping of the contributions of the 

aluminum oxide and the faradic process of substrate and solution interphase. 

The advantages of novel cone-shaped CaAl-LDH films grown on the metallic 

substrate will helpful for the design of potentially active LDH for the above-said 

applications, owing to the unique structure, preferential growth, and geometry due 

to the activated structure. In a nutshell, this work gives an insight into the insitu 

grown cone-shaped CaAl-NO3-LDH structure, and the geometry capable to 

modify further with inorganic and organic ions due to the low ion exchange 

equilibrium constant of interlayer NO3
1- anions. 
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Figure 71. (a) XRD pattern of the CaAl-LDH film samples developed on AA6082, 

(b) FTIR spectrum of CaAl-LDH (scrapped from the aluminum substrate). 

 

Figure 72. (a)TGA-DSC thermograms of the as-prepared cone-shaped CaAl-

NO3-LDH (powder scraped from the specimen), (b) Bode plots in 0.1M NaCl 

solution. 
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4.6.3. Conclusion 

In summary, we describe the development of cone-shaped CaAl-NO3-LDH on 

AA6082 using the urea hydrolysis method. The XRD, FTIR analysis confirmed 

the formation of CaAl-LDH on the aluminum surface, while microscopic studies 

have shown a well-ordered cone liked LDH structure. From TGA results, around 

40 % of mass losses were observed through the thermal decomposition along with 

significant impedance response in EIS analysis. In summary, this research 

provides an insight on the direct synthesis of cone-shaped CaAl-NO3-LDH on the 

aluminum surface and provides a view on the structural investigation of well 

ordered, cone-shaped, uniform homogeneous LDH structure. These features 

would support our knowledge of the control of environmentally friendly CaAl-

LDH thin film, resultant properties, and possible applications. 
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Chapter 5 

 

 

 

 

 

Modification of LDHs 
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5. Introduction 

In this chapter, the modification of MgAl-layered double hydroxide is studied by 

examining the two different approaches. In the first section, MgAl-LDH 

protective film was developed on AA6082 substrates, and coated substrates were 

further heat-treated in the air at temperatures from 100 to 250°C to further improve 

the corrosion resistance of MgAl-LDH by taking advantage of the LDH memory 

effect, and further, the effect of calcination on MgAl-LDH structural stability and 

the corresponding corrosion resistance properties were investigated. Thermal 

treatment of LDH can reorient the anions in the LDH interlayer, which leads to a 

substantial contraction of the basal spacing, enhanced absorption capacity, high 

surface area, and variable composition of the LDH structure. Upon heating, LDHs 

dehydrate and undergo further dehydroxylation and the anions decompose inside 

the galleries. While in the second section, MgAl-layered double hydroxides thin 

films, exhibiting two distinct surface morphologies (Platelet and Cauliflower-

like), were synthesized directly on the AA6082 substrate and then were further 

modified with graphene to enhance the corrosion resistance properties of LDHs. 

The graphene was found to interact with the LDH structure and provide another 

pathway for the corrosion reactions by restraining the generating electrons to 

reach cathodic sites. The interaction of graphene with LDHs and their 

physiochemical properties are briefly discussed. 
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5.1. Ordering and Disordering of MgAl-LDHs- Structural and corrosion 

resistance properties 

5.1.1. Synthesis of Calcined MgAl-LDH 

Cauliflower-shaped MgAl-LDH was synthesized on an AA6082 substrate 

(0.70wt%–1.30 wt% Si, 0.40 wt%–1.00 wt% Mn, 0.60 wt.%–1.20 wt% Mg, 0.50 

wt% Fe, 0.10 wt% Cu, balance Al) supplied by Metal Center (Italy) using the 

method developed in our previous work [113]. The pretreated AA6082 specimen 

was immersed vertically in a heating beaker (Sigma-Aldrich Glassware) 

containing a solution of 0.028 M MgNO3·6H2O and 0.084 M NH4NO3 (purity 

≥98%, Sigma-Aldrich Corp.) in a 1000 mL flask under N2 gas bubbling. The pH 

of the solution was maintained by the addition of ammonium hydroxide solution 

and the prepared solution thermally heat-treated at 80°C for 24 h. The specimens 

were dried after thermal treatment and were further heat-treated at different 

temperatures, i.e., 100, 150, 200, and 250°C, in an electric furnace for 6 h.  

5.1.2. Results and discussion 

SEM was used to investigate the microstructure of the uncalcined and calcined 

MgAl-LDH. Figure 73 (a) clearly shows that, initially, a well-developed and 

distinct cauliflower-shaped MgAl-LDH structure is formed and remains intact 

until the heat treatment at 100°C. Upon further thermal treatment (150–250°C), 

the regular cauliflower-like structure disappeared and a compact, uniform LDH 

structure was obtained. In the samples treated at 200 or 250°C, the nanosheets of 

the LDH structure fused to form a regular needle-like flowered structure. The film 

thickness was (42 ± 1) µm, as measured by cross-sectional analysis of the MgAl-

LDH films using an optical microscope. 
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The EDS spectrum of the LDH treated at 250°C recorded in plane-scanning mode 

is shown in Figure 73 (e), which depicts that LDH structure is mainly composed 

of Mg, Al, N, and O. The as-prepared MgAl-LDH showed the following 

compositions: Mg (23.35at%), Al (4.92at%), O (61.73at%), N (2.93at%), and C 

(6.04at%). The content of oxygen decreases gradually from 61.7at% to 49.2 at% 

upon thermal treatment; besides, a relative increase was observed in the Mg/Al 

atomic ratio but remained in the range from 4 to 5. Conclusively, upon thermal 

treatment, SEM analysis has shown a regular, uniform, and more compact 

structure in the range 150 to 250°C. The XRD pattern of the MgAl-layered double 

hydroxide demonstrated characteristic peaks of the LDH structure (Figure 74): 

(003), (006), (009), (110), and (113), according to the literature [175]. The 

interlayer region mainly contains the hydroxyl groups and nitrate ions to balance 

the positively charged layers, and their concentration gradually decreases upon 

thermal treatment. The cell parameters calculated from the XRD pattern are shown 

in Table 21. The unit-cell parameters are defined as a = 2d110, c = 3d003 = 6d006 = 

9d009. The XRD patterns show that the LDH has characteristic peaks of LDH 

during thermal treatment from 100 to 250°C but that the thermal treatment causes 

a contraction of the basal spacing; this behavior is consistent with the results of 

previous studies [176]. These observations can be attributed to interlayer water 

loss, partial decomposition of the NO3
− groups, and a reduction in the interlamellar 

electron density [177]. The interlayer thicknesses (d003, d006, and d009) gradually 

decrease with increasing calcination temperature, whereas the d009 value remains 

almost the same. This asymmetric broadening of the (003) and (006) reflection 

peaks and basal broadening after calcination reflect turbostratic disorder [178]. 

Because of the high thermal expansion of the AA6082 substrate (24 × 10−6 K−1), 

the maximum calcination temperature used in this study was 250°C. The XRD 

and SEM analyses show that the LDH structure compensates for the microstrain 
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effect of supervenes due to the thermal expansion of the substrate and that the 

LDH structure remains consistent and well preserved.  

The uncalcined and calcined MgAl-LDH specimens were further investigated by 

FT-IR analysis in ATR mode, as shown in Figure 75. The broadband displayed in 

the range 3370–3427 cm−1 is assigned to OH stretching, and the absorption band 

at approximately 1627–1633 cm−1 is attributed to the flexural oscillation peaks of 

interlayer water molecules [179]. Moreover, the absorption peak at approximately 

1360 cm−1 is assigned to the asymmetric stretching band of intercalated NO3
− 

[139]. The small peak at approximately 1520 cm−1 corresponds to CO3
2− ions, 

indicating the presence of a small number of carbonate ions in the LDH phase. 

The bands observed at 655 cm−1, 751 cm−1, and 1202 cm−1 are associated with Al–

OH stretching[137]. The absorption peaks between 550 and 770 cm−1 correspond 

to the lattice vibration of metal-oxygen (M–O) bonds [174]. With increasing 

calcination temperature, the intensities of the hydroxyl group peaks decrease, 

which indicates the loss of the hydroxyl groups in the LDH interlayers. 

Furthermore, upon thermal treatment, the peak intensities of the NO3
− groups also 

decrease, which depicts partial decomposition of the NO3
− group in the interlayer 

region, especially within the temperature limit of 250°C. These results suggest 

that LDH structural decomposition occurs in two stages: initially, dehydration 

leads to loss of the interlayer water molecules at approximately 200°C; at a later 

stage, the interlayer anions decompose and dehydroxylation occurs (temperature 

range 200–800°C). This speculation well correlates with the TGA–DSC 

thermograms (Figure 76) and with the results of previous work [180]. These FT-

IR results are also well consistent with the results of the TGA DSC, XRD, and 

SEM analysis. 
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.  

Fig. 73. SEM images of uncalcined and calcined MgAl-LDH films developed on 

AA6082: (a) as-prepared; (b) MgAl-LDH-100°C; (c) MgAl-LDH-150°C; (d) 

MgAl-LDH-200°C; (e) MgAl-LDH-250°C. (f) EDS spectrum analysis of MgAl-

LDH-250°C.   
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Figure 74. XRD patterns of uncalcined and calcined MgAl-LDH film samples 

developed on aluminum alloy: (a) AA6082 substrate; (b) as-prepared; (c) MgAl-

LDH-100°C; (d) MgAl-LDH-150°C; (e) MgAl-LDH-200°C; (f) MgAl-LDH-

250°C. 

 

Table 21. Unit-cell parameters and sizes of the coherent domains determined for 

the MgAl-LDH precursor powders from their XRD patterns 

Specimen 

Lattice 
parameter 

Interlayer distance 
Crystallite 

size, D / nm a / 

nm 

c  / 

nm 

d003 / 

nm 

d006 / 

nm 

d009 / 

nm 
d110 / nm 

MgAl-LDH 
0.3
12 

2.4
11 

0.81
1 

0.40
5 

0.26
3 

0.156 9.371 

MgAl-LDH-
100°C 

0.3
11 

2.4
12 

0.81
2 

0.40
6 

0.26
3 

0.156 9.277 

MgAl-LDH-

150°C 

0.3

10 

2.3

98 

0.80

4 

0.40

4 

0.26

2 
0.155 8.437 

MgAl-LDH-

200°C 

0.3

08 

2.3

5 

0.77

9 

0.39

6 

0.26

0 
0.154 7.594 

MgAl-LDH-
250°C 

0.3
08 

2.3
43 

0.77
7 

0.39
5 

0.25
9 

0.154 6.984 
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Figure 75.  ATR FT-IR spectra of virgin and calcined MgAl-LDH powder scraped 

from the coated samples. 

 

Figure 76. Thermogravimetric analyses of as-prepared MgAl-LDH (powder 

scraped from the specimen): (a) weight percent and derivative of the weight-

percent curves for the TGA of the MgAl-LDH; (b) DSC thermogram of MgAl-

LDH. 
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To understand the effect of thermal treatment on the corrosion resistance 

properties of the MgAl-LDH, electrochemical studies were performed. The 

potentiodynamic polarization curves of all specimens are shown in Figure 77. 

According to previous studies [156][181], an increase in the calcination 

temperature positively shifts the corrosion potential to higher values, which is 

likely attributable to the structural evolution of the LDH layer with increasing 

temperature according to the evolution observed by SEM (see Figure 73). The 

compact and uniform LDH structure appears to exhibit greater corrosion potential 

than the regular cauliflower-like structure, likely because of improved barrier 

properties. Both the cathodic and the anodic current density decreased with 

increasing calcination temperature, accompanied by a substantial positive shift in 

the corrosion potential. The remarkable reduction in both anodic and cathodic 

current density suggests that the MgAl-LDH thin films can decrease the corrosion 

rate of the substrate. The corrosion current density and related corrosion potential 

are shown in Table 22. The reduction of both the cathodic and anodic current 

density and the shift of the corrosion potential to more positive values indicate a 

reduction of cathodic and anodic active sites on the aluminum surface. Because of 

the thermal expansion of the AA6082 substrate at 250°C, a few cracks appeared 

on the LDH surface. However, the cracks did not cause severe distortion of the 

layered structure even if, in principle, they can provide a pathway for the 

aggressive media to interact with the aluminum surface. Compared with the 

diffraction peaks of the as-prepared MgAl-LDH (broader peaks indicating low 

crystallinity and a basal spacing of 0.81 nm), those of the calcined MgAl-LDH 

indicate high crystallinity with a basal spacing of 0.77 nm for the samples calcined 

at 200 or 250°C. This increase in crystallinity increases the LDH absorption 

capacity and implies strong intercalation of chloride ions into the layer of the 

MgAl-LDH. We conclude that the strong absorptive effect of LDHs upon thermal 
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treatment will result in stronger entrapment of chloride ions inside the interlayer 

compared with the chloride ions entrapped in the as-prepared MgAl-LDH, which 

did not allow the aggressive solution to interact with the LDH thin film (refer to 

corrosion current density Figure 77, impedance plots Figure 78). The calcined 

MgAl-LDH acts as a protective coating, which can be explained by (1) the 

entrapment of chloride ions in the LDH interlayer [154] and (2) the barrier effect, 

which protects the metal surface by avoiding interaction with the metal substrate 

because of the dielectric nature of the MgAl-LDH [73]. 

 

Figure 77. (a) Polarization curves of bare AA6082 and the MgAl-LDH thin film 

in 0.1 M NaCl aqueous solution: (a) AA6082 substrate, (b) as-prepared MgAl-

LDH, (c) MgAl-LDH-100°C, (d) MgAl-LDH-150°C, (e) MgAl-LDH-200°C, and 

(f) LDH-250°C; (b) Zoomed polarization curves for clear depiction. 

 

Table 22. Electrochemical parameters estimated from polarization data in Fig. 77. 

Specimen E(Ag/AgCl) (V) I / (µAcm–2) 

AA6082 −0.879 0.465 

MgAl-LDH −0.513 

 

0.363 

 MgAl-LDH-100°C −0.586 1.548 

MgAl-LDH-150°C −0.071 0.256 

MgAl-LDH-200°C −0.031 0.169 

MgAl-LDH-250°C −0.052 0.028 
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To further understand the corrosion resistance behavior of the calcined MgAl-

LDH, EIS analysis was performed (Figures 78(a) and 78(b)). Using the first 

approximation, the higher value of impedance in the low-frequency domain 

(impedance modulus at 0.01 Hz, |Z|0.01) indicates better corrosion resistance. 

