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Abstract 

This thesis work mainly focuses on the development of electrically conductive and highly 

electrochemical degradation resistant thin film solid oxide coatings (TFSOC) on C45E 

inexpensive low carbon steel and the evaluation of their applications in Proton Exchange 

Membrane Fuel Cell (PEMFC) technology. For this purpose, the thesis work involves the 

studies on how these novels TiSiN TFSOC prepared at different annealing temperatures in the 

nitrogen (N2) atmosphere suppress degradation processes against the harsh acidic PEMFC 

environment during long-term immersion in standard condition solution (SCS). The reasonably 

low corrosion current density (Icorr) and the steady value of corrosion potential (Ecorr) of the 

coated specimens over the long period confirm that the TFSOC can effectively restrain the 

surface electrochemical degradation caused by the highly acidic condition. Results also 

demonstrate that both N2 atmosphere and niobium (Nb) with a more obvious impact than the 

N2 significantly improve the electrical conductivity of the TFSOC. The presence of doped N2 

in the TFSOC and its electrochemical reaction (dissolution/transport) with H2SO4 in the 

PEMFC simulation environment, as well as the presence of iron oxide phases of the reference 

sample (RS) in the structure of the TFSOC are the cause for the effective and stable mechanism 

known as formation and consumption of metal ions, which has happened due to the restoring 

effect of TFSOC. Finally, the enriched N2 at the RS/TFSOC interface decreases the anodic 

dissolution ratio, thereby reducing the Icorr and established the degradation resistance with high 

protective efficacy for the long-term operation. Following the formation of the metal oxide, the 

metal ions at a rate corresponding to the Icorr passed through the passive film. As a consequence, 

the degradation resistance can be constant over a long time in the presence of corrosive ions 

without raising the thickness of the passive film. These observations lead us to the conclusion 

that the TFSOC have long-lasting high resistance in the SCS, which is suitable for cost-

effective metal interconnects in PEMFC applications. 
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Chapter 1 

Introduction to the Principles of Electrochemical Degradation 
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Electrochemical degradation has been discussed in this chapter as one of the most relevant 

problems of energy production equipment. It also includes an introduction to the principles of 

electrochemical degradation in different environments to identify the challenges of this 

phenomenon in the field of sustainable metal-based materials production. Finally, 

electrochemical degradation products, formation mechanism and their advantages as protective 

passive layers have been studied. 

1.1. Electrochemical Degradation in the New Energy Technologies 

The increased use of non-renewable fossil fuels, the scarcity of these resources and the 

environmental issues generated by their use have caused the development of alternative 

renewable energy sources as a source of future energy [1,2]. The potential advent of renewable 

and green energy in electricity generation for the future is inevitable for a variety of reasons. 

In addition to the solar, geothermal, biomass resources and fuel cell technology have now 

become very significant [3,4]. In the meantime, hydrogen is expected to provide a significant 

proportion of the energy supplies required for future generations due to its unique properties. 

In the extent that the experimental data of scientists suggest the future energy source belongs 

to hydrogen and its associated technology [5,6]. Proton Exchange Membrane Fuel Cell 

(PEMFC) technology, which transforms hydrogen into electricity and heat through a chemical 

reaction with oxygen, is one of the promising technologies for generating electricity due to its 

advantages such as high performance, environmental friendliness, high energy density, no 

noise and pollution [7,8]. Due to the complexities of this technology and its extensive range of 

applications, as well as its numerous impacts on the energy economy, environment, transport 

and industries, considerable attention has been given to the development, avoidance of 

production challenges and the affordable use of this technology [9-12]. Metallic materials are 

attractive candidates for use as interconnectors in PEMFC applications due to their high 

electrical conductivity, thermal properties and high mechanical efficiency [13,14].  
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However, PEMFC metal interconnections (PEMFCMI) as much more common materials suffer 

from severe degradation in the harsh acidic and humid environment inside the fuel cell stack 

[15,16]. Subsequently, degradation attack and product formation on the surface of the metal as 

the most critical challenges will greatly increase the interfacial contact resistance (ICR), which 

gradually leads to durability problems for other parts and significantly decreased the output 

power from the fuel cell stack [17,18]. Therefore, investigation on developing of novel low-

cost metal-based materials with excellent electrically and electrochemical degradation 

resistance ex-situ in a simulated cathode/anode environments or situ in a real operating PEMFC 

system and complementing this with long-term analysis is crucial in developing the next 

generation of cost-efficient, flexible and durable interconnect metal-based materials. 

Environmental sustainability is one of the biggest challenges and most important targets of 

modern technological research. Sustainable development of low-cost and renewable fuel is a 

critical issue for efficiently harnessing earth’s energy [19,20].  

To construct energy supply equipment, it is necessary to use cost-effective materials with long-

term stability and reliability. Under certain conditions, the transmission and energy supply 

equipment must operate in a variety of conditions e.g., highly acidic, humidity and/or corrosive. 