Figure 78(a) shows that, with increasing calcination temperature, the |Z|0.01 value 

increases approximately six orders of magnitude over that of the bare AA6082 

alloy. The large impedance shift in the middle frequency range indicates a strong 

dielectric protective coating for the specimens treated at 200 or 250°C. This 

enhanced anticorrosion behavior is also consistent with the potentiodynamic 

analysis results as well as the SEM and XRD results. In the EIS response of the 

sample treated at 250°C, two relaxation processes are observed in the phase-angle 

spectrum (Figure 78(b)): according to the literature [111], the time constant in the 

high-frequency range (103–104 Hz) is attributable to the properties of the LDH 

layer itself, whereas the time constant in the middle frequency range (100–101 Hz) 

is attributable to the overlapping contributions of the aluminum oxide and the 

faradic process at the substrate–solution interphase. Because of thermal 

degradation of the LDH structure, dehydration and partial decomposition of 

nitrate ions inside the LDH galleries within the temperature range 150–250°C 

cause an increase in the LDH absorption capacity. This behavior explains the 

enhanced corrosion protection properties of the LDH structures cured at higher 

temperatures. The LDH absorption capacity for chloride ions from the chloride 

solution is increased, thus leading to a stabilization of the layered structure, which 

in turn prevents chloride-ion migration to the underlying metal. This effect makes 

the LDH structure a compact system for entrapping chloride ions inside the LDH 

galleries and preventing the aggressive media from interacting with the aluminum 

surface. The specimens calcined at 200 and 250°C have shown a relative increase 

in impedance from 105 to 106 Ω·cm2 in the low-frequency range. The thickness of 
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the film also plays a vital role in corrosion protection, which inhibits the 

microcracks during thermal expansion to propagate to the interface. The thermally 

induced memory effect of dielectric MgAl-LDH is the main factor for 

anticorrosion behavior; it causes strong intercalation of chloride ions inside the 

layered structure upon contact with a chloride-containing medium and acts as an 

effective corrosion resistance film. This observed behavior is consistent with other 

reports that describe the chloride exchange behavior with nitrate ions, where the 

chloride ions exhibit higher binding energy compared with nitrate ions [182]. The 

XRD patterns of the 003 characteristic peak of MgAl-LDH are shifted toward 

higher angles after calcination, indicative of improved anion-exchange properties 

of MgAl-LDH with the anionic species [183]. Based on the XRD results, after 

calcination, the MgAl-LDH exhibits high crystallinity and a reduction in basal 

spacing, which also supports the conclusion of improved barrier and anion-

exchange properties compared with those of uncalcined MgAl-LDH. 

 

Fig. 78. (a) EIS spectra (Bode plots of log (|Z|) vs. log (frequency)) and (b) plot of 

the phase angle vs. log (frequency) for bare AA6082 alloy and AA6082 alloy 

coated with an LDH film: (1) AA6082 substrate, (2) as-prepared LDH, (3) LDH-

100°C, (4) LDH-150°C, (5) LDH-200°C, and (6) LDH-250°C. 

5.1.3. Conclusion 
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(1) MgAl-LDH protective films were deposited onto AA6082 substrates, and the 

coated substrates were subjected to a further thermal treatment from 100 to 250°C 

to investigate the effect of calcination on the LDH structural and corrosion 

resistance properties. The calcined MgAl-LDH structures in this work are found 

to be more effective as anti-corrosion materials than uncalcined LDH structures.  

(2) The SEM analysis shows that, upon calcination, a more compact and uniform 

structure is obtained, and the initial cauliflower-like structure disappears. The 

XRD patterns and FT-IR spectra of the calcined samples show that the initial 

MgAl-LDH structure remains well preserved upon calcination at 100°C and then 

caused the loss of water molecules, partial dehydroxylation, and decomposition 

of nitrate ions inside the galleries at 200–250°C.  

(3) The results from polarization curves confirmed that calcined MgAl-LDH 

shows improved corrosion resistance properties, demonstrating a substantially 

higher |Z|0.01 (by as much as six orders of magnitude) and low corrosion current 

density (as much as two orders of magnitude lower) compared with those of the 

bare substrate. 

5.2. MgAl-LDH/graphene protective film; Insight into LDH-graphene 

interaction 

5.2.1. Synthesis of MgAl- LDHs/graphene thin film 

LDHs platelet and cauliflower-like structures were synthesized on the AA6082 by 

the in-situ crystallization method, as described in detail in our previous work. In 

general, the mixture solution of MgNO3.6H2O (supplied by Sigma-Aldrich 

Corporation, purity 98%), and NH4NO3 (supplied by Sigma-Aldrich Corporation, 

purity 95%) was prepared with molar ratios listed in Table 23. The pretreated 

substrates were vertically immersed in the “heating flask” containing the reaction 
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solutions to obtain MgAl-LDH film on AA6082 at 60°C for 24h. The pH of the 

solutions was adjusted at 10 with drop-by-drop addition of ammonium hydroxide 

solution. On completion, the samples were washed with deionized water and 

ethanol and were dried at room temperature. For simplicity, the product with a 

cauliflower-like structure is denoted by “CF” and the platelet-like structure is 

named as “PL” for future annotations. The LDHs specimens were further modified 

with graphene by vertical immersion of the LDH specimens in the graphene 

suspension for 10 minutes. The graphene powder was provided by COMETOX 

s.r.l. (Milan, Italy). The sheets have an average thickness of 6 nm with an average 

particle diameter of 25 μm. The graphene suspension was prepared by vigorous 

ultrasonic treatment (20 kHz) of 0.02g graphene into 50 ml of deionized water for 

24 hrs. After that, the specimens were dried at 60˚C for 30 minutes after rinsing 

with water. The obtained graphene suspension has shown substantial stability 

which supports obtaining MgAl-LDH/graphene system. The graphene stability in 

water is limited due to hydrophobicity and large Vander Waal forces [184]. It was 

found that sonication can help to promote stabilization of graphene suspension for 

a limited time frame due to strong physical bonds at the graphene interface [185].    
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Table 23. Synthesis conditions to develop MgAl-LDH on AA6082. 

  Solution composition 

Samples Morphology MgNO3.6H2O NH4NO3 

PL Platelet-like 0.008M 0.048M 

CF Cauliflower-like 0.028M 0.084M 

5.2.2. Results and Discussion 

Figure 79 shows the SEM images (top view) of as-prepared MgAl-LDHs and 

graphene-modified LDHs deposited on the AA6082 alloy. The LDH microcrystals 

are found to cover uniformly the entire substrate exhibiting two distinct surface 

morphologies i.e. Cauliflower-like and Platelet structure, while perpendicular 

growth of LDHs particles was observed and staggered LDH structure is found due 

to mutual compression of LDH crystallites during the growth process. Graphene 

is found to interact with the LDHs structure and adsorbed on the surface of the 

LDHs (Figure 79 c, e), which may help to seal the micropores/defects of the LDH 

structure. The interconnected hexagonal LDH microcrystals are curled and 

perpendicular to the substrate, forming a nest-like structure. To further understand 

the LDH structure, FIB-SEM cross-sectional analysis of the as-prepared LDHs 

structures is shown in Figure 80.  

The thickness of the as-prepared platelet structure lies around 6.44 µm and around 

7.6 µm for cauliflower-like LDH structure. LDH formed a compact lamellar 

structure, forming two distinct bilayers, (a) a very compact LDH structure formed 

at the LDH-aluminum interface of around 1.18 and 2.01 µm for platelet and 

cauliflower-like surface morphologies, (b) a relatively porous LDH geometry on 

the upper surface. The growth mechanism of the LDH and formation of the inner 

compact and the outer porous layer is already well explained, where aluminum 

substrate formed Al2O3 layers are formed and transformed into Al(OH)3, which 
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act as a precursor to form LDHs on the aluminum surface upon reaction with 

divalent cations [165]. The interaction of graphene with LDHs is investigated and 

cross-sectional SEM images are shown in Figure 81. Graphene was found to seal 

the micropores of the LDHs and contribute to interact across the LDH layers (from 

surface to interface).  In the previous study, it was clear that the carbon content 

was found across the LDH layers, and its depth profile signals decrease from the 

upper porous layer to the inner compact layer, demonstrating the successful 

penetration of graphene inside LDHs layers [105]. The interaction of graphene 

with LDHs can be seen in Figure 81, where a more compact LDH bilayer structure 

is formed compared to the without graphene LDHs. A relatively thicker dense 

layer of 1.86 µm can also be observed for PL/g and 2.08 µm for CF/g structure. 

The relative increase in thickness is possibly attributed to the graphene 

stabilization close to the interface which results in a more compact inner LDH 

layer. For better comprehension of LDH structural behavior, EDX mapping is 

performed to estimate the elemental distribution. For representation, cauliflower-

like structure mapping is shown in Figure 82. EDX quantitative analysis (Figure 

83) showed the presence of Mg, Al, O, and C as the main elements in the LDH 

coated specimens. It is also noteworthy that silicon present in aluminum alloys did 

not obstruct the formation of LDH structure due to the nest-like LDH structure 

which blankets the entire surface (Figure 82). The Mg/Al atomic ratio for platelet-

like and cauliflower-like MgAl-LDH is 0.84 and 1.5 respectively, with a 

respective weight percentage of 0.75 and 1.25 (Figure 83). However, the content 

ratio varies from surface to interface, where the interface is shown the lower value 

of Mg/Al ratio due to higher contents of aluminum [105]. 
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Figure 79. SEM images of MgAl-LDH, (a) CF(b-c) CF/g, (d) PL (e-f) PL/g. 

 

Figure 80. FIB milling of a thick lamella and cutting section, (a) PL structure (c) 

CF, (b-d) cross-sectional analysis of PL and CF-LDH respectively. 
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Figure 81 FIB-SEM cross-sectional analysis of MgAl-LDH/graphene, (a) PL/g, 

(b) CF/g. 



 
 

196 

 

 

Figure 82. EDS elemental distribution on the surface of the CF-LDH. The 

elements, such as O, Mg, Fe, Al, Si (green color: O, red color: Mg, light cyan 

color: Al yellow color: Fe, and magenta color: Si) throughout the surface were 

identified. 
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Figure 83. EDS analysis on the surface, (a) CF, (b) PL. 

The XRD patterns of investigated specimens are presented in Figure 84, where 

well-resolved reflection peaks (003), (006), (009), (110), and (113) can be 

observed, confirming the formation of the LDH structure[186]. In all XRD 

patterns at d003, the data revealed two distinct values of basal spacings, namely d1 

(0.82 nm) around 12.5˚ and d2 (0.77 nm) at 13.3˚ of 2Ɵ. The observed basal 

spacing of d1 is related to the nitrate intercalation inside LDH interlayer’s, while 

d2 suggested the presence of carbonate anions inside the layers [187]. These 

reflections correspond to the literature work where hexagonal lattice with R-3m 

rhombohedral symmetry was observed [188]. Furthermore, the nitrate anions 

found to intercalate from “flatter” to “stacked” orientation, which in turn affect 

the basal spacing, where flatter orientation showed the minimum nitrate basal 

spacing among the other orientations [189]. Herein, the basal spacing of nitrates 

ion in the LDH layers suggested the tilted arrangement of the NO3 site symmetry 

in the interlayer’s [82]. In XRD patterns, the characteristic peaks of LDHs follow 

almost the same 2Ɵ position after graphene modification. However, the decrease 

in intensity peaks is observed after graphene adsorption, which is attributed to the 

covered graphene layer. It has been found that graphene forms an impermeable 
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layer to protect the material without making any alteration in material chemical 

properties [190]. 

 

Figure 84. XRD spectra of LDHs and LDHs/graphene films deposited on 

AA6082. 

The LDHs were further investigated by FT-IR (Figure 85) to analyze the chemical 

structure after graphene adsorption. The as-prepared LDHs were used for 

comparison to the graphene adsorbed structure. Initially PL and CF-LDH 

structures shown a similar FT-IR pattern, we include only PL LDH analysis for 

comparison purposes. The FTIR spectra showed four well-defined regions, 

demonstrating the characteristics bands of LDH structure. The broadband in the 

interval 3370-3427 cm-1 is related to the stretching vibration of the hydroxyl group 

while another band around 1630 cm-1 is due to the OH bending of the interlayer 

water molecules [173].  The intercalation of NO3
- is confirmed by the absorption 
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peaks at 1370 cm-1  due to vibration mode ν3 [139]. Finally, The bonds at 655 cm-

1, 751 cm-1, and 1202 cm-1 may be associated with the Al-OH stretching and metal-

oxygen lattice vibration [191].  

 

 

Figure 85. ATR-FTIR spectra of LDH and LDH/graphene powder scraped from 

the coated samples. 
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Figure 86. a) Raman spectra of samples PL (red line) and PL/g (black line). The 

insets show an enlargement of the NO3- peak region at about 1050 cm-1 (left), 

and the OH stretching region (right). Optical image of sample P (b) and sample 

C (c). 

The Raman analysis is performed to understand the nature of graphene interaction 

with the LDH geometry. Figure 86 shows the Raman spectra collected on samples 

PL (red line) and PL/g (black line) in a bright region as visible in Figure 86b. A 

broad luminescence band is present in both spectra. The Raman band of the MgAl-
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LDH are assigned to the Mg-OH and Al-OH hydroxyl group stretching vibrations 

with two peaks at about 3660 and 3700 cm-1 (see right inset Figure 86a), to the 

Mg-OH and Al-OH translations at about 470 and 550 cm-1, and the NO3
- stretching 

at about 1050 cm-1 (see left inset Fig. 86 a) [192]. 

The Raman spectrum of sample PL/g shows the same vibrational modes of sample 

PL, together with stronger bands due to the deposited graphene (D, G, D’, D+D’, 

2D, D+G, and 2D’ bands) [193][194][195]. The two spectra have been normalized 

at the  1050 cm-1 peaks (for having the same area, see left inset to Figure 86 a). 

This peak appears broader and slightly shifted in the P/g sample. Moreover, the 

hydroxyl group stretching vibration band shows a different shape in the two 

samples. In the sample P/g, the lowest frequency peak (3660 cm-1) is no more 

present, and the 3700 cm-1 peak appears broader. These observations prove a 

structural change in the interlayer regions of MgAl-LDH, where NO3
- and OH- are 

located, resulting in agreement with XRD analysis, which shows a change in the 

cell parameter. Furthermore, the broadening of all bands, including also the Al-

OH and Mg-OH at about 500 cm-1, indicates an increase of the disorder in the 

crystalline structure. Similar results are obtained for sample Figure 86 (c), with 

two main differences: a more intense luminescence background and a stronger 

reduction of the O-H stretching band (not shown for simplicity). 
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Figure 87. Raman spectra acquired on samples PL/g (a), CF/g (b) graphene 

powders (c). Black lines correspond to spectra acquired on dark areas, whereas 

red lines to spectra acquired on bright areas of the sample surfaces. 

Figure 87 compares the spectra of samples PL/g and CF/g, taken in bright and in 

the dark areas (see Figure 86b and c) with the spectrum of the graphene powers 

used for the sample preparation. Only the region with the main graphene peaks is 

shown, and the luminescence contribution has been subtracted.  

The Raman spectrum of graphene has been studied in detail [193][194][195]: it is 

possible to deduce the graphene properties (monolayer, bilayer or multilayer, 

degree of disorder, ion inclusions, etc) from the ratio of the intensity of the 
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different peaks and their width. The spectrum of graphene powders reported in 

Figure 87c is typical of a mixture of graphene structures with different numbers 

of layers. The position of the 2D band (2657 cm-1), which depends on the number 

of graphene layers, is compatible with the one related to bilayer structures but 

broader, indicating the superimposition of structures composed by the different 

number of layers. Moreover, the strong intensity of peak D (1327 cm-1) and the 

presence of peak D’ (1612 cm-1) indicate a quite large disorder.  

The Raman spectra in Figure 87 (a and b) acquired on bright areas of samples 

PL/g and sample CF/g (red lines) are characterized by a stronger disorder (D band) 

and a stronger D’ band than graphene powder one (Figure 87 c). Different kinds 

of the disorder can be deduced from the spectrum shape, in particular, the intensity 

of the 2D peak (2660 cm-1) is related to stacking order between different planes, 

whereas the intensity of D’ peak (1612 cm-1) to the presence of point defects 

inside the graphene layers [30]. Moreover, the possible presence of amorphous 

carbon is highlighted by a broad band centered at about 1550 cm-1 between the D 

and G bands [194]. Therefore, the graphene on sample CF/g is more disordered if 

compared to the one on sample PL/g, especially for stacking (2D peak), and shows 

a more intense amorphous contribution. It seems that the deposition of graphene 

on a flatter structure, as on platelet-like morphology, produces more ordered 

layers than in the case of cauliflower-like morphology. 

At the micrometric scale, both samples are characterized by the presence of dark 

agglomerates with a size of about 10-30 µm in sample PL/g and of about 30-100 

µm in sample CF/g (Figure 86 b and c). The Raman spectra acquired on these dark 

areas (black lines in Figure 87 a and b) show structures like one of the graphene 

powders, but are more ordered than one of the powders itself. They show sharper 

G peaks and less intense D peaks.  We can conclude that the graphene covers all 

the surface of samples PL/g and CF/g (on a scale of 1 µm, the size of the laser 
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spot), since also in the bright areas a strong graphene Raman spectrum can be 

observed, but in a non-homogeneous way, since micrometric agglomerates of 

graphene-like structures are present. Similar findings are found in literature 

studies where great promise showing to resolve the pore blocking phenomenon 

occurred in the graphene-coated polymer foam composites [196,197]. 

Furthermore, graphene-based coating systems have shown superhydrophobic 

characteristics and are discussed in detail in previous studies, which can make an 

impact on electrochemical properties [198], [199]. 

The corrosion resistance of obtained hybrid LDH films is investigated by the 

electrochemical studies, before and after the adsorption of graphene. EIS plots of 

the LDH and LDH/graphene specimens are reported in Figure 88. The graphene-

based LDH structure exhibited a higher value of |Z| compare to the only LDH 

structure. Considering the EIS response of the MgAl-LDHs samples, two 

relaxation processes can be observed in the phase-angle spectrum (Figure 88b): 

the time constant in the high-frequency range (103-104 Hz) can be attributed to the 

properties of the porous layer of the LDH coating, while the time constant in the 

middle frequency range 100-101 Hz to the overlapping of the contributions of the 

compact LDH layer and the faradic process at substrate and solution interphase. 

The value of the lower frequency region (namely, |Z|0.01) can be assumed as a 

rough estimation of the corrosion protection properties of the investigated 

materials [101]. From Figure 88a, CF/g has shown the |Z|0.01 value around 6.15 

Ώ.cm2, which is nearly two orders of magnitude higher than bare AA6082 alloy. 

The presence of graphene seems to be beneficial in terms of an increase in the 

low-frequency impedance: both CF/g and PL/g samples show a rise of one order 

of magnitude in |Z|0.01 compared to as-prepared CF and PL. The graphene in the 

LDH films likely helps to improve the barrier properties: this hypothesis is 

supported by the increase in impedance in the middle and high-frequency range 
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observed in Figure 88. Both structures have shown an increase in impedance after 

graphene adsorption, but the cauliflower-like structure is found to show 

comparatively better corrosion resistance (evaluated in terms of |Z|0.01). As shown 

by the above-reported results, the cauliflower MgAl-LDH/graphene structure has 

shown a slightly more protective structure than the platelet MgAl-LDH/graphene 

structure. It seems that graphene can partially seal the porous structure, thus 

enhancing the anti-corrosion properties without disturbing the original LDH 

structure. The EIS results were further fitted using the “ZSimpWin” software to 

get more details related to the corrosion resistance properties to better understand 

the sealing effect of graphene. The electrical equivalent circuit 

Rs(CPELDH(RLDH(CPEbRb))) is used to analyze the EIS response of LDHs before 

and after graphene adsorption, respectively [155]. In those circuits, Rs represents 

the resistance of the electrolyte, RLDH describes the MgAl-LDH film resistance 

with a constant phase element which accounts for the dielectric properties of the 

LDH film (CPELDH), Rb represents the barrier resistance related to the more dense 

part of the LDH layer with a constant phase element (CPEb). According to the 

mathematical representation of a CPE, (i.e. ZCPE = 1/(Q(ωj)α), the parameters Q 

and α have been employed to describe the response of the electrodes. The total 

resistance (Rt) can be used to analyze the protective ability of deposited MgAl-

LDHs. Since the Rt values give relative information related to the corrosion rate 

i.e. higher is the total resistance, lower will be the corrosion rate. It can be seen 

that total resistance (Rt = Rb + RLDH) varies with the effect of graphene addition in 

LDH geometry and a higher value of total resistance further confirm the graphene 

as an additional layer to enhance corrosion resistance, but here it is also important 

to mention that CPE has a value of α far from 1, and thus the film did not act as a 

pure capacitance and it is difficult to interpret the real physical meanings of EIS 

fitting parameters [165]. The calculated parameters are listed in Table 24. Due to 
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the well-formed LDH structure, the graphene sealing effect and their entrapment 

in the LDH network seem to lead to the stabilization of the layered structure which 

reduces migration of aggressive species to the underlying metal. The permeation 

of aggressive solution in the porous layer of the layered double hydroxide caused 

a lower Qb value compared to the without graphene-modified LDHs structure. The 

CF-LDH/graphene specimen has shown the highest RLDH and Rb values which 

describe hindering in corrosion reaction while the lowest Qb value is shown a 

relatively dense layer of LDH. A similar result was found in the previous study, 

where graphene improves near one order of impedance modulus of ZnAl-Mo-

LDH due to the graphene sealing effect [105]. 

RLDH value of CF-LDH/graphene has shown a higher value than PL-

LDH/graphene indicating the capability to resist the electrolyte penetration and 

provide better protection which depicted the influence of graphene on LDH 

corrosion resistance properties. This can be explained that graphene nanoplatelets, 

because of their excellent electrical conductivity, provide an alternative path for 

the electrons generated by the anodic reaction, and thus restraining the electrons 

from reaching a cathodic site [200]. 

 

Figure 88. Impedance and phase plots of MgAl-LDH coated specimens before 

and after graphene adsorption in 0.1 M NaCl solution. 
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Table 24. Evolution of the fitting parameters RLDH, QLDH, αLDH, and Rb, Qb, 

αb derived from Figure 88. 

Sample 
RLDH 

kΩ cm2 

QLDH 

Ω-1 cm-2 sα 
αLDH 

Rb 

kΩ cm2 

Qb 

Ω-1 cm-2 sα 
αb 

PL 41.31 2.95·10-7 0.74 233.5 6.91·10-7 0.78 

CF 52.41 5.86·10-6 0.96 462.5 1.84·10-6 0.90 

PL/g 788.1 1.98·10-6 0.76 8109 1.1 10-5 0.78 

CF/g 988.2 2.79·10-6 0.72 9789 3.94·10-4 0.76 

 

To better understand the graphene/LDHs stability on contact with an electrolyte 

(0.1M NaCl), the impedance plots of the CF/g were evaluated for 1 h to 240 hrs 

immersion period, as shown in Figure 89. CF/g sample was particularly selected 

because of superior corrosion resistance properties among the studied specimens. 

The specimen shows the decay of the protection properties during the 10 days of 

continuous immersion in the electrolyte.  The impedance modulus value (|Z|0.01) 

of about 106.25 Ωcm2 after 1 hrs of immersion decrease to 105.88 Ωcm2 after 240 

hrs immersions, where after 240 hrs of immersion a decrease of 100.3 Ωcm2 was 

observed. This can be attributed to the protection ability of the graphene inside 

LDHs layers, which is sealed. The |Z|0.01 declining rate during different immersion 

times for graphene/LDHs is much lower compared to the literature study for only 

LDHs structures [73]. The |Z|0.01 value of CF/g after 10 days of immersion is in 

any case is higher than the |Z|0.01 value of the bare AA6082 at the beginning of the 

immersion in the electrolyte (|Z|0.01 ≈ 104.5 Ωcm2). 
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Figure 89. Impedance plots of CF/g after immersion in 0.1M NaCl solution, (a) 

1hr, (b) 96 hrs, (c) 168 hrs, (d) 240 hrs. 

5.2.3. Conclusion 

The adsorption behavior of graphene on two distinct MgAl-LDHs surface 

morphologies is reported to understand the graphene interaction with LDH on its 

physicochemical properties. Electrochemical studies demonstrated the resistant 

nature of graphene against aggressive media penetration and were found to act as 

an additional pathway for the corrosion reaction. FIB-SEM images confirmed the 

penetration across the LDHs structure from surface to LDH/substrate interface 

and promote the compactness of the upper porous and bottom dense layer. Further, 

the Raman results explained the adsorption behavior of graphene on LDHs, which 

can enhance the impedance modulus of LDH around one order magnitude in the 

case of CF-LD H, while one order for PL-LDH structure. The cauliflower 

adsorbed graphene depicted relatively better corrosion resistance properties 
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probably due to the relatively higher thickness and more LDH/interface dense 

area.  The graphene is helpful to seal the micropores of LDH up to an extent, while 

also found to interact with both LDH layers and through sealing of micropores 

which leads to better barrier properties. This work contributes to supporting our 

knowledge of the graphene-based LDHs system and resultant properties. 
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Double Doped LDHs on anodic AA6082 
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6. Introduction 

Recently, rare earth elements found to have a significant inhibiting effect and are 

the object of considerable scientific interest exhibiting nontoxic nature. Among 

rare earth elements, cerium-based coatings attracted significant attention, 

specifically also in case of incorporation inside the LDH network. In the first 

section of this chapter, CeMgAl-LDHs protective thin films were developed 

directly on two different aluminum surfaces i.e. anodized AA6082, and “hot 

water sealed” anodized AA6082. The effect of both approaches on corrosion 

performance is compared with unmodified LDHs and the possible mechanism of 

cerium interaction with LDH is described, where cerium modification has 

brought long-term stability and better corrosion resistance properties. In the 

second section, cerium doped MgAl-layered double hydroxide (LDHs) was 

further modified by PFDTS (1H, 1H, 2H, 2H perfluorododecyl trichlorosilane) 

through anion exchange reaction to obtain superhydrophobic characteristics for 

improved corrosion resistance and self-cleaning properties. PFDTS were 

hydrolyzed in absolute ethanol to obtain 𝐶𝐹3(𝐶𝐹2)9𝐶𝐻2𝐶𝐻2𝑆𝑖(𝑂−)3  groups, 

which were incorporated inside MgAl-LDH and have shown superhydrophobic 

characteristics by demonstrating the water contact angle of 156.5°, and provide 

active corrosion resistance, long-term stability, UV radiation protection, and 

characteristics of self-cleaning against general household items (coffee, tea, cola, 

basic media, light acidic solution. This new double doped LDHs approach is 

another effective strategy, where the synergistic effect of introduced inhibitors in 

the LDH framework is found to provide long-term corrosion resistance properties 

and multifunctional characteristics. 
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6.1. Protective Cerium based Layered double hydroxides thin films 

developed on anodized AA6082 

6.1.1. Synthesis of the anodized layer 

Aluminum 6082 (wt%;0.50 iron, 0.6-1.2 magnesium, 0.70-1.30 silicon, 0.10 

copper, 0.40-1.0 manganese, and balance aluminum) of 3.14 cm2 surface area 

were mechanically ground with SiC grit papers i.e. 500, 1000, 2400, 4000 and 

immersed in 0.1M NaOH solution for 1 minute, followed by 0.1M HNO3 solution 

for five minutes, rinsed with distilled water after each step. The anodization 

process was carried out in 0.1M H2SO4 electrolyte at a constant voltage of 14 V 

for 30 minutes at room temperature. The stainless-steel plate was used as a 

cathode, while the pretreated AA6082 specimen act as the anode. After 

anodization, the specimens were divided into two groups: the first group was 

treated with “Hot boiling water” for 20 minutes to seal the porous anodized 

structure and further were used to developed LDHs on it, and the other was 

immersed in the mixture solution of cerium and magnesium nitrates, which act as 

a building block to fabricate LDH film on the on/into the anodic surface. 

6.1.2. Synthesis route of CeMgAl-LDH 

(a) To synthesize single-step CeMgAl-LDH, both types of anodized 

surfaces (hot water sealed and open porous) were vertically immersed 

in 0.01M Mg(NO3)2.6H2O, 0.001 CeNO3.6H2O, and 0.06 M NH4NO3 

mixture solution at 80 °C for 18 hr at atmospheric conditions. The 

precipitation of Ce(OH)3 on the anodized surface at high pH is also a 

well-explained phenomenon [201]. The pH of the solution was 

maintained at 10 with a dropwise addition of NH4OH solution. 
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 (b) For reference, without cerium, MgAl-LDHs were also developed on the 

above-mentioned anodized surfaces, at the same synthetic conditions 

(80°C-24hr-10 pH) with similar magnesium salt concentration (0.01 M). 

The general representation of LDH synthesis on the anodized surface is 

shown in Figure 90. For simplicity, Table 25 describes the general terms 

to use further for the developed specimens. 

Table 25. Developed LDHs specimens. 

  Definition 

CeLDH CeMgAl-LDH developed on anodized AA6082 

surface. 

CeLDH-H CeMgAl-LDH developed on “Hot water-sealed” 

anodized AA6082 surface. 

LDH MgAl-LDH developed on anodized AA6082 surface. 

LDH-H MgAl-LDH developed on “Hot water-sealed” 

anodized AA6082 surface. 

 

 

Figure 90. Schematic representation of LDH synthesis on the anodized surface. 

6.1.3. Results and Discussion 

XRD patterns of the developed LDHs films, with and without cerium addition, are 

presented in Figure 91. In all the specimens, well-resolved reflections of (003), 
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(006), and (009) are observed clearly at around 11.8°, 23°, and 34° respectively, 

that are typical reflection peaks of LDHs. The “003” reflection peak corresponds 

to 0.75 nm basal spacing, which confirms the presence of carbonates inside LDHs 

[100]. It is found that the incorporation of cerium ions in LDH structure did not 

make any dominant difference in LDH characteristics peaks with similar basal 

spacings, and thus can assume that cerium ions are incorporated in the film in the 

amorphous form [202]. However, slight variation in peak intensities is observed 

on cerium addition which indicates a little variation of crystallinity on cerium 

addition into LDH lamellar layers. No dominant characteristics peaks of CeO2/ 

Ce2O3 are observed, which describe the successful incorporation of cerium inside 

LDHs layers in the amorphous form [201]. 