This may induce electrochemical degradation and gradual deterioration of the machinery 

[21,22]. Electrochemical degradation of components causes a decrease in apparent device 

quality contributing to higher equipment repair costs and more maintenance losses for the 

industry [23]. Extensive researches have engaged in serious scientific to identify the new 

methods and materials to reducing and preventing corrosion over the past decades in pace with 

the growth progress of various industries [24,25]. Using the scientific principles and results of 

these studies in the implementations of special rules and methods for the control or prevention 

damages caused by this phenomenon extremely useful have been implemented and 

considerable progress has been achieved [26,27]. The phenomenon of electrochemical 

degradation is one of the major challenges in the energy generation and transmission industries. 
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Environmental contamination caused by leakage of fuels and lubricant leading to 

electrochemical destruction is of great concern owing to the presence of carcinogenic [28,29]. 

The explosion of new technologies and materials instead of traditional methods in addition to 

reducing costs and waste have improved the pace of construction and the safety of energy 

supply projects [30,31]. In general, the mechanism of electrochemical degradation is correlated 

with a variety of parameters in different environments [32]. Therefore, long-term use of devices 

in different conditions and environments is one of the important limitations of engineering 

designing and manufacturing energy production and transmission equipment in the three main 

dimensions of economy, safety and waste reduction [33,34]. Further, the use of innovative 

technologies and cost-effective materials with excellent electrochemical properties are of 

considerable significance due to the variety of applications and diverse environments [35,36]. 

In addition to the advantages of using materials resistant to electrochemical degradation, the 

study of electrochemical behavior, as well as the commercialization and industrialization of 

these materials are also important.  

1.2. Definition and Examples of Electrochemical Degradation 

The deterioration of materials due to reactions with their liquid or gaseous environment is the 

currently accepted broad definition of corrosion. From a practical point of view, the term 

materials refers to various materials such as ceramics, glasses, metals, polymers and 

composites utilized for construction within the different applications. The complexity of this 

interpretation can be adequately appreciated by considering some examples of corrosion 

instances: 

 Electrochemical degradation of magnesium- [37], zinc- [38] and iron- [39] based as 

bioabsorbable (or biodegradable) implant materials in their corrosive service 

environments of isotonic solution (0.9 or 0.85 wt.% NaCl solution). 

 Electrochemical degradation of different stainless steel as exhausts system of 

automobile due to high temperatures, corrosive exhaust gases such as water vapor, 
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carbon dioxide, nitrous oxides and hydrocarbons as well as high pressure inside the 

exhaust system [40]. 

 Hot electrochemical degradation of super-alloy components and their coatings under 

operating conditions as gas turbine blades due to the accumulation of deposits such as 

Na2SO4, NaCl with SOx and other compounds of the alkali metals and alkaline earth 

metals [41]. 

 Electrochemical degradation of pipeline systems in the oil and gas industry due to the 

pH, carbon dioxide partial pressure, acetic acid, multiphase flow effect, temperature 

and condensation [42]. 

 Electrochemical degradation of different types of metals interconnects in fuel cells 

causing the release of various metallic ions such as Fe2+/Fe3+, Cr3+ and Cu2+ severely 

poisoning the catalyst layers and finally deteriorating the performance of the fuel cell 

stack [43-46]. 

1.2.1. The Need to Control Electrochemical Degradation 

Electrochemical degradation occurs in various forms in industry and indicates a significant 

reduction in the value of materials that have been exposed to the direct chemical impact. In the 

concerns for the natural environment and the global energy infrastructure such as energy supply 

and transmission, it is a significant economic and safety challenge [47]. Notably, this serious 

problem clearly depletes our natural resources. The global electrochemical degradation costs 

are estimated at US$ 2.5 trillion or 3.4% of the global Gross Domestic Product (GDP) [48]. 

Moreover, in these costs typically neither individual safety nor environmental consequences 

are included [49]. Besides, the mentioned costs only relate to direct costs [50]. Indirect costs 

arising from the interruption of production, reduction of equipment efficiency resulting in a 

loss in productivity and exit from operating conditions according to plans (overhead cost of 

delays) are expenses that can be added to the direct costs, which might sum up to millions of 

dollars inflicting losses per day, which are estimated to be equal to the direct cost [51].  
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These stats indicate that investment decisions in the protection of materials from 

electrochemical degradation are, by all means, economically justified. The economy would be 

drastically changed if there were no electrochemical degradation and it would appear safe to 

say that almost everyone is at least somewhat familiar with this degradation form. It is common 

and varied mechanisms, which can not entirely be avoided from their associated costs but can 

be significantly minimized. However, the application of novel protection technologies suggests 

that reductions between 15% and 35% of the expense may be achieved; i.e., enormous 

reductions between US$ 375 and $875 billion, astronomical savings on a global basis [52]. In 

summary, the effective use of appropriate and novel methods of protection and control may 

maintain society's general health, minimize financial, human and environmental hazards and 

eventually save huge amounts of expenditures. Also, in consideration of the devastating effect 

of electrochemical degradation on metals [53], alloys [54], and equipment types [55], the 

emerging protective technologies may minimize natural resources over-harvesting and help 

support the proliferation of green energies such as fuel cells [56]. 

1.2.2. Basic Terminology, Reactions and Variables in Electrochemical Degradation 

Different metals and alloys are corroded electrochemically due to the presence of species in 

the solution as an environment supporting the cathodic reaction. The primary mechanism and 

the simplest form of electrochemical degradation can be seen in Figure 1.1. The transition of 

metal atoms from the solid to the solution where they exist as ions as represented in Equation 

(1.1) is known as corrosion reaction [57]. It is assumed that these metal ions are separated from 

the metal surface at selected sites such as dislocation and grain boundaries. Then they pass 

through the interface and are coordinated by water molecules forming hydrate complexes [58]. 