 

Figure 91. XRD spectra of LDHs films deposited on AA6082, (a) CeLDH, (b) 

LDH, (c) CeLDH-H, (d) LDH-H. 

The top view of SEM images (Figure 92) shown the anodized film before and after 

the LDH treatments. It is found that LDHs microcrystals grown on the anodized 

surface covered the entire substrates with a dense network of curvy platelet LDHs 
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structure (Figure 92(c-f)), compared to a less dense network of LDHs on bare 

AA6082 surface (Figure 92b). No clear difference was found of LDHs developed 

on open porous or/ sealed anodized surface, However, the surface morphology of 

LDHs was affected by the doping of cerium addition where the reduction in the 

micro-pores size is observed. EDS quantitative results, in planer mode, are shown 

in Figure 93. The results described the higher amount of cerium in the case of 

LDH synthesis on the open porous anodized surface (Figure 93d), compared to 

the sealed anodized surface (Figure 93c). It may be due to the precipitation of 

more cerium content on open micropores porous aluminum oxide layer than the 

“Hot water-sealed” one. The elements Mg, Ce, Al, C, and O were found mainly 

to take part in the film formation. Moreover, the Mg/Ce molar ratio was found to 

be 7.16, and 3.75 for the hot water sealed (CeLDH-H) and LDH precursors sealed 

films (CeLDH) respectively. The significant decrease of Mg/Ce contents proposed 

the incorporation of effective cerium ions inside the CeLDH structure. The 

addition of cerium leads to a decrease in the number of other elements in LDH 

surface as shown in EDS quantitatively analysis, which confirmed the presence of 

cerium ions in the LDHs network, either in amorphous form or/and in the form of 

intermediate species Ce(OH)2 or Ce(OH)3 that can lead to the formation of CeO2 

[203]. However, XRD analysis supports the incorporation of cerium in the 

amorphous form in the LDH network and no impure cerium ions phase is 

observed.  

It is found that LDH film grows simultaneously “inward” and “outward” on the 

substrate, growth inward dense layer formed at LDH/substrate interface, and 

outward porous network of LDHs formed at LDH/solution interface [204]. The 

dissolution of the aluminum oxide layer and interaction with the LDH precursors 

start LDH inward growth, while during that aluminum oxidized to Al3+, cerium 

ions may reduce to Ce3+ and on interaction with OH- groups; Al(OH)3, Ce(OH)3, 
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Mg(OH)2 are formed. Besides, cerium ions can diffuse inside LDH layers, 

resulting in the formation of MgAlCe-LDH. In cross-sectional analysis (Figure 

94), a two-layer structure is formed on the substrate, anodic film starts partial 

dissolving on contact with the LDH precursors and result in the formation of LDH 

film on the anodic film and formed a compact structure [201]. It is reported that 

higher pH causes the hydrolysis of Ce3+, and this can promote the precipitation of 

Ce(OH)3 on the anodized surface. So, cerium participates in the sealing of 

micropores and the building block of LDHs in the amorphous form [201]. The 

presence of Ce3+ ions may lead to partial oxidation to Ce4+ and can form mixed-

species containing CeO2, Ce(OH)4 depending on pH of the surrounding solution 

[205], and further, the deposition of LDH layer is formed with the increase of 

synthesis aging time. The measured film thickness of the developed specimens is 

shown in Figure 94(b), where “Hot water-sealed” LDHs have shown 

comparatively a little higher film thickness than LDHs grown on microporous 

anodic film. 
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Figure 92. SEM images of LDHs, (a) anodized surface, (b) LDH on bare 

AA6082 surface, (c) LDH, (d) LDH-H, (e) CeLDH, (f) CeLDH-H. 
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Figure 93. EDS spectra of the developed films and respective quantitive 

analysis, (a) LDH, (b) LDH-H, (c) CeLDH, (d) CeLDH-H. 

 

Figure 94. (a) Cross-sectional analysis of CeLDH, (b) film thickness of 

developed specimens. 

To understand the corrosion resistance behavior of modified and unmodified 

LDHs, Electrochemical Impedance Spectroscopy spectra were collected in 0.1 M 

NaCl solution. The electrolyte has been selected to promote degradation of the 

LDH layer which allows us to monitor the inhibitive effect of Ce in the time scale 

investigated. The EIS spectra acquired after 1 h of immersion are reported in 
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Figure 95. Impedance modulus and phase plots are shown in order to better 

highlight the presence of the relaxation processes in the high-frequency range. 

For general comparison among different developed LDH films, the impedance 

modulus in the low-frequency range can be employed for a rough estimation of 

the stability and corrosion resistance of the investigated samples [206]. 

Accordingly, as far as the impedance modulus at 0.01Hz is considered (|Z|0.01), the 

introduction of cerium in both forms;- CeLDH, CeLDH-H, have shown initially 

an improvement compared to the reference samples. In particular, an increase of 

about 1.5 order magnitude of (|Z|0.01) is observed for cerium modified LDHs, 

compared to the unmodified LDHs (Figure 95a). 

The phase plots (Figure 95(b)) of cerium modified and cerium-free LDHs both 

suggest the presence of two relaxation processes. However, significant differences 

are observed: in the case of the Ce containing coatings, one time constant is 

located in the high-frequency range (around 104 Hz) and the other in the low-

frequency range (around 10-1 Hz); while for the LDH and LDH-H, the first time 

constant is shifted towards lower frequency range (around 103 Hz) and the second 

one towards the middle frequency range (around 100-101 Hz). To a first 

approximation, the high-medium frequency relaxation process is attributed to the 

outer porous surface layer and the other in medium-low frequency relaxation 

process is associated with the inner barrier layer. The time constant in the low-

frequency range is believed to account also for the faradic process occurring at the 

substrate/film interface. A deeper discussion of the reasons underneath this 

attribution is provided at a later stage in the manuscript when the electrical 

equivalent circuits (e.e.c.) employed for the fitting are discussed. Considering the 

impedance plot in Figure 95a, the CeMgAl-LDH depicted higher impedance 

values in the middle-high frequency range, suggesting the better resistance of the 

upper layer as compared to unmodified LDH. As previously anticipated, higher 
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impedance modulus values also in the low-frequency range have been observed 

for the Ce-based LDHs, thus suggesting a reduced corrosion rate. The 

significantly enhanced corrosion resistance of Ce based LDHs can be explained 

by the following; (i) the passive protection of compact LDH layer, (ii) the presence 

of cerium in the LDH frame, which was found to protect by its inhibition action 

by dissolving from the LDHs structure, entering the solution and precipitating at 

the cathodic sites (the mechanism is explained later in the manuscript). To better 

investigate the role of Ce in the LDH layers the long-term stability of the 

developed coatings has been investigated upon exposure to the chloride-

containing media. 

 

 

Figure 95. Impedance modulus (A) Phase plots (B) after 1 h immersion in 0.1M 

NaCl solution ;- (a) CeLDH, (b) CeLDH-H, (c) LDH, (d) LDH-H . 

The impedance plots of the unmodified LDH after immersion for 1 h to 168 h are 

shown in Figure 96 (a-b). Samples LDH and LDH-H display impedance modulus 

at 0.01 Hz (|Z|0.01) of about 105 Ωcm2 after 1 h of immersion in the electrolyte. 

These layers do not show long-time stability: a decrease of 104.5Ωcm2 in |Z|0.01 

was observed after 168h of immersion. The sealing effect is mainly observable, 

thanks to the |Z| increase in the middle-high frequency range (it is the case) which 
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can be attributed to an enhancement of the protection ability of the porous layer 

(which is sealed). 

Modified Ce containing LDHs after various time intervals of immersion (from 1h 

to 1200 h) is shown in Figure 97 (including an enlarged version of the low-

frequency impedance modulus in Figure 97b and 97d). Initially, Ce modified 

LDH, in both cases, has shown almost the same |Z|0.01 value ~ 106.5 Ωcm2 after 1 

h of immersion. It is observed that the |Z|0.01 value reduced more rapidly from 1 to 

72 h probably due to the upper porous LDH layer, but at a later stage, a slower 

reduction rate is observed. On later immersion stages, CeLDH shows a lower 

decreasing rate of the low-frequency impedance compared to the CeLDH-H 

sample. The |Z|0.01 value of CeLDHs reduced from 106.5 to about 105 Ωcm2 after 

1200 hrs, while in the case of CeLDH-H, it reduced from 106.5 to about 104.5 Ωcm2. 

This finding suggests higher stability of the CeLDH structure against the corrosive 

solution compared to the CeLDH-H. 

To better compare the investigated samples, the |Z|0.01 values of modified and 

unmodified LDHs as a function of immersion time are shown in Figure 98. The 

|Z|0.01 values of CeLDH are much higher than other developed LDH films 

throughout the whole immersion period. Moreover, a decrease in the declining 

rate is observed on exposure with long-term corrosive solutions. At the early stage 

of the corrosion mechanism, a relatively rapid decrease from 106.5 to about 105.5 

Ωcm2 was observed for CeLDH, while the decline rate was more severe for 

CeLDH-H, from 106.5 to about 105.2 Ωcm2. On the second stage of the exposure 

(after about 200 h), a slower degradation process was observed for the CeLDH 

and CeLDH-H samples. These findings suggest that regardless of the difference 

between the Ce containing LDH coatings, the presence of Ce in the coatings 

improves the initial protection properties as well as and the durability upon 

prolonged immersion in the electrolyte. This effect is believed to be related to the 
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LDH development inside the anodic film layers and the active role of cerium in 

providing a sort of healing effect thanks to its recognized effect as a corrosion 

inhibitor. 

 

 

Figure 96. Impedance modulus plots; LDH (A), LDH-H (B) for various 

immersion times; (a) 1h, (b) 24 h, (c) 72h, (d)120 h, (e) 168h. 
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Figure 97. Impedance modulus plots of  (a, b) CeLDH, (c, d) CeLDH-H with 

respective enlarge images for clear depiction at various immersion times, from 

1h to 1200 h. 

 

Figure 98. Impedance modulus at 0.01 Hz at various immersion times, (a) 

CeLDH, (b) CeLDH-H, (c) LDH, (d) LDH-H. (e) anodic AA6082 
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To further analyze the properties of the developed thin films containing Ce, the 

EIS data were fitting by using the “ZSimpwin” software [207]. Two different 

circuits were employed to investigate the EIS experimental data set. At an early 

stage of immersion (1-120 h), two times constant were observed: one located in 

the high-frequency range (around 104 Hz) and the other in the low-frequency 

range (around 10-1 Hz). According to the literature, it seems quite well established 

that the former can be associated with the response of the porous anodic oxide / 

LDH layer covering the metal [208][212][213][214][215][216]. Conversely, the 

attribution of the latter is not univocal and different interpretations can be found 

in the literature. Hoar and Wood [214] and, later, Mansfeld and Kendig [215] 

ascribed the middle-low frequency time constant to the properties of the barrier 

layer between the bottom of the pores and the metal oxide. Similarly, Huang et al. 

[210,211] interpreted the middle-low frequency relaxation process as the 

contribution of the inner barrier layer of the anodic oxide. On the other hand, Zhu 

et al. [209] described the low-frequency loop as the superimposition of the 

contribution of the inner barrier oxide and the charge transfer process: a 

polarization resistance and a constant phase element (CPE) to account for the 

electrical double layer and barrier layer where use to fit the relaxation process. 

Similarly, Usman et al [208] associated the low-frequency time constant to the 

charge transfer processes related to the barrier layer and, for prolonged immersion 

time, to the corrosion of the substrate. For the sample under investigation, at the 

beginning of the immersion the |Z|0.01 value is relatively high, thus suggesting that 

the low-frequency response can be attributed to the superimposition of the 

contribution of the inner barrier oxide and the charge transfer process. A 

contribution associated with the corrosion process will be introduced for longer 

immersion time. A similar approach has been employed by other authors [216]. 
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The circuit depicted in Figure 99a was employed to fit the EIS data set at an early 

stage of immersion (1-120 h): Rs stands for the electrolyte resistance; RLDH and 

CPELDH refer to the conductive paths and the dielectric properties of the porous 

anodization layer+LDH coating, respectively; Rb accounts for the resistance of the 

barrier oxide, while CPEb refers to the dielectric response of the electrical double 

layer and barrier layer [209]. 

Constant phase element (CPE) was employed instead of pure capacitances, 

according to the general expression i.e. ZCPE = 1/(Q(ωj)α. CPEs are recognized to 

be a flexible fitting parameter to account for capacitance distributions originated 

from surface roughness and heterogeneities, electrode porosity, variation of the 

coating composition, non-uniform potential, and current distribution [128]. 

 

 

 

a 
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Figure 99. Electrical equivalent circuits employed to fi the EIS experimental data 

set: (a) at the early stage of immersion (1-120 h) and (b) for prolonged 

immersion (168-1200 h) in 0.1M NaCl 

 

In the second stage of immersion (168-1200 h), the phase peak in the low-

frequency range is no more symmetrical and cannot be properly fitted employing 

the e.e.c. depicted in Figure 99a. Furthermore, a significant decrease of the 

impedance modulus in the low-frequency domain is observed (see Figure 98). 

According to other authors [216] from 168 h of immersion in the saline solution, 

a contribution of the corrosion process is introduced in the e.e.c. employed to fit 

the experimental EIS data set (Figure 99b). Notice that an additional time constant 

to account for the Faradic process is introduced. In particular: Rs stands for the 

electrolyte resistance; RLDH and CPELDH refer to the conductive paths and the 

dielectric properties of the porous anodization layer+LDH coating, respectively; 

Rb accounts for the resistance of the barrier oxide, while CPEb refers to its 

dielectric response; Rct stands for the charge transfer resistance while CPEdl refers 

to the dielectric response of the double-layer capacitance. The parameter obtained 

utilizing the fitting of the raw EIS data is reported in Tables 26 and 27. 
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Table 26. Results of the EIS fittings of CeLDH 

 QLDH 

Ω-1 cm-2 sα 

RLDH 

Ω cm2 
αLDH 

Qb 

Ω-1 cm-2 sα 

Rb 

Ω cm2 
αdl 

Qdl 

Ω-1 cm-2 sα 

Rct 

Ω cm2 
αdl 

1 3.7×10-6 4.3×103 0.82 6.1×10-6 2.2×107 0.78 - - - 

24 3.5×10-6 1.9×102 0.86 6.9×10-5 2.0×107 0.89 - - - 

72 7.4×10-6 4.4×102 0.78 6.9×10-5 3.6×106 0.71 - - - 

120 2.2×10-6 5.6×102 0.67 5.8×10-6 9.2×105 0.78 - - - 

168 3.9×10-6 3.0×102 0.77 5.9×10-6 2.0×106 0.88 6.1×10-6 8.7×108 0.74 

360 2.5×10-4 6.9×102 0.84 8.2×10-6 6.0×106 0.66 6.5×10-6 7.4×108 0.77 

720 3.7×10-7 4.9×102 0.81 3.4×10-6 4.7×105 0.69 6.8×10-6 5.2×107 0.79 

1080 7.2×10-8 3.4×102 0.79 8.7×10-6 1.2×105 0.77 3.6×10-6 3.9×107 0.69 

1200 1.2×10-7 8.3×101 0.78 4.5×10-6 3.8×105 0.67 3.9×10-6 7.5×107 0.71 
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Table 27. Results of the EIS fittings of CeLDH-H. 

 QLDH 

Ω-1 cm-2 sα 

 

RLDH 

Ω cm2 
αLDH 

Qb 

Ω-1 cm-2 sα 

Rb 

Ω cm2 
αdl 

Qdl 

Ω-1 cm-2 sα 

Rct 

Ω cm2 
αdl 

1 1.5×10-7 1.3×103 0.82 5.7×10-6 1.5×106 0.78 - - - 

3 5.6×10-8 8.1×102 0.82 5.4×10-6 5.4×106 0.87 - - - 

5 4.l×10-6 7.8×102 0.84 2.7×10-8 4.4×105 0.85 - - - 

24 2.6×10-6 7.4×102 0.64 4.2×10-6 5.5×104 0.89 - - - 

72 7.4×10-6 4.4×101 0.84 6.9×10-5 4.6×104 0.71    

120 2.4×10-7 5.4×101 0.88 4.1×10-6 1.1×105 0.78    

168 3.7×10-7 3.0×101 0.76 1.8×10-6 2.5×105 0.81 4.8×10-6 8.8×107 0.88 

360 7.2×10-7 4.1×102 0.78 8.2×10-6 9.7×105 0.89 6.1×10-6 7.8×107 0.89 

720 3.5×10-6 6.1×101 0.58 3.4×10-6 7.0×105 0.87 6.5×10-6 4.7×106 0.78 

1080 3.5×10-6 7.9×101 0.57 8.7×10-6 6.0×103 0.66 6.8×10-6 5.8×106 0.79 

1200 3.5×10-6 4.3×101 0.77 4.5×10-6 4.7×103 0.76 1.2×10-6 6.3×105 0.77 
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As far as the fitting parameters related to the porous oxide / LDH layer are 

concerned (QLDH, RLDH, αLDH), notice that the resistances of the porous layer are 

lower than the associated barrier layer resistance. This is following previous 

studies which explained this finding with the higher conduction in the sealed pores 

compared to the barrier layers [216]. The QLDH values are quite scattered, probably 

due to the permeable structure of the porous anodic layer as well as the LDH layer. 

The corresponding values of the exponent of the CPE, αLDH, is in the 0.58-0.84 

range during immersion time. This parameter is recognized to be dependent on 

the fractal nature of the surface (affected by roughness and porosity) [128], on the 

roughness of the interphase [217] as well as on heterogeneities of the electrode 

surface [218]. Within this framework, the obtained data suggest a quite significant 

evolution of the surface roughness and porosity of the porous anodic oxide / LDH 

layer during immersion time. Partial dissolution of the porous anodic oxide and 

precipitation of insoluble compounds over the surface of the electrodes are likely 

to occur and would explain the αLDH values. The surface conditions of the 

electrodes after the immersion will be investigated at the end of this section to 

furtherly support this hypothesis. On the other hand, given such values of αLDH, 

QLDH cannot be clearly ascribed to a specific physical property. QLDH is believed 

to account for the dielectric properties of the porous anodic oxide / LDH layer but 

a more defined description is not possible. 

On the other hand, Rb values, suggesting the barrier properties of dense and porous 

layers, have shown significant resistance values and demonstrate improved barrier 

properties for CeLDH compared to the CeLDH-H. It can also be seen that Rb 

values for CeLDH shown a decrease from 2.2×107 and 1.5×106 to 3.8×105 and 

4.7×103 for CeLDH and CeLDH-H respectively, with the immersion of 1 hr to 

1200 hr in NaCl solution. This attributed to the significant stability of CeLDH 

after 1200 hrs. Rct, which is inversely proportional to corrosion rate, is a parameter 

representing the resistance of the electron transfer across the metal surface [219]. 
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The higher Rct is, the more difficult is the corrosion reaction, hence the lower is 

the corrosion rate [207]. The obtained findings are in good agreement with the EIS 

results, which further proves the corrosion resistance performance of CeLDH. 

XRD the investigated samples after 1200 h of immersion in the electrolyte have 

been collected to determine the different species developed on the surface. XRD 

diffraction parameters of CeLDH and CeLDH-H after 1200 hrs of immersions are 

shown in Figure 100. The X-ray diffraction measurements after contact with 0.1M 

NaCl solution leads to similar characteristics peaks of LDHs with similar pattern 

with some additional peaks around 2 theta values of 28.6°, 33.5°, 48°, and 56.2° 

which depicted the formation of CeO2 and Ce(OH)3. The low intense cerium 

oxide/hydroxide peaks confirm the release of Ce from the LDH structure and the 

consequent precipitation over cathodic sites upon reaction with OH- species. This 

mechanism is believed to be responsible for the anticorrosion properties of LDHs 

due to the inhibition of the cathodic reaction provided by the precipitated 

compounds (mixed cerium oxide/hydroxides). Matter et al [220] previously 

investigated the cerium inhibition effect and reported that Ce(III) attributes better 

inhibitive ability than Ce(IV) and thus Ce(III) addition on the LDHs may be 

subjected to self-healing properties by the formation of Ce(OH)3/CeO2 on 

protective film degradation. The inhibiting ability of cerium salts is already well 

reported in various works, where the inhibiting mechanism involved the 

impediment of the cathodic oxygen reduction reaction due to the formation of 

cerium hydroxides/oxides [221][222][223]. The SEM images of CeLDH after 

treatment with 0.1M NaCl solution after 360, 720, and 1200 hrs is shown in Figure 

101, where results indicated the good intactness and stability of the structure after 

360 hrs of immersion and similarly after 720 hrs of immersion, with the 

initialization of accumulation/defects of corrosive species can be observed that 

describe the effectiveness of LDH structure to restrain the dissolution of LDH 
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structure. However, after 1200 h of immersion, the destruction of regular platelet 

structure can be seen and result in an expansion of platelet structure with 

accumulating of adsorbed corrosive species on the surface. However, XRD 

analysis confirms the intactness of LDH geometry after 1200 h immersion on 

0.1M NaCl solution. The observation of LDH geometry is well correlated with the 

EIS findings.  

 

 

Figure 100. XRD patterns after 1200 hrs immersion in 0.1M NaCl solution, (a) 

CeLDH-H, (b) Ce-LDH. 
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Figure 101. SEM images after (a) 360 hrs of immersion, (b)720 hrs of 

immersion, (c) 1200 hrs of immersion in 0.1M NaCl solution. 

6.1.4. Conclusion 

Ce-based MgAl-LDH conversion films were developed by a single-step in-situ 

growth method on the anodized AA6082 surface. The sealing effect of CeMgAl-

LDHs precursors on the anodized porous network and corresponding barrier effect 

in terms of long-term corrosion resistance behavior and structural evaluation is 

discussed. The introduction of cerium directly on the anodized porous network 

(CeLDH) has shown improved corrosion resistance properties, compared to the 

CeLDH-H which were grown on a “Hot water-sealed” anodized surface. The 

findings demonstrated that CeLDH provided comparatively better active and 

passive corrosion protection than other developed specimens. The evaluation of 

coating parameters defined the corrosion mechanism for LDHs and their behavior 

on long-term stability against corrosive species. The CeLDH was found intact 

after 360 hrs of immersion and slightly corroded after 760 hrs of immersion and 

provided stable longer period protection (1200 hrs) for the underlying AA6082 

substrate. Ce oxides/hydroxides were found on the LDH surface after prolonged 

exposure to the chloride solution. This finding suggested the capability of the film 

to release cerium cations to the environment and their capability to precipitate in 

correspondence of the cathodic sites upon reaction with OH- species. The CeLDH 
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developed directly on the porous anodic film can be potentially used for further 

functionalization for the enhanced protection of aluminum alloys. 

6.2. Double doped Cerium-based Superhydrophobic Layered double 

hydroxide Protective films grown on the anodic aluminum surface 

6.2.1. Synthesis of CeMgAl-LDH on anodized AA6082 

Based on our previous work, CeMgAl-LDH was developed directly on the 

AA6082 anodized surface [224]. Initially, the surface anodization was performed 

using 0.1M H2SO4 electrolyte at 14V constant voltage for 30 minutes, where a 

stainless-steel plate was used as cathode and aluminum specimens as the working 

anode. After anodization, the specimen was dipped in 0.01M Mg(NO3)2.6H2O, 

0.001 CeNO3, and 0.06 M NH4NO3 mixture solution (pH10) at 80°C for 18 hr. 

The obtained CeMgAl-LDH were washed with distilled water and dried at room 

temperature. 

6.2.2. Modification of CeMgAl-LDH  

PFDTS solution was prepared by adding 0.1 g PFDTS in 200 mL ethanol by 

continuous stirring at 40°C for 1 hr. To obtain a superhydrophobic LDH film, the 

CeMgAl-LDH specimen was dipped in the above solution for 2 hrs at 40°C. The 

specimen was then dried in the furnace for 30 min at 60°C. The obtained specimen 

is referred to as S-CeMgAl-LDH for simplicity. Figure 102 describes the general 

representation of the layered structure and behavior towards the water droplet. 
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Figure 102. Contact angle diagram and general contact angle measurement 

representation of S-CeMgAl-LDH. 

6.2.3. Results and Discussion 

Figure 103 exhibited the XRD spectra of CeMgAl-LDH before and after 

modification with PFDTS. The XRD patterns of MgAl-LDH and CeMgAl-LDH 

described the characteristics peaks of LDH at 11.8°, 23°, and 30° which 

correspond to “003”, “006” and “009” diffraction planes[224]. The basal spacing 

of the “003” reflection peak corresponds to 0.76 nm, which corresponds to the 

LDHs network with interlayer carbonate anions [100]. It is found that the 

incorporation of cerium ions in the LDH network did not make any dominant 

difference in LDH characteristics peaks, which confirms the possible 

incorporation of cerium ions inside the LDH network in the amorphous form. 

Cerium oxides/hydroxides were found to form on the LDH surface after prolonged 

exposure to the chloride solution. This finding suggested the capability of the film 

to release cerium cations to the environment (upon disruption of the LDH film) 

and their capability to re-precipitate in correspondence of the cathodic sites [224]. 

The higher pH causes the hydrolysis of Ce3+, and this can promote the 

precipitation of Ce(OH)3 on the anodized surface. The partial oxidation of Ce3+ to 
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Ce4+ and can form mixed-species containing CeO2, Ce(OH)4 depending on the pH 

of the surrounding solution [205]. Thus, cerium participates in two ways, initially 

during the sealing process and further diffusion of cerium inside LDH layers in 

the amorphous form [201]. After modification with PFDTS, the “003” plane peak 

shifted toward a lower angle, thus suggesting the successful intercalation of 

PFDTS groups inside the LDH layer indicated the basal spacing of 0.89 nm. The 

gallery height and corresponding d-spacing are expected for PFDTS anions 

arranges within LDHs interlayers and suggested that long-chain fluoroalkyl 

functionalized Mg/Al LDHs were obtained [225]. The general chemical reaction 

is represented in equation (1-3). The measure cell parameters calculated from 

XRD patterns are shown in Table 28. 

 

 

Figure 103. XRD patterns of LDHs films (a) MgAl-LDH, (b) CeMgAl-LDH, (c) 

S-CeMgAl-LDH. 
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𝑀𝑔𝐴𝑙(𝑂𝐻)𝑥(𝐶𝑂)3𝐿𝐷𝐻. 𝐻2𝑂
 

→ 𝑀𝑔𝐴𝑙(𝑂𝐻)𝑥(𝐶𝑂)3𝐿𝐷𝐻 + 3𝐻2𝑂 

 (1) 

𝐶𝐹3(𝐶𝐹2)9𝐶𝐻2𝐶𝐻2𝑆𝑖𝐶𝑙3

 
→ 𝐶𝐹3(𝐶𝐹2)9𝐶𝐻2𝐶𝐻2𝑆𝑖(𝑂−)3 + 3𝐻+ 

 (2) 

𝑀𝑔𝐴𝑙(𝑂𝐻)𝑥(𝐶𝑂)3𝐿𝐷𝐻 + 𝐶𝐹3(𝐶𝐹2)9𝐶𝐻2𝐶𝐻2𝑆𝑖(𝑂−)3
 

→ 𝑀𝑔𝐴𝑙(𝐶𝐹3(𝐶𝐹2)9𝐶𝐻2𝐶𝐻2𝑆𝑖(𝑂−)3) − 𝐿𝐷𝐻   

 (3) 

 

Table 28. Cell parameters before and after the modification of LDHs. 

 (003)  (006)  (009)  (110)  

specimens 2 

theta(°)  

d(nm) 2 

theta  

d(nm) 2 

theta 

(°)  

d(nm) 2 

theta 

(°) 

d(nm) 

MgAl-LDH 11.75 0751 23.58 0.377 35.26 0.252 61.2 0.150 

MgAlCeLDH 11.76 0.752 23.56 0.377 35.24 0.254 61.1 0.151 

SMgAlCeLDH 11.21 0.788 23.70 0.375 35.22 0.255 61.0 0.152 

 

The top view images collected by SEM are shown in Figure 104, where a well-

developed platelet structure of CeMgAl-LDH perpendicular to the substrate can 

be seen, which covers the entire substrate with the thickness of ~32±3.5 µm. The 

obtained curvy nest-like structure is in agreement with the previous studies[224]. 

After immersion with PFDTS, the specimen is transformed into a packed flower-

like structure, where the distortion of the curvy platelet structure can be seen. The 

introduction of PFDTS groups inside LDH interlayers caused stresses in the 

geometry which results in the disorder in the curvy platelet structure and arranged 

in a packed flower-like structure. Figure 105 shows the SEM images of cross-

sectional S-CeMgAl-LDH. The two-layer structure is formed, while it is reported 

that anodic film starts dissolving on contact with the LDH precursors and finally 

result in the formation of LDH film in/on the anodic film and formed a compact 
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structure. A good surface adhesion and LDH orientation can be seen in Figure 

105. 

 

Figure 104. SEM images, (a) anodic AA6082 specimen, (b) MgAl-LDH, (c) 

CeMgAl-LDH, (d) S-CeMgAl-LDH. 
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Figure 105. Cross-sectional analysis of S-CeMgAl-LDH. 