Due to the continuity of this reaction on the metal surface and loss of electrons from the metal 

atom owing to transfer, this results in corrosion on the surface. As a result of this reaction, 

various forms of corrosion can occur on different types of metal. However, the presence of 

electrons in the solution is not freely conceivable, and so the electrons released in an oxidation 
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reaction must be consumed at the same time as a reduction reaction. The oxidation reaction is 

sustained by the consumption of the electrons in an anodic reaction (Equation 1.2) occurring 

on the metal surface in ranging from positions of a few atom distances up to several square 

meters [59]. These reactions may not be distinguishable due to proximity or even they can also 

move easily to change the positions [60]. In consequence, the ratio of the cathode to anode area 

ratio is also one of the most important factors impacting electrochemical degradation. The 

electrochemical degradation ratio can further depend on several factors such as O2, Fe2+ and 

H+ species that are related to both cathode and anode reactions or even thermodynamic driving 

forces or kinetic of several steps, which are generated by other constituents in the solution [61]. 

M → Mm+ + me−   (Eq 1.1) 

Xx+ + xe− → X        (Eq 1.2) 

Figure 1.1. The basic electrochemical degradation process in solution. 

1.3. Electrochemical Degradation Mechanisms on Metals 

The variety of mechanisms whereby deterioration occurs in materials especially different types 

of steels is large due to the particularly broad definition of electrochemical reaction with the 

environment as well as the driving force that causes metals to corrode are the natural 

consequence of their unstable existence in the form of the metal [62,63]. Based on this 

assertion, it is important to know that the electrochemical degradation generally takes place at 

the interface of metals and environments as a significant factor, which is created via atomic, 
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molecular, or ionic transport process [64]. From the standpoint of the electrolytic theory [65] 

the explanation of this process is not difficult to comprehend, and so far has been found usually 

involves more than one definable step. Assuming that the rate of the overall reaction is 

essentially controlled by the slowest step, this rate requires to be as slow as possible to avoid 

continuous electrochemical degradation until catastrophic failure. Electrochemical degradation 

is characterized as a chemical reaction involving the transfer of electrons, so it is crucial to 

understand the fundamental nature of the reactions [66]. Nevertheless, these processes cannot 

be thoroughly analysed on the atomic scale and therefore it is appropriate to infer possible 

mechanisms from indirect measurements and observations [67]. For obvious reasons, 

measurements of electrical potential and current might infer electrochemical degradation. 

Zhang et al. [68] investigated the electrochemical degradation behavior of stainless steel (SS) 

316L (SS316L) in pure water and boric acid solutions. Electrical potential and open circuit 

potential evolution (OCP) have been used to evaluate corrosion behavior at different 

temperatures from 50 °C to 185 °C over the long immersion time (7 days).  

The corrosion rates based on the weight loss method showed that increase in the immersion 

time and temperature caused in enhancing the corrosion rate. They also pointed out that the 

rate of corrosion that has been successfully evaluated by electrical potential and OCP is 

changed by different solutions and immersion time. However, suggested by the work of Zhu et 

al. [69] the corrosion rate and pitting sensitivity increase with the alternating current, which 

affected the stability and protective property of the passive film on the super-duplex stainless 

steel in 3.5% NaCl solution. The rate of change in weight or dimensions and corrosion products 

in the environment as well as changes in mechanical and physical properties can also be used 

to evaluate electrochemical degradation. He Wei et al. [70] investigated the electrochemical 

degradation of medium-carbon steel via determining the weight of the sample after removal of 

corrosion products. The results have shown that with an increase in the content of the alloying 

elements the possibilities of corrosion occurrence were reduced. Samanbar et al. [71] studied 
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the relationship between the electrochemical degradation and physical properties of steel 

surface after 250 days. The surface of the steel specimens with compact and porous crevices 

showed indication of corrosion regardless of the level of cathodic polarization as well as in the 

anodic polarization case. Grain size also has a significant influence on electrochemical and 

physical properties. Xiaoqian Fu et al. [72] proposed a relationship between the grain size and 

its uniformity on corrosion resistance of SS316L. The result has shown that the grain 

uniformity and grain boundary intermetallic have a significant impact on the stability of passive 

films, which contributed to increasing the electrochemical resistance to degradation. Marta et 

al. [73] similar concept and result, presented the effect of grain size and grain boundary on the 

electrochemical response of commercially pure aluminum. However, the relationship between 

electrochemical degradation and several critical factors of metals such as environment, texture, 

residual stress, and impurity segregation is known [74]. Also, the possibility of further 

improving the properties of electrochemical degradation resistance by different annealing has 

been investigated. Low-temperature annealing offers a fast, simple and low-cost way to further 

enhancement of mechanical and corrosion properties, which are crucial for metals and alloys 

[75,76]. Besides, a model described the growth of duplex oxide such as Fe2O3 layers by high 

annealing temperature, which restricted the electrochemical degradation by the outward 

diffusion of metal ions along grain boundaries in the oxide [77]. 