 

The LDHs surface modification to superhydrophobic results in effective 

repellence of water due to lower surface energy. The modified LDHs fall into the 

Cassie-Baxter regime, where the interaction of water droplet is Liquid/air/solid 

interaction due to the presence of trapped air layer within the textured surface and 

this causes the substantial increase of contact angle [226]. Figure 106 shows the 

water drop contact with the anodized aluminum substrate, CeMgAlLDH, and S-

CeMgAlLDH based LDHs. Unmodified LDHs exhibit pure hydrophilic 

characteristics, as the water contact angle of around 20° indicates, confirmed by 

the water drop spreading on the surface. On the other hand, PFDTS modified 

LDHs exhibited almost spherical droplets, corresponding to a water contact angle 

of around 156° which was attributed to the superhydrophobic groups of the 

molecules. 
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To understand the repellent nature of modified LDH against different household 

liquids, CA measurement was made to evaluate the potential applicability of the 

coatings. The digital images of coffee, cola, water, and basic solution (1M NaOH) 

and acidic solution on the PFDTS modified LDHs are shown in Figure 107. 

Mentioned liquids stood on the LDHs surface and have shown near sphere drop 

structure exhibiting the good repellency of film against the liquids. Furthermore, 

the chemical stability of contact with the basic and acidic solution is also 

investigated. As is shown in Figure 107 (a-f), the water, basic solution, and light 

acid solution (pH 4), coffee, tea, and cola existed on the S-CeMgAl-LDH surface 

with a near-spherical shape, while acid droplet spread with a relatively smaller 

contact angle on the surface. The findings describe the well superhydrophobic 

nature and its sustainability on interaction with various liquids media. Self-

cleaning is another property for coating applicability for potential environmental 

applications. The self-cleaning properties of the PFDTS modified LDHs were 

estimated by using the graphite powder as a contamination source, as shown in 

Figure 108. Initially, the graphite water suspension was used to evaluate the self-

cleaning properties and record the digital images. Graphite suspension rolled away 

from the film surface without any trace and exhibit well repellency against 

contamination, Figure (108 a-c). Further, graphite powder was deliberately 

positioned on the modified LDH surface and was washed simply with water drops. 

The water drops rolled away and take away the graphite powder and without any 

graphite trace, the initial white film remains. Likewise, the muddy water readily 

rolled away from the coating without traces (Figure 108(d-f)), indicating that the 

coating displayed a good self-cleaning property. The self-cleaning characteristics 

are related to the lower surface energy of LDH after PFDTS modification, where 

adhesion between the surface and graphite contamination is the very week that did 

not allow the contaminations to stick on the LDH surface. As a result, 
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contamination can be easily removed from the surface by water droplets. These 

observations allow us to conclude that a developed superhydrophobic surface can 

protect the surface from pollution/contaminations for practical applications. 

Furthermore, to understand the durability of the developed coatings against 

sunlight, the water contact angles were measured during 30 days of exposure to 

UV lamps (λ = 310 nm). The UV blocking properties of LDHs are well-studied 

phenomena, Wang. G et al reported the excellent UV aging resistance of ZnAl-

LDH in addition to asphalt to highlight the potential applications of LDHs as an 

additive for coating systems prone to UV aging. UV shielding properties depend 

upon the LDHs layer composition and particle size distribution [227]. Herein, the 

UV test aims to assess the effect of UV light on the superhydrophobic properties 

of the coatings. The findings demonstrated the stability of the LDH films against 

UV irradiation, indicating significant resistance to UV irradiation. After 30 days 

of exposure to UV light, a very slight reduction (~1°) in CA is observed (Figure 

109). The LDHs UV blocking resistance is possibly due to the following reasons: 

(a) shielding effect of the LDH layers, (b) UV absorption by interlayer anions, 

[228][229]. It is found that LDHs with various intercalated anions can contribute 

to improving the polymeric/organic materials to resist UV aging without affecting 

the thermal photostability. Furthermore, the LDH improves the oxygen barrier 

properties which can inhibit the thermal aging and UV aging processes, since 

oxygen and free radicals are one of the main paraments affecting the aging 

processes. Furthermore, LDHs particle size distribution and layered composition 

also have an influential effect on the UV aging properties as explained by Mie 

scattering theory and density functional theory calculations [227][230]. S-

CeMgAl-LDH has shown excellent UV radiation resistance, compared to the 

literature studies [231][232]. 
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Figure 106. Digital photos and contact angle images of water on different 

surfaces, (a) anodic film, (b) CeMgAl-LDH, (c) S-CeMgAl-LDH. 

 

 

Figure 107. Contact angle images of different solution on contact with S-

CeMgAl-LDH, (a) water, (b) 0.1M NaOH, (c) acidic solution (pH ~4), (d) tea, 

(e) coffee, (f) cola. 
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Figure 108. Self-cleaning properties of S-CeMgAl-LDH, (a) original coating, (b) 

graphite water roll away from the film, (c) clear film after the exposure with the 

graphite-water system, (d) graphite powder on the film, (e) graphite powder 

taken away by water droplets. 
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Figure 109. Contact angle measurement on exposure with UV radiations as a 

function of exposure time; (a) Digital image after 1 day, (b) 30 days. 

The corrosion resistance properties of the LDHs before and after PFDTS 

modification was evaluated by long term EIS measurement in 0.1M NaCl. EIS 

spectra of all developed samples after 1 h of immersion are represented in Figure 

110. For general comparison among different developed LDH films, the 

impedance modulus at 0.01Hz can be used as a rough estimation of the stability 

and corrosion resistance of LDHs [206]. The electrolyte has been selected in order 

to promote degradation of the LDH layer which allows us to compare the 

systematic inhibitive effect of PFDTS modified and only cerium modified LDH 

in the time scale investigated. Initially, the introduction of cerium ions in MgAl-

LDH is found to effectively enhance the corrosion resistance properties. In our 

previous work, CeMgAl-LDH corrosion resistance behavior, possible protection 

mechanism, and long term EIS measurements are reported in detail[224]. The 

introduction of cerium in LDHs have shown improved corrosion resistance 
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properties, better active and passive corrosion protection and long-term stability 

against corrosive species. The significantly enhanced corrosion resistance of 

cerium based LDHs can be explained by the following; (i) the passive protection 

of compact LDH layer, (ii) the presence of cerium in the LDH frame, which was 

found to protect by its inhibition action by dissolving from the LDHs structure, 

entering the solution and precipitating at the cathodic sites. The modification of 

CeMgAl-LDH with PFDTS was found to furtherly increase the low-frequency 

modulus considerably. It is worthy to note that the low-frequency modulus of 

PFDTS modified LDH is nearly 1.5 orders higher than CeMgAl-LDH and 3 orders 

higher than virgin MgAl-LDH. The time constant in the high-medium frequency 

range corresponds to LDH outer porous network contribution, while the time 

constant in the medium frequency range exhibit the LDH inner barrier layer 

contribution in corrosion resistance properties, while the time constant in the low-

frequency range accounts for the faradic process at the LDH/substrate interface. 

At the high-frequency range, PFDTS modified CeMgAl-LDH has shown a 40° 

larger phase angle than CeMgAl-LDH, while 70° higher than virgin MgAl-LDH, 

which demonstrated the superior characteristic of S-CeMgAl-LDH. S-CeMgAl- 

LDHs after various time intervals of immersion (from 1h to 1200 h) are shown in 

Figure 111. It is observed that impedance modulus in the low-frequency range has 

shown a gradual decline from 1 to 1200 h. The |Z|0.01 value of S-CeMgAl-LDH 

reduced from 108 to about 106.4 Ωcm2 after 1200 hrs, and in the case of cerium 

based LDH, it reduced from 106.5 to about 105.2 Ωcm2, while the decline rate was 

much higher for MgAl-LDH, where a rapid decline from 105.3 to 104.5 (Ω.cm2) 

was monitored only after 168 hrs of immersion.  The findings describe the higher 

stability of S-CeMgAl-LDH. The |Z|0.01 values of modified and unmodified LDHs 

as a function of immersion time are shown in Figure 112. The |Z|0.01 values of 

PFDTS modified CeMgAl-LDH are much higher than other developed LDH films 
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throughout the whole immersion period. Moreover, the declining rate of |Z|0.01 of 

S-CeMgAl-LDH is much slower on exposure with corrosive solutions and 

depicted a much lower |Z|0.01 decreasing rate (~0.6 order) after 168 hrs of 

immersion in 0.1M NaCl solution. The same trend is observed throughout the 

immersion period till 1200 hrs. After 1200 hrs, PFDTS modified LDH has shown 

|Z|0.01 of 106.5 orders, compared to 105.2 of CeMgAl-LDHs. That’s values are still 

much higher than the anodic AA6082 film, where anodic film exhibited 4.6 

(Ω.cm2) after 1 hr of immersion. This defined the performance of the dense 

network of PFDTS CeMgAl-LDH and the influence of cerium addition on the 

LDH stability. The lower degradation rate of S-CeMgAl-LDH verifying the low 

anion-exchange process with chlorides, and improved barrier properties which 

protect the underlying substrate. This long-term stability of the superhydrophobic 

surface can be ascribed to the presence of PFDTS, which are stretched outside the 

surface and highly efficient in long-term protection. Overall, different layers of 

LDH geometry provide a barrier against chloride attack to protect the underlying 

substrate. The first anodic layer sealed by LDH precursors along with precipitation 

of cerium hydroxide/oxides on it, the final upper air film between LDH film and 

corrosive solution, and between them, the presence of dense bilayer LDH network 

for active protection demonstrated compact system for corrosion protection. 

PFDTS intercalated LDHs repelled the permeation of water molecules and 

chlorides, which is a key important parameter of that work. S-CeMgAl-LDH has 

shown significantly superior corrosion resistance due to the following factors: (a) 

PFDTS introduction causes the lowering of surface energy and endorses 

superhydrophobic characteristics which enhanced the active protection for LDHs, 

(b) the presence of cerium in the LDH frame protect by its inhibition action 

through reducing the cathodic reaction rate on contact with corrosive media 

[224][233]. The strong passive and active protection found to develop 
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compactness and integrity of LDHs which is significant for delaying the corrosion 

process and is a powerful approach to enhance the anti-corrosion behavior. The 

SEM images of S-CeMgAl-LDH after different intervals of immersion in the 

0.1M NaCl solution are shown in Figure 113. It is cleared that the LDHs structure 

remains intact after 1200 hrs of immersion, and besides of few LDH curvy plate 

distortions, no other dominant defects were observed. This is well correlated with 

the EIS long-term immersion results. 

 

Figure 110. Bode plots of developed LDHs after 1 h immersion in 0.1M NaCl 

solution. 
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Figure 111. Bode plots of S-CeMgAl-LDH at various immersion times, (a)24 

hrs, (b)168 hrs, (c) 504 hrs, (d) 720hrs, (e) 1200 hrs, (f) CeMgAl-LDH after 

1200 hrs. 
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Figure 112. Impedance modulus at 0.01 Hz at various immersion times, (a) S-

CeMgAl-LDH (b) CeMgAl-LDH, (c) MgAl-LDH, (d) anodic AA6082. 

 

 

Figure 113. SEM images of S-CeMgAl-LDH after (a) 168 hrs of immersion, 

(b)720 hrs of immersion, (c) 1200 hrs of immersion in 0.1M NaCl solution. 

6.2.4. Conclusion 

The PFDTS loaded cerium doped LDHs were fabricated on the porous anodic 

AA6082 alloy to develop a protective, superhydrophobic, self-clean 
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multifunctional LDH system. Initially, the cerium modified MgAl-LDH were 

preferentially grown inside/on porous anodic film to enhance the passive 

protection of LDH based systems, and further PFDTS groups were intercalated 

inside LDH galleries through the ion-exchange mechanism to further enhance the 

corrosion resistance properties. The wettability of the S-CeMgAl-LDH 

hierarchical structure surface has shown WCA as high as 155.6°, strong UV 

shielding effect on superhydrophobic properties, and  ~101.5 orders decline in 

|Z|0.01 after 1200 hrs immersion in NaCl solution. The developed S-CeMgAl-LDH 

has exhibited also remarkable stability against common household solutions and 

has shown interesting long-term anticorrosion behavior.  
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7. Conclusion of the Thesis 

The conclusive remarks have been exposed at the end of each section in the 

experimental section. However, in this section, an overall summary of the thesis 

is presented. 

Synthesis and characterization of layered double hydroxides  

Several LDHs layers were developed directly on the aluminum substrate, where 

the effect of synthetic conditions i.e. Reaction temperature, Aging time, pH, and 

initial salts concentrations are thoroughly discussed following the material's 

physical and electrochemical properties. Herein, Four different types of LDH 

classes are discussed in detail, including the development of Novel CaAl-LDHs, 

where different divalent cationic sources (Mg, Zn, Ni, Ca) were used to develop 

LDH directly on the aluminum (Al) where aluminum provide the source of Al3+. 

Detailed characterization was done by using SEM-EDS, XRD, FTIR, TEM, and 

electrochemical properties were evaluated. The major findings of this section were 

as follows; 

• All developed LDHs successfully promote corrosion resistance 

properties. 

• The thickness of the LDHs film lies in the range of 10 to 35 µm and 

makes an influential impact on the corrosion resistance properties. Films 

thickness can be controlled with the effect of synthetic conditions. 

• LDHs Ion-exchange with the aggressive solution to entrap the chlorides 

inside the LDHs interlayers and the barrier effect was found the main 

mechanism for the protection of aluminum alloys. 

• Various surface morphologies have shown their distinct ion-exchange 

properties and barrier effect due to variation in structural compactness, 

film thickness, and film geometry which make an influence on the 

corrosion resistance properties. 
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• The film has shown a good adhesion with the substrate. 

• |Z|0.01 have shown an increment of 3-5 orders of magnitude in impedance 

modulus,  

• Chloride ions were found in the interlayer’s of the LDH samples, 

demonstrated the LDHs ion-exchange mechanism in contact with the 

aggressive solution. 

• LDHs consist of two dominant layered structures, (a) upper porous layer, 

(b) bottom compact layer, which participates in defining the corrosion 

resistance properties. 

Although LDHs have shown overall better corrosion resistance properties, a long-

time immersion test has shown a rapid decline in impedance modulus of the 

designed protective system. This is generally due to the upper porous layer which 

allows direct contact of electrolyte inside the LDHs framework and provides a 

pathway for the corrosion reaction.  

The developed LDHs corrosion resistance properties have shown the following 

order of impedance modulus; - MgAl-LDH, >ZnAl-LDH, > NiAl-LDH, >CaAl-

LDH. 

To overcome the long term stability issues, there is a need to modify the LDHs 

structural geometry to design a protective system with controlled long term 

corrosion resistance properties 

Calcination of MgAl-LDHs 

Further, the MgAl-LDHs were calcined from 50 to 250 °C to understand the high-

temperature effect on coating structure and electrochemical properties. 

• Calcination was found to decompose the interlayered anions inside the 

LDHs structure and also the decomposition of the hydroxyl group as 

confirmed by XRD, TGA-DSC analysis.  
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• The decomposition of anions inside the structure caused the system to be 

more positive, and also a contraction in basal spacing and compactness 

was observed.  

• That property was found more influential to enhance the corrosion 

resistance properties of LDHs by taking the advantage of memory effect 

of LDHs, however, long-term stability in aggressive solutions was still 

compromising.  

Modification of MgAl-LDHs 

To overcome the stability issues, the following strategies were followed, 

Graphene is introduced inside the framework of LDHs. The interaction of 

graphene with various surface morphologies of MgAl-LDHs is thoroughly 

investigated and their effect on anticorrosion resistance properties was concluded; 

- 

1. Graphene interaction with LDH is confirmed by SEM, FIB, XRD, FT-

IR, RAMAN, EIS characterizations. 

2. Graphene is found to interact with both LDH layers i.e. upper porous, 

and the bottom dense layer which is found to help in the sealing of LDH 

micropores. 

3. A more compact LDH/substrate interface after graphene modification is 

obtained that can protect the metal dissolution against the corrosive 

species and provide better barrier properties. 

4. Impedance modulus against 168 hrs of immersion period in 0.1M NaCl 

solution is reported, where a decrease of 100.3 Ωcm2 impedance modulus 

was observed after 168 hrs. This provides the ability of graphene for a 

considerable long-term protective system. 

5. Graphene/LDHs have shown a hydrophobicity nature, which is also a 

variable to promote corrosion resistance properties. 
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Further, Two different strategies were employed to enhance the corrosion 

resistance properties, firstly the anodization of aluminum substrate, and secondly 

the development of rare eth based LDHs directly on the anodic structure, Cerium 

based Layered double hydroxide were introduced directly on the anodic aluminum 

substrate, where LDHs precursors were found to actively interact with the anodic 

films, sealed the micropores of the anodic film and also act as building blocks to 

develop LDHs directly on the anodic structure to provide barrier properties to 

overcome the challenging aspect of long term protection in section 1, and also 

provide active protection defined by the LDHs, while cerium ions incorporation 

provide self-healing capability and structure compactness and long term 

protection. 

• The CeMgAl-LDH was found intact after 360 hrs of immersion and 

slightly corroded after 760 hrs of immersion and provided stable longer 

period protection (1200 hrs) for the underlying AA6082 substrate.  

• Ce oxides/hydroxides were found on the LDH surface after prolonged 

exposure to the chloride solution. This finding suggested the capability 

of the film to release cerium cations to the environment and their 

capability to precipitate in correspondence of the cathodic sites upon 

reaction with OH- species.  

• The CeMgAl-LDH developed directly on the porous anodic film can be 

potentially used for further functionalization for the enhanced protection 

of aluminum alloys. 

• Overall, this system proves to be effective in terms of structural 

durability, compactness, long-term protection, and adhesion with the 

substrate. 



 
 

255 

 

To endorse multifunctional properties, superhydrophobic, self-cleaning properties 

were achieved, and the effect of UV radiation exposure was discussed to 

understand the outdoor applications.  

1H, 1H, 2H, 2H perfluorododecyl trichlorosilane were incorporated inside the 

cerium modified LDHs interlayers by taking the advantage of ion-exchange 

mechanism, where cerium ions and perfluorododecyl trichlorosilane were 

incorporated inside the LDHs framework, and their combined effect was 

discussed on structural and electrochemical properties.  

• The self-healing capability, interaction with the aggressive solution, EIS 

long-term analysis, and detailed physical characterization were 

conducted. 

 

• The wettability of double doped LDHs hierarchical structure surface 

have shown WCA as high as 155.6°, strong UV shielding effect on 

superhydrophobic properties, and ~101.5 orders decline in |Z|0.01 after 

1200 hrs immersion in NaCl solution., far better than cerium based LDHs 

and also demonstrated the properties for the efficient implementation of 

LDHs based system 

• The developed modified CeMgAl-LDH has exhibited also remarkable 

stability against common household solutions and has shown interesting 

long-term anticorrosion behavior. 

A general comparison of the corrosion resistance properties of various LDHs in 

this thesis and LDHs developed by other authors is compared in Table 29. The 

long-term stability against corrosive media and endorsement of multifunctional 

characteristics have made the LDHs an attractive class to utilize as an 

environmentally friendly coating system. 
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The synthesis procedures adopted in three different ways, considering the 

synthesis setupe view. In the starting work, development of MgAl-LDHs, and 

ZnAl-LDHs were perfomed in three bottle neck heating flash with controlled 

synthesis environment which found to provide higher corrosion resistance and 

comparatively better controlled synthesis of the LDHs. In the second approach, 

open synthetic conditions were adopted, by using a general heating flask so that 

can meet a more easy synthesis way in commercial synthesis point of view. This 

provided, however, relatively poor corrosion resistance properties but after 

modification with corrosion inhibitors this way provide  significant corrosion 

resistance properties and more importantly a way better easy synthesis approach. 

CaAl-LDHs, NiAl-LDHs on the other side were developed at a higher temperature 

so thus Teflon lined autoclave was used to treat the solution at a temperature 

higher than 100 °C. The variation in synthesis approaches may have made an 

impact on the reproducibility of the LDHs thin films on the substrate in that thesis 

work, but the overall concept of different synthesis ways is helpful to decide which 

way is more compatible as per the decided criteria. A general comparison of the 

total resistance of Literature work and current work is made below. However, it 

must keep in mind that corrosive solution molarity, film thickness, and coating 

substrate have a significant influence on the final total resistance of the layered 

double hydroxide-based system and that parameters are influentially different in 

the Literature work. 
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Figure. Comparison of the total resistance obtained from EIS spectra fitting for 

neat and inhibitor exchanged LDH coatings (Table 14), and current work.  



University of Trento, Italy 

   
Table 29. Summary of Layered double hydroxide-based systems developed on the aluminum alloys. 

LDH 
Substrat

e 

Potentiodynamic curves Electrochemical impedance spectroscopy 

Ref. Electroly

te 

(NaCl) 

icorr sub. 

(A cm-

2) 

icorr film 

(A cm-2) 

Electroly

te 

(NaCl) 

Immersio

n time 

(h) 

Rpol 

(Ώ.cm2) 

Rcoat 

(Ώ cm2) 

ZnAl-NO3 
2024 

-- -- -- 
0.05 ⁓1000 

105 -- 
[93] 

ZnAlV2O7 -- -- -- 106 2×103 

MgAl- NO3 
Pure Al 3.5 wt% 

1.5×10-

7 

1.95×10-8 
3.5 wt % 336 

3.3×106 82 
[95] 

MgAl-8HQ 1.02×10-9 44.3×106 128 

MgAlNO3 

6061 -- 0.05M 10 

9.3×107 9.0×105 

[96] MgAl-

C6H5COO 
3.7×109 5.2×107 

AN.ZnAl 

2198 -- 0.5M -- 

1.0×106 6.1×102 

[97] ZnAl-VO3 1.0×107 8.6×102 

ZnAl-VO3 9.7×106 4.9×103 

PEO-

ZnAlVOx 
2024 

-- 

0.5 wt % 72  47×103 [98] 

PEO-

ZnAlNO3 
2024 0.05M 336 1.8×107 2.3×104 [99] 
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PEOZnAlV

Ox 
-- 3.3×104 

MgAlNO3 6082 0.1 M 
7.5×10-

6 
8.3×10-10 0.1 M -- -- -- [113] 

MgAlNO3 
6082 0.1 M 

7.5×10-

6 

1.9×10-11 
0.1 M 1 

-- 4.2×109 
[234] 

MgAlNO3 6.3×10-10 3.8×108 2.3×108 

MgAlNO3 6082     168 7.8×103 3.5×105 [113] 

CaAlNO3 6082 0.1M 
7.5×10-

6 
7.0×10-10 0.1 M -- -- -- [235] 

ZnAlNO3 6082 0.1 M 
7.5×10-

6 
3.5×10-9 0.1 M 1 3.6×104 1.8 × 104 [164] 

ZnAlNO3 6082 0.1 M 
7.5×10-

6 
5.3×10-9 0.1 M 1 2.3×105 3.8 × 105 [164] 

NiAlNO3 6082 0.1M 
7.5×10-

6 
1.4 ×10-9 0.1 M 1 1.4×106 2.9×104 [236] 

CeMgAlNO3 6082    0.1 M 1200 7.5×107 3.8×105 [237] 

CeMgAlNO3 6082    0.1 M 1200 4.7×103 6.3×105 [237] 

ZnAlNO3 
Pure Al 3.5 wt% 

4.4×10-

6 

1.1×10-7 
3.5 wt% 1 

-- 9.9×104 
[238] 

ZnAl-La 6×10-8 -- 1.2×105 

NiAlNO3 6082 0.1 
7.5×10-

7 
1.410-9 0.1 1 2.5×109 1.4×106 [239] 
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NiAl-CO3 Pure Al 3.5 wt% 10-6 10-9 -- -- -- -- [100] 

MgAl-oleate 

Pure Al 

-- -- -- 

3.5 wt % 168 

6.8×106 8.2×104 

[102] 
MgAl 

Laurate 
-- -- -- 7.0×1011 9.1×105 

MgAl 

stearate 
-- -- -- 6.0×1010 1.1×106 

MgAl-SA 5005 3.5 wt% 
1.3×10-

5 
2.0×10-8 -- -- -- -- [94] 

ZnAl NO3 
6N01 3.5 wt% 

4.7×10-

6 

5.3×10-5 
3.5 wt % 168 

-- 1.9×1010 
[240] 

ZnAl/RGO 4.3×10-8 -- 2.4×1010 

ZnAlNO3 

2024 

-- -- -- 

3.5 wt % 48 

7.4×103 2.3×102 

[105] ZnAlMO -- -- -- 2.9×104 9.9×102 

ZnAlMO/G

N 
-- -- -- 3.9×105 2.4×103 

LiAlNO3 

A6N01 3.5 wt% 

0.32×1

0-6 
0.19×10-6 

3.5 wt% 120 

3.5×105 -- 

[111] 
LiNO3/Vanil

lin 

0.32×1

0-6 
0.03×10-6 3.5×107 3.8×109 

MgAl-FAS-

13 
6061 3.5 wt% 

1.5×10-

4 
7.9×10-6 3.5 wt% 408 3.7×103 -- [131] 

MgAl-PVA 5054 -- -- -- 3.5 wt% 480 3.3×104 7.4×104 [241] 
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ZnAl V2O7 2024 -- -- -- 0.5M 1 -- 1.0×104 [242] 

  



University of Trento, Italy 

   

8. Future outlooks 

This work summarizes the significant approaches and synthetic conditions 

used to develop the LDHs on aluminum substrates to develop a smart coating 

system to protect the metallic surface from corrosion. LDHs based systems have 

proven an efficient approach to protect aluminum alloys. The hybrid 

inorganic/organic coating systems, utilization, and investigation of the number of 

corrosion inhibitors/pigments have created a new generation of multifunctional 

responsive coatings. Yet the size and geometry of the defects healed following the 

self-healing characteristics of LDHs, the controlled release of inhibitors in 

different reactive situations, the response of LDH on the occurrence of multiple 

damaging, pitting corrosion healing, and facile synthesis of defects free, low time-

consuming LDH preparation are still open questions with limited solutions. 
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9 Appendices  

 

 

 

 

 

 

LDHs for the removal of Arsenic from Drinking Water 
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9.1. Sorption of As(V) from aqueous solution using in-situ growth MgAl-NO3 

layered double hydroxide thin film developed on AA6082 

Multifunctional LDHs properties have made them an attractive choice for the 

development of an environmental pollutants treatments system, that offers unique 

characteristics along with memory effect where thermal treatment causes the 

recovery of the original structure. We have studied here the pollutant removal 

capacity of the LDH, and arsenic is used as a model pollutant. Arsenic 

contaminations in groundwater are considered a serious hazard for human health 

as well as for the ecosystem due to their toxicity and carcinogenic nature. 

According to the World health organization and the United States, Environmental 

Protection Agency (USEPA) provided guidelines; the maximum arsenic level 

should be less than 10µg/L in the drinking water [243]. In that scenario, it is very 

alarming to find a much higher concentration of arsenic in drinking water in 

different regions throughout the world due to the presence of geological resources 

of arsenic in that area and also due to anthropogenic pollution from different 

industrial processes. It is estimated that 150 million people in 70 different 

countries are at risk of arsenic contaminations [244], while the rapid increase in 

industry pollutants worldwide is causing more discharge of non-biodegradable 

heavy metals [245]. Therefore, it is indispensable to develop low-cost efficient 

water purification technologies to purify drinking water from heavy metals.  

Several approaches have been reported to remove arsenic, for instance, solvent 

extraction electrodialysis, membrane technologies, adsorption, coagulation, and 

ion exchange with certain limitations. The LDHs have been attained an attractive 

choice along with versatile properties for the expansion of new applications in 

various fields. Herein, we have designed LDHs based system for the removal of 

arsenic from drinking water. The anion exchange mechanism, LDH memory 
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effect, and corrosion resistance properties all made LDH a better choice for the 

development of the system for water treatment systems. 

9.1.1. Synthesis of Mg-Al layered double hydroxide film. 

The in-situ growth layered double hydroxide film is developed on the AA6082 

substrate (3.14 cm2), based on our previous work [113]. The specimens were 

initially ground with silicon-carbon paper, started from 500 grit paper to 1000, 

2400, and 4000-grit respectively. The samples were cleaned with deionized water 

and further ultrasonically in pure ethanol for 15 minutes. Lastly, the specimens 

were immersed in a 0.1M aqueous NaOH solution for one minute to etch the oxide 

layer on the surface of the alloy. From our previous study, we selected two 

different synthesis conditions to develop distinct MgAl-LDH morphologies i.e. 

Cauliflower and platelet-shaped structure. The following combinations were used 

for that purpose, 0.008 MgNO3 & 0.048 NH4NO3 and 0.028 MgNO3 & 0.084 

NH4NO3 at 60 ˚C and 80 ˚C respectively at a pH of 10 for 24 hrs of crystallization 

time. After that, the developed coated specimens were dried at room temperature. 

9.1.2. Characterization 

The structural characterization of MgAl-LDH film is done by the SEM (JEOL 

-IT300 microscope equipped with an EDS detector), while XRD patterns of the 

calcined and uncalcined LDH coated samples were recorded by X-ray 

diffraction (XRD) (X'Pert High Score diffractometer - Rigaku, Japan) by using 

cobalt K-α (λ=1.789 Å−1) emission source at 10 mA and 30 kV conditions. The 

arsenic concentrations in the solution were determined by the atomic absorption 

spectrophotometer (AAS Vario 6, analytic jena (Germany)). To investigate the 

adsorption behavior, MgAl-LDH specimens were dipped in 20 mL model 

solutions of various arsenic concentrations (0.01 to 0.1 M) for 24hrs. To determine 
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adsorption kinetics, 0.1M arsenic solution (500mL) was used to investigate 

adsorption behavior as a function time at room temperature. The Lagergren 

Pseudo-first order and the pseudo-second-order fittings models were employed to 

understand the mechanism of As(V) sorption on Mg-Al LDHs.  