1.4. The Elementary Electrochemical Degradation Circuit 

 

Aqueous electrochemical degradation can be easily understood in terms of dead shortened 

batteries or electrochemical cells based on cathodic and anodic reactions, as seen schematically 

in Figure 1.2. Originally, net oxidation and reduction reactions occur at cathodic and anodic 

sites due to their inherent nature, respectively. Owing to the nature of electrochemical oxidation 

in different environments, these sites cannot be easily detected and separated [78]. In the 

electrochemical cell, the calculation of corrosion current (Icorr) is of fundamental importance 

[79]. By defining the area of the anode through, which the current flows, the rate of Icorr can be 



 
 

10 
 

determined and, as a result, valuable information can be extracted from this system. The use of 

current density to analyse the rate of corrosion in chemical techniques is becoming increasingly 

popular. According to Faraday's law [80] (Equation 1.3), Icorr is specifically connected to the 

corrosion intensity or corrosion penetration rate as essential parameters in electrochemical 

degradation studies.  

Figure 1.2. The elementary electrochemical degradation circuit. 

In general, Faraday's law has been commonly used to measure the mass loss of different steel 

during electrochemical degradation [81]. It is also clear that the mass of weight loss can be 

determined by the oxidation reaction (Equation 1.1) that occurs on the metal surface during the 

degradation process. As schematically shown in Figure 1.3, considering a surface of the metal 

with the area of Aa as an anode, it is observed that the current flows (Equation 1.4) to the 

surface counter opposite to the electrons and finally enters the solution in the form of positive 

actions of the ions. As a consequence, the metal decomposes and gets lost to the solution and 

electrochemical degradation occurs in places where internal current flows to the metal surface 

or conversely. Therefore, the Icorr of electrochemical cells must be measured as an effective 

parameter to examine the corrosion behavior of metals. 

icorr =
Icorr

Aa
  (Eq 1.3) 

Inet,ox = Iox,M − Ired,M = Icorr ≈ Iox,M  (Eq 1.4) 
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Therefore, due to the transfer of ions or even electrons from the metal interface to the solution 

at the anodic and cathodic sites the differences electrical potentials, Δϕa and Δϕc occur 

according to the Equations (1.5) and (1.6), respectively [82]. M and S subscripts are designate 

the metal and solution phases, respectively. 

∆ϕa = ϕM,a − ϕS,a  (Eq 1.5) 

∆ϕc = ϕM,c − ϕS,c   (Eq 1.6) 

Figure 1.3. Ionic and electronic current components flow of the metal surface referenced in 

the derivation of Faraday’s law. 

 

As a result, the flow of electrons from the anodic to the cathodic site in the metal due to these 

potential differences constitute an electrochemical cell. As can be seen, due to the higher 

potential above of anode solution compared to the cathode ϕS,a > ϕS,c the current flows from 

the anodic to the cathodic site. As a result, this current can be defined as a positive quantity. 

As can be seen in Figure 1.2, the potential difference between the anode and cathode reactions 

when the current passing the interface is defined by E′′M and E′′X, respectively (E′′M= E′′X). 

Therefore, in this case, the driving potential (Δϕs) for the current in the solution can be: 

∆ϕS = ϕS,a − ϕS,c = (ϕM,a − ∆ϕa) − (ϕS,c − ϕc)   (Eq 1.7) 



 
 

12 
 

Also, the potential difference in metals is very small (ϕM,a ≈ ϕM,c) because in different 

conditions are of low electrical resistance. As a result, the driving potential for the solution 

current with Equation (1.7) is as follows: 

∆ϕS = ∆ϕc − ∆ϕa = E′′X − E′′M  (Eq 1.8) 

Also, using Ohm's law (Equation 1.9) with I as a current, V as a voltage and R as a resistance 

states that the current through a conductor between two points is directly proportional to the 

voltage across the two points. 

V = IR   (Eq 1.9)   

Since the values of E′′X and E′′M relate to the corrosion current of the electrochemical cell and 

recognizing that Ohm’s law must apply and the current through a conductor between two points 

is directly proportional to the voltage across the two points, the corrosion current based on the 

Ohm's law is: 

Icorr = E″
X − E″

M/(RS + RM)   (Eq 1.10) 

By consideration the area of the anode through, which the current flows the rate of corrosion 

penetration can be calculated with the help of RS and RM as a resistance of the solution and 

metal paths, respectively.  

1.5. Electrochemical Degradation Processes and Variables 

Before examining in detail the electrochemical degradation theories and their quantitative 

calculation bases, it may be useful to identify the effects of the different environments in order 

to develop qualitatively and use the new protective techniques. Transport of mass across the 

surface to the environment as oscillations can generally be considered as an electrochemical 

reaction in engineering materials such as metals. Steady-state and dynamic behavior such as 

simple and complex periodical oscillation, quasi-periodicity and chaos might well be 

demonstrated by chemical reaction systems [83]. Since electrochemical degradation causes the 

release of metal ions to the environment and electron movement is necessary within the 

material, this mechanism can occur only if the environment can contain ions and the material 
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can conduct electrons [84]. The most important case of electrochemical degeneration is the 

simple degeneration of metals in aqueous solutions that most commonly occur as rust, which 

forms on the surface of the metals. In this mechanism, metal atoms arising from electron and 

ions can migrate away via space between the metal interfaces to the solution. To sustain the 

reaction, these ions are simultaneously consumed by species in the contact with the metal 

surface [85]. In more complicated cases, at sufficiently high temperatures the precipitate 

compounds such as hydroxides and oxides can be formed by moving metal ions into solution 

by forming complex ions and combining with other species in the solution [86,87]. The 

following sections review the general types of metal and corrosive environment combinations, 

the chemical reactions involved, idealized mechanisms for transition metal ions to the 

environment, and the electrochemical processes occurring at the interface between the metal 

and the aqueous environment. 

1.5.1. Electrochemical Degradation With pH and Dissolved Oxygen as Variables  

The occurrence of an electrochemical degradation is defined as a chemical reaction involving 

the transfer of electrons. The most straightforward corrosion reactions for metals (M), which 

seem to be thermodynamically unstable in water are generally assumed as Equations (1.11) 

and (1.12). Thus, the chemical reaction, which involves oxidation and reduction with transfers 

of electrons, the metal passes from the metallic state to ions of valence m in solution with the 

evolution of hydrogen, which is occurring in the metal interface and solution [88]. The 

hydrogen ions reaction in the acid solution is considered directly related to the increased 

concentration of the hydrogen ions in the corrosion medium. Progressively it is considered at 

higher pH and to neutral and alkaline conditions with water molecules. Therefore it can be 

concluded that the system can show different behaviors depending on the medium [89]. In 

general, two processes are involved in the electrochemical reaction: M to Mm+ that is performed 

in all reactions and mH+ to m/2H2 in acidic solution, both involving a change in charge. The 

changes in charge are accomplished by electron transfer from M to H+.  
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Since the metal phase is the electron conductor, it acts as an electron carrier and enables the 

above-mentioned two processes to be performed separately on the metal surface [90]. As a 

consequence, these processes occur in positions with atomic sizes, which continuously change 

over time, resulting in uniform surface corrosion, which is represented schematically in Figure 

1.4. [91].  

 

Figure 1.4. Electrochemical degradation supported by different controlled pH values. 

In addition to the aforementioned reactions, when dissolved oxygen is present in the solution, 

however, the following reactions as Equations (1.13) and (1.14) might occur due to the 

presence of oxygen, which is represented schematically in Figure 1.5. Because two reactions 

consumed the electrons in this situation, the metals corrosion rate can also increase compared 

to the other conditions. Therefore, it can be concluded that metals can have different 

electrochemical behavior due to the pH of the solution, surface composition and etc. in different 

environments. For this reason, it is important to study and evaluate the mechanism of 

electrochemical degradation to find different protective methods against corrosive metals due 

to their environmental service. 

M + mH+ → Mm+ +
m

2
H2                       at pH < 7    (Eq 1.11) 

M + mH2O → Mm+ + mOH− +
m

2
H2  at pH ≥ 7    (Eq 1.12)  

M +
m

4
O2 + mH+ → Mm+ +

m

2
H2O      at pH < 7    (Eq 1.13)              
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M +
m

4
O2 +

m

2
H2O → Mm+ + mOH−   at pH ≥ 7    (Eq 1.14)       

 

Figure 1.5. Electrochemical degradation supported by controlled pH in acid with pH < 7. 

 

1.5.2. Solid Corrosion-Product Formation: Corrosion Acceleration versus Passivation 

Metal rusting is a clear example of the formation of corrosion products as described in Figure 

1.6 [92]. Under low pH conditions, the Fe3O4 in black and Fe(OH)2 may form on the surface 

of the metal [93]. Most remarkably, oxygen is a highly reactive element that can spontaneously 

oxidize different types of metals. Therefore, red oxide iron such as Fe2O3 and FeO(OH) also 

can be formed in the presence of oxygen and water, which are generally known as significant 

causes of metal corrosion. As seen schematically in Figure 1.7, the process of formation of 

oxides harmful such as Fe2O3 under a wet-dry cyclic condition, which contributes to further 

corrosion of the metal surface is somewhat similar to galvanic electrochemical cell [94]. As 

can be seen, the oxidation-reduction cycle occurs by oxidation (anodic site) and reduction 

(cathodic site) half cycles in two different parts of the same metal surface. The anodic site is 

where the concentration of oxygen is low and the cathodic site typically forms where the 

oxygen concentration is high. According to Equation (1.15), various metals are oxidized with 

the loss of electrons under conditions of continuous moisture saturation. During this process, 

the metal atoms at the site of the anode release electrons and flow through the metal (as an 

electronic conductor or internal circuit) to the cathode site. Therefore, the cathodic half-cycle 
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reaction occurs in the cathodic site as shown in Equation (1.16). At the same time as electrons 

are transferred from the anode to the cathode in the metal, the Fe2+(aq) ions arising from the 

anodic half-cycle also flow to the cathodic site through water droplets on the metal surface 

resulting in the formation of Fe(OH)2(s) precipitate rust deposits as shown in Equation (1.17) 

on the metal surface in the forms of either the soluble ferrous iron or the insoluble ferric iron. 

The water droplets are known as a super-ionic conductor or external circuit due to the high and 

fast transmits of ions. As result, the Fe(OH)2(s) is oxidized by oxygen and water to Fe(OH)3(s) 

precipitate, which is generally assumed as Equation (1.18). Finally, as shown in Equation 

(1.19) the Fe(OH)3 is decomposed to form iron (III) oxide-hydroxide or ferric oxyhydroxide as 

a result of the removal of residual water. 

Fe(s) → Fe2+(aq)+2e−                                                     (Eq 1.15) 

O2(g) + 2H2O(l) + 4e− → 4OH−                                    (Eq 1.16) 

Fe2+(aq) + 2OH−(aq) → Fe(OH)2(s)                           (Eq 1.17) 

4Fe(OH)2(s) + O2(g) + 2H2O(l) → 4Fe(OH)3(s)     (Eq 1.18) 

4Fe(OH)3(s) → 2(Fe2O3. 3H2O)(s)                               (Eq 1.19) 

 

Figure 1.6. Electrochemical degradation with solid corrosion product deposit. 
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Therefore, it can be concluded that those metal surfaces that form a more porous oxide such as 

iron (III) oxide-hydroxide as harmful iron rust or worse, which are generally converted to 

soluble species under a wet-dry cyclic environment may result in a continuous loss of metal 

surface and electrochemical degradation can ultimately lead to metal failure [95,96]. However, 

it has also been shown that the formation of such layers of corrosion products due to the 

introduction of barriers against the diffusion of ions and oxygen into the metal influences the 

corrosion process and reduces the rate of corrosion [97]. The formation of these solid corrosion 

products can be a significant factor in corrosion control and consequently can have strong 

contributions to the improvement of the economic performance of equipment. These products 

are formed when the concentration of metal ions passing into the solution reaches a critical 

concentration, i.e. the surface corrosion rate is initially high. Since at the metal-solution 

interface, the metal ion concentration is the highest, it can be concluded that the precipitate 

appears to form on or near the metal surface [98]. If these precipitates do not adhere to the 

surface of the metal and their solubility is very low and due to the continuous removal of these 

ions from the solution the concentration of metal ions will remain at a low value and the 

corrosion rate may increase as a result.  

However, if these products adhere to the metal surface in the form of continuous and nonporous 

layers or films, the corrosion rate is greatly decreased due to the avoidance of ion diffusion. 

Therefore, a complex mixture of these products with corrosion-resistant solid oxides such as 

titanium and silicon can be an intelligent solution for the use of these solid corrosion products 

to control electrochemical degradation using cost-effective methods to form non-porous films 

on the steel surface. Extensive research has been carried out on the formation of thin-film by 

these products with the mentioned oxides (cf. Chapter 3 and 4) in order to increase the 

resistance of electrochemical degradation of different steels as substrate. It has also been shown 

that if the combination of these products with different films is low in terms of electrical 
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conductivity, the resistance against electrochemical degradation will increase as a result of the 

difficulty of electrons to reach the solution interface to perform cathodic reactions [99]. 

 

Figure 1.7. Basic electrochemical degradation process of metal under wet-dry cyclic condition.  
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1.6. Summary of Literature and Overview of Electrochemical Degradation 

 

The economic significance of electrochemical degradation control was examined. It has also 

been found that this phenomenon plays a major role in the industries economic losses and the 

environment. Processes involved in the corrosion of metal as an important engineering material 

in various solutions have been reviewed and it has been observed that this phenomenon shows 

different behavior under the influence of pH as one of the main parameters as well as ambient 

temperature. The different steps and the mechanism of electrochemical degradation in aqueous 

solutions were investigated and it has been shown that the effect of various physical and 

chemical factors such as penetration and electrical conductivity may affect the behavior of 

electrochemical cells. It has also been shown that the formation of insoluble corrosion products 

under certain circumstances may increase and, eventually, reduce the corrosion rate with a 

mechanism comparable to cost-effective protective coatings. It was also concluded that it may 

not be possible to separate anodic and cathodic areas in the electrochemical metal system due 

to fast and extreme degradation. Furthermore, the electrochemical cell analysis showed that the 

corrosion current is essentially the most important factor in the investigation of the metal 

degradation rate in aqueous environments. It has also been demonstrated that most metals have 

the potential to be passivated, which may significantly control electrochemical deterioration 

over a long period. 
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Chapter 2 

Introduction of Polymer Electrolyte Membrane Fuel Cell and their Interconnects 
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In this chapter, the PEMFC has been considered as one of the most significant developments 

for green energy production. It also includes an introduction incorporating the background 

knowledge and principles of polymer electrolyte membrane fuel cell to recognize the 

challenges of these technologies in the field of sustainable energy development. Finally, the 

structure, operation mode and advantages of these types of fuel cells have been studied. 

2.1. Introduction of Fuel Cell 

Humans have gone through different periods in terms of energy resources. The discovery of 

oil and the recognition of its benefits especially in transport industries have gradually caused a 

rapid development and transformation in the oil industries [100]. According to life-cycle 

energy consumption, most of the energy needed by humans was supplied from crude oil and 

its derivatives. However, as a result of oil combustion, greenhouse gasses such as carbon 

dioxide are released, which would melt the ice and gradually increase the temperature of the 

planet [101]. For understandable reasons, however, the use of fossil fuels has intensified 

environmental pollution and the greenhouse effect has affected humans and animals alike.  

As a result, due to environmental concerns such as global warming, population growth rate, 

technological advances as well as the gradual depletion of the world's oil resources the use of 

renewable energy sources has been considered [102]. One of the cost-effective resources that 

would be a viable alternative to fossil fuels is hydrogen, which is used in a fuel cell that converts 

chemical energy to electrical energy [103]. Considering the advantages of hydrogen over other 

fuels such as green, renewable, zero-emission, it can be argued that hydrogen energy and its 

technology is the solution for the huge present and future energy requirements as a new energy 

era [104]. A fuel cell is a system that transforms chemical energy directly to electrical energy 

and it was first invented by William Grove in 1839 [105]. In a fuel cell system, the reactants 

enter the cell continuously and the products are constantly exiting [106]. As a result, the fuel 

cell can operate continuously with almost zero pollutants and greenhouse gases without moving 

any mechanical parts since all operations in a fuel cell system are controlled by the diffusion 
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of reactants and products. It is also highly efficient since the conversion of energy actually 

occurs directly. 

2.2. Technologies and Types of Fuel Cells 

Although the fuel cells have the same components and functionality as the green power 

generation system, they are different in several respects. A fuel cell is an energy generator 

device that is theoretically able to generate electrical energy as long as the oxidizing agent and 

fuel are supplied to its electrodes [107]. Nonetheless, electrochemical degradation and 

malfunction of the components reduce the working life of the fuel cell [108]. Various types of 

fuel cells are at different steps of development that can be categorized according to fuel type, 

fuel converter, oxidizing agent, generator, the electrolyte types and operating temperature 

[109]. Such various types of fuel cells operate somewhat differently from each other but 

generally consist of three main components: a cathode, an anode and the electrolyte or 

membrane [110]. The most common classification of the fuel cells is according to the type of 

electrolyte and temperature operation. Fuel cells are typically categorized into the following 

types depending on the type of electrolyte and fuel which determine the electrodes reactions 

are [111-116]: 

 Alkaline fuel cell (AFC) 

 Direct methanol fuel cell (DMFC) 

 Molten carbon fuel cell (MCFC) 

 Phosphoric acid fuel cell (PAFC) 

 Proton Exchange Membrane Fuel Cell (PEMFC) 

 Solid oxide fuel cell (SOFC) 

 

On the other hand, the commonly available fuel cells which could be classified according to 

operating temperature are shown schematically in Figure 2.1. All of these types of fuel cells 

have advantages and challenges that allow them to be used in a specific field. While it is not 

complicated to describe how a fuel cell operates, it is difficult to develop a low-cost, efficient 

and reliable fuel cell [117]. For example, as a major disadvantage to using fuel cells as electrical 

sources, the electrical energy produced by a single fuel cell is only appropriate for small-scale 
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applications, therefore, several individual fuel cells are typically combined in series to form a 

fuel cell stack in order to achieve adequate operational power output [118]. 

Figure 2.1. Principal types of fuel cells by temperature and their electrochemical reactions. 

2.3. Proton Exchange Membrane Fuel Cell (PEMFC) 

PEMFCs have attracted significant attention due to their lightweight, relatively easy 

maintenance, low-temperature operation and high power density [119]. Owing to the increasing 

need for clean energy, the PEMFC is expected to play a major role in the energy economy 

aiming for a green energy future [120]. PEMFCs are promising energy conversion devices to 

meet the threats from chemical pollution with long term environmental benefits for the planet, 

as well as to adapt to the growing energy demand as a safe and effective technology [121]. The 

most important advantage of PEMFC over other energy conversion devices is that the cell 
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generates electricity through a chemical reaction with a high power density, low in weight, start 

quickly as well as low-temperature operations (less warm-up time) [122]. Therefore, it can be 

concluded that the PEMFC has no thermodynamic constraints of energy conversion on the 

Carnot cycle [123]. As a result, the PEMFC can extract more efficiently and effectively energy 

from the fuel. Furthermore, heat dissipation from the fuel cell can be controlled and used to 

increase system efficiency to preserve the temperature for the chemical reaction [124]. PEMFC 

is considered a fuel cell of choice for different industrial applications due to its low operating 

temperature between 80 °C and 200 °C [125]. A graphical representation of PMFCs illustrating 

essential components is shown in Figure 2.2. As can be seen, the PEMFC stack assembly 

consists of anode, electrolyte and cathode with the membranes (Nafion®), gas diffusion and 

catalyst layers in series with interconnectors which are sealed with endplates [126].  

Figure 2.2. Schematic diagram of a PEMFC with its main components. 

It can be seen in Figure 2.3 that the anode side with the negative electrode of the fuel cell is fed 

with hydrogen gas, whereas the oxygen or air reaches the cathode side of the cell with the 

positive electrode to distribute oxidant to the surface [127]. As the transport medium of 

hydrogen ions, the electrolyte membrane is employed. The platinum catalyst is utilized to split 

the fuel and oxidant at the anode and cathode interface, respectively [128]. Thanks to the use 

of hydrogen, water is only generated as a by-product in the entire energy conversion cycle of 

PEMFC, which is of great significance for renewable energy that can be accepted as a 
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replacement for fossil fuels [129]. The efficiency range of PEMFC is from 40% to 50% with a 

maximum power output up of 200 kW, which is suitable for a variety of applications [130]. 

 

Figure 2.3. Typical construction of single-layer PEMFC components. 

2.3.1. PEMFC Basic Chemistry and Mode of Operation 

As described previously, PEMFC is an electrochemical system that transforms hydrogen and 

oxygen into electricity and water is released as a by-product at low operating temperatures. 

However, the PEMFC system encounters a variety of technical challenges, such as the control 

of water in the gas channels, the supply of oxygen and the high sensitivity to impurities which 

eventually cause electrochemical degradation [131,132]. A key component of PEMFC is the 

membrane, which allows the protons to pass through while the electrons are routed into an 

external circuit [133]. In the next step, hydrogen is split (oxidized) at the anode/electrode 

interface into protons and electrons according to Equation (1). Subsequently, the protons and 
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electrons travel through the supply routes to the cathode site via the electrolyte and 

interconnect, respectively, where the protons and electrons are consumed with oxygen to form 

water as can be seen in Equation (2).  Finally, this oxygen reduction reaction (ORR) kinetics 

occurring simultaneously on both sides of the anode and cathode membrane to form the overall 

reaction as given in Equation (3). 

H2 → 2H+ + 2e−                    (Eq 2.1) 

1

2
O2 + 2H+ + 2e− → H2O   (Eq 2.2) 

H2 +
1

2
O2 → H2O                    (Eq 2.3) 

In addition to other operational parameters to losses within the cell, the thermodynamic voltage 

(Ethermo) can also negatively affect the PEMFC output power. In other words, the output 

voltage of PEMFC depends on electrode potential difference between the anode and cathode, 

which is known as Ethermo or cell potential [134]. The overall reaction of the water formation 

(one mole of H2O) can be obtained by combining one mole of H2 and a half mole of O2. 

Therefore, the theoretical estimation of Ethermo from this overall reaction as one of the most 

significant parameters on the performance of the PEMFC output power is required. Therefore, 

as given by Equation (2.4) and Equation (2.5) the measurement of the Gibbs free energy (∆G) 

of water under the standard condition (25 °C and 1 atm) using pure H2 and O2 gasses could be 

used efficiently for the analysis of Ethermo [135].  

∆G = ∆G of products − ∆G of reactants    (Eq 2.4) 

∆G = ∆G0 − RT ln (
aH2

× aO2

1
2

aH2O
)               (Eq 2.5) 
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Where ∆G0 is a standard Gibbs free energy of the overall reaction (Equation (2.3)), R is the gas 

constant of 8.314 J mol-1 K-1, T is the temperature in Kelvin (K) and the aH2
, aO2

, aH2O are 

activities of H2, O2 and H2O, respectively. Theoretically, it can be assumed that all of ∆G0 is 

transformed into electrical energy if there are no losses in the PEMFC system [136]. However, 

when the reaction occurs in a single cell, all reactants are involved and the theoretical 

Ethermovalue of 1.229 V can be determined under the standard condition from the free energy 

of Gibbs as given by Equation (2.6). 

Ethermo =
−∆G0

n. F
  (Eq 2.6) 

Where n = 2 is the number of moles of electrons transferred during cell reaction and 

F=6.23×1023 is the Faraday constant. However, due to cell overpotential (η) and irreversible 

losses such as activation (ηact), ohmic (ηohmic) and concentration (ηconc) the output potential 

(V) of the operation PEMFC is indeed lower than the Ethermo [137]. Therefore, it can be 

concluded that due to the different phenomena the operating cell voltage (E) is a number of 

losses extracted from the reversible theoretical fuel cell voltage as specified by the Nernst 

equation (Equation (2.7)) [138]. Where Erev is a reversible voltage and Eirrev is an irreversible 

voltage loss. Therefore, owing to measuring the error of actual voltage the output voltages (V) 

of the PEMFC stack can be expressed by Equation (2.8). 

E = Erev − Eirrev   (Eq 2.7) 

V = Ethermo − ηact − ηohmic − ηconc    (Eq 2.8) 

Among all these factors, ηohmic has a significant effect on the V, which can be caused by 

PEMFC stack resistance such as electrical and electrochemical degradation resistance of the 

interconnectors [139]. These losses can be seen in a full range of currents in the PEMFC stack 

due to resistance to ion flow in the electrolyte and electron flow through electrode materials 

which are directly related to the property of the interconnector. Since the ionic flow in the 
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electrolyte obeys the law of Ohm and is directly proportional to the current, the equation can 

be expressed as Equation (2.9) [140]. Where the ASR is an area-specific resistance per unit of 

(Ω cm2). 

ηohmic = j × (ASRohmic)     (Eq 2.9) 

As described before, several PEMFCs are connected in series to meet the voltage requirements 

for industrial applications. This requires interconnectors to connect single cells and build up 

stacks. The specific properties and functions of interconnects also known as bipolar plates will 

be described in the following sections. 

2.4. Introduction of PEMFC Interconnectors  

 

The interconnector is a key component of PEMFC since it allows the connection of the cathode 

of a single cell with the anode of the adjacent cell forming a stack [141]. The material and 

manufacturing of this important component make up a significant fraction of the cost and 

weight of the PEMFC stack. The interconnectors accounting for more than 80% of total stack 

weight and a very significant portion of about 45% of the total PEMFC stack costs [142]. The