9.1.3. Results and Discussion 

Figure 114 shows the XRD patterns of MgAl-LDHs before and after the As(V) 

adsorption. It can be seen that as-prepared as well-treated specimens have shown 

the characteristic peaks of layer double hydroxide structure, as described in the 

literature [246]. The characteristics peaks of (003), (006), (009) crystal planes are 

attributed to the presence of the MgAl-NO3 LDH structure. The sharp and 

symmetric characteristics peaks demonstrated a well crystalline and ordered 

structure of MgAl-LDH. The LDH structural peaks after As(V) adsorption have 

shown similar original LDH characteristics peaks, which describe the intactness 

of layer double hydroxide structure which was further confirmed by the SEM 

analysis. The intense reflection peaks of (003) at low 2θ value exhibited the 

interlayer distance (d003) of ≈ 0.90 nm and ≈ 0.89 nm for cauliflower and platelet 

LDH structure respectively. The comparatively high interlayer thickness of 

cauliflower LDH structure may be attributed to strong NO3
-1 intercalation inside 

the galleries of brucite-like structure. However, due to the formation of carbonate 

anions, a small absorption peak of d003 for the MgAl-LDH platelet structure can 

also be observed. The intensity and broadness of the reflection peaks vary after 

the As(V) intercalations, which indicates the anion exchange interaction between 

As(V) in the solution and nitrates in the LDH galleries. After the anion exchange, 

the d003 value decreased; possibly due to the new orientation of As(V) inside the 

layers, the water molecules reorientation during the anion exchange process, and 

also due to the HAsO4
-2 ionic radius, moreover reduced interlayer distance 
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described the strong electrostatic interaction between the positive layers and the 

intercalated anions [247]. As revealed from the SEM observations (Figure 115-

116), compact and uniform interviewed LDH structures were obtained, which 

retained almost their original shape after the adsorption, but there can also be seen 

a few aggregations of particles on the MgAl LDH surface, So we can assume that 

during the adsorption, two possible interactions took place, (1) physical 

interaction of LDH surface with the As(V), and (2) anion exchange process 

between the nitrates and As(V). Figure 117 shown the EDS findings after 

treatment of MgAl-LDH with a 0.1M arsenic solution, it is clear that after 

treatment MgAl-LDH structure mainly contains Mg, Al, As, and oxygen, while 

the small amount of carbon was also evident in EDS study, caused by the 

contaminations, which results in the formation of carbonate anions. 

 

Figure 114. XRD patterns of cauliflower and platelet MgAl-LDH before and 

after treatment with different sodium arsenate concentrated solutions (a) 
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Cauliflower MgAl-LDH as prepared (b) 0.06M (c) 0.08M (d) 0.1M, (e) Platelet 

MgAl-LDH as prepared, (f) 0.06M (g) 0.08M 

  

 

Figure 115. SEM images of platelet MgAl-LDH film with adsorption in different 

(Na3AsO4) concentration solutions for 24 hrs, (a) as prepared LDH, (b) 0.02M 

(c) 0.04M, (d) 0.06M, (e) 0.08M, (f) 0.1M. 

 

Figure 116. SEM images of cauliflower MgAl-LDH film with adsorption in 

different (Na3AsO4) concentration solutions for 24 hrs, (a) as prepared LDH, (b) 

0.02M (c) 0.04M, (d) 0.06M, (e) 0.08M, (f) 0.1M. 
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Figure 117. EDS spectrum of MgAl-LDH (cauliflower) after treatment with 

0.1M sodium arsenate concentrated solutions. 

The arsenic adsorption isotherms (adsorption capacity) were measured by varying 

the initial arsenic concentrations in the model solution for a contact period of 24 

hrs, as shown in Figure 118. The amount of adsorption is found to increase with 

the increase of arsenic concentration in the solution (from 0.02 to 0.1 M) at a pH 

of 7. It is also interesting to note that, cauliflower-like LDH structure has shown 

the highest arsenic adsorption value (239 mg/g) compared to that of platelet 

structure (206 mg/g), possibly due to its high film thickness and of greater 

contoured nano-sheets which relatively increase its surface area. But overall, both 

structures have effectively removed the arsenate from the water. The equilibrium 

arsenic adsorption amount was calculated by Equation.1 [248]. 

q =
V(Co − Ct)

m
     (1) 
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Where “V” is the volume of the solution in L, Co is the initial arsenic concentration 

while Ct is the concentration at time t in mg/L. q (mg/g) is the amount of arsenic 

sorbed (mg/g) at a time “t” on MgAl-LDH,  and “m” is the sorbent mass (MgAl-

LDH film) “m” in grams calculated by the mass difference of before and after 

MgAl-LDH formation on AA 6082 substrate (the specimens were dried at 60˚C 

for 40 min before mass measurement). Figure 118, shows the graphical 

relationship between qe and Ce, it is clear that the adsorption capacity of the MgAl-

LDH structure increases with the increase of the amount of As(V) in the model 

solution, because of larger concentration gradient which causes an increase of 

mass transfer driving force and leads to the availability of more arsenate molecules 

on the MgAlLDH active sites. 

 

Figure 118. Equilibrium adsorption isotherms of Mg-Al LDHs by varying the 

initial As(V) concentration in the arsenic solution. 
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Further, the results of adsorption experiments were fitted by using the Langmuir 

model and Freundlich model to analyze the adsorption behavior of arsenate on 

MgAl-LDH. The general assumption of the Langmuir model is the uniform 

adsorption process with the context that each adsorption surface consisted of 

identical binding sites with monolayer adsorption behavior. The linear form of the 

Langmuir model can be written as follow, 

Ce

 qe 
=

1

b×Qo
+ 

Ce

Qo
     (2) 

where Ce/qe (mg/g)is the equilibrium ratio between the concentration of adsorbate 

ions and the number of adsorbate ions adsorbed per unit weight of MgAl-LDH, 

Qo is associated with the maximum adsorption capacity, while “b” is termed as 

Langmuir constant. If Ce/qe is plotted against Ce, then from the slope and intercept 

of this plot, Q0 and b can be determined, respectively (Figure 119). 

On the other hand, the Freundlich model is another empirical description of non-

ideal adsorption on the heterogeneous surface and provided an idea about the 

multilayer sorption with the description that the binding surface energy reduces 

with the increase of solute adsorbed on the surface. The Freundlich model is 

expressed as:  

logqe = log k +  
1

n
 logCe  (3) 

By plotting log qe versus log Ce, the coefficients “k” and “n” can be determined if 

a straight line is obtained. Freundlich isotherms for As(V) adsorption on MgAl-

NO3 LDHs are shown in Figure 120. The correlation coefficient values and 

isotherm constants of Langmuir and Freundlich isotherms are listed in Table 30. 

From the obtained fitting results, it can be seen that the maximum adsorption 

capacity of As(v) was found by the Langmuir model with high linearity (Table 

31). The maximum adsorption capacities of cauliflower and platelet structure for 

Langmuir As adsorption isotherms are found to be 239 and 212 mg/g respectively. 
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The results obtained by the Langmuir model are also in close agreement with the 

results obtained by Equation (1). So, we can say that the cauliflower-like MgAl-

LDH structure has shown slightly better performance than the platelet-like 

structure. The results obtained here are also relatively higher than the MgAl-LDH 

synthesized by the co-precipitation method, from literature studies (Table 32). 

[249][18, 20-23]. 

 

Figure 119. A highly linear Langmuir adsorption isotherm of As(V) by Mg-Al 

LDHs. 
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Figure 120. Freundlich isotherm of As(V) by Mg-Al LDHs. 

Table 30. Langmuir and Freundlich parameters for As(V) removal by Mg-Al 

LDHs. 

 

 
LDH structure Langmuir Model   

R2                   Qo (mg/g) (L/mg) Slope 

Platelet 0.985 212.8 

 

0.0010 

 

0.0047 

Cauliflower 0.984 238.1 

 

0.0008 

 

0.0042 

 Freundlich model   

 R2 K 1/n Slope 

Cauliflower 0.994 6.622165 0.42 

 

0.416 

Platelet 0.998 7.063176 

 

0.42 0.421 
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Table 31. A comparison study with other reports to adsorb As(V) by MgAl-

LDHs 

Layer double hydroxide 

(Adsorbents) 

Synthesis method Adsorption capacity 

(mg/g) 

As(V)  References 

 MgAl-NO3LDH  

(Cauliflower Structure) 

Insitu 239 This work 

MgAl-NO3-LDH   

(Platelet Structure) 

Insitu 212 This work 

MgAlNO3-LDH co-precipitation 143 Rahman et 

al.[249]  MgAlNO3-LDH co-precipitation 77 Rahman et 

al.[249] MgAlNO3-LDH co-precipitation 100 Dousova 

et al.[250] MgAlCO3-LDH co-precipitation 45 Wu et 

al.[251] MgAlCl-LDH co-precipitation 88 Wu et 

al.[251] MgAlNO3-LDH (calcined) co-precipitation 216 Yu et 

al.[252] MgAlCO3-LDH co-precipitation 121 Huang et 

al. [253] 

9.1.4. Kinetics of As(V) removal 

Figure (121-122) shows the adsorption of arsenate by Mg-Al–NO3 LDHs as a 

function of time to understand the kinetics of As(V) removal. With time, As(V) 

concentration decrease in the solution which caused the declination of the mass 

transfer due to lowering of static driving forces. Therefore, we can say that the 

adsorption is rapid initially at the start of the process when there was a high 

gradient of concentration and then it decreased with time until the system 

approach equilibrium. For the kinetics modeling and understanding of the 

mechanism of arsenate adsorption, Lagergren pseudo-first-order and pseudo-

second-order were studied. Lagergren equation is used (Equation 4) to 

understand the adsorption kinetics, in the case of a pseudo-first-order process, 

the Lagergren equation after integration with the conditions  
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(qt=0 at t=0, qt=qt at t=t) is expressed in Equation 5. Where qt is the amount of 

arsenate adsorbed in mg/g at time t, k1 is the time constant (min-1), while qe is the 

equilibrium adsorption value in mg/g at time t (calculated by the extrapolation of 

the experimental data). Equation 6, expressed the pseudo-second-order Lagrange 

equation, where k2 is the second-order rate constant in g/mg×min. The pseudo-

first-order kinetic model provides a general idea about the rate of change of 

arsenate concentration with time and states that the change in the concentration 

of the adsorbate and the amount of adsorbent over time is logarithmically 

proportional [254]. While a pseudo-second-order kinetic model suggests that the 

number of active sites occupied on the adsorbent is directly proportional to the 

adsorption capacity. The pseudo-first-order [255] (Eq. 5) and pseudo-second-

order (Eq. 6) [256] is described as;  

dqt

dt
=  k1(qe − qt)    (4) 

ln(qe − qt) = ln(qe) −  k1t   (5) 

1

qt
=  

1

k2 (qe
2)

+ 
t

qe
   (6) 

The correlation coefficients (R2-values), rate constants, and other parameters for 

these two kinetic models were calculated from the respective slope and intercept 

and tabulated in Table 36. The pseudo-first-order model has shown a lower 

correlation (low linearity) than the pseudo-second-order model, which indicates 

the pseudo-second-order model as a better approach for the As(V) removal 

kinetics. Due to second-order reaction kinetics, we can say that the ion exchange 

of nitrate with As(V) is the rate-determining step [257]. Therefore we can 

conclude about the As(V) mechanism, that the reaction rate of arsenate adsorption 

mainly dependent on the anion exchange process between nitrate ions and As(V) 

and also that the rate of reaction depends upon the concentrations of NO3
-1 ions 

bound to the MgAl-NO3-LDH and As(V) ions in the model solution. It can also 
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be concluded that the anion exchange process effectively takes place between the 

NO3 and HAsO4
-2, due to the relatively higher charge density of HAsO4

-2 ions. The 

SEM and XRD analysis already confirmed that the basic LDH structure remains 

almost intact, which is aligned with the above description of the mechanism.  

 

Figure 121. Pseudo-first order model for As(V) removal by Mg-Al LDHs. 
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Figure 122. Pseudo-second order model for As(V) removal by Mg-Al LDHs. 
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Table 32. Kinetic parameters for As(V) removal by Mg-Al LDHs. 

Kinetic model LDH morphology Qe (mg/g) R2
 K1 slope 

 

Pseudo-first order 

Platelet 99.86194 

 

0.913 0.0057 0.0057 

Cauliflower 102.3293 

 

0.915 0.0058 0.0058 

 LDH morphology Q2(mg/g) R2
 K2 slope 

 

Pseudo-second order 

Platelet 113.6364 

 

0.986 0.004188 

 

0.0088 

Cauliflower 122.1001 

 

0.982 0.001454 

 

0.0082 

 

Figure 123 shows the as-prepared MgAl-LDH film thickness along with 

respective EDS analysis in at. % in-plane scanning mode, while the thickness is 

around 38± 0.98 and 52±1.06 µm for platelet and cauliflower-like structure 

respectively, measured by the cross-sectional analysis of the film. Figure 123 

(insets) shown the MgAl-LDH surface, just for representation, after treatment with 

0.1M sodium arsenate solution for 24 hr, the MgAl LDH film have sustained the 

initial structure and no dissolution was observed on contact with the arsenic 

solution. 
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Figure 123. The MgAl-LDH thickness of the as-prepared films; PL-Platelet 

structure, CF-Cauliflower structure along with EDS atomic percentage, insight is 

the specimen surfaces after treatment with Sodium arsenate for 24hrs, platelet 

structure a) 0.08M, b) 0.1M, Cauliflower like structure c) 0.08M, d) 0.1M. 

9.1.5. Conclusion 

From the obtained findings in this study, it can be concluded that surface 

morphologies of MgAl-LDH have an influential effect on the arsenic adsorption 

capacity, and here cauliflower-like structure has shown slightly better adsorption 

capacity (238mg/g) compared to the platelet structure (212mg/g). The results also 

showed that the Langmuir model has shown the better fitting of the adsorption 

capacity while the Lagrange pseudo-second-order equation better translates the 

kinetics of arsenic adsorption. From the results, it is clear that arsenic adsorption 

occurs due to (1) surface adsorption, (2) and by the anion exchange of NO3
-1 ions 

with the As(V), but the anion exchange process of NO3 and As(V) is the main 
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arsenic adsorption process. The in-situ growth MgAlNO3-LDH adsorption 

capacity of arsenate was found to be higher as compared to the MgAlNO3 LDH 

developed by the co-precipitation method (literature study), possibly due to the 

higher film thickness, high surface area, and layer by layer uniform structural 

geometry of in-situ growth MgAl-LDH. This work could be useful also as a 

baseline for the possible utilization of such systems as a coating material for the 

removal of arsenic. 
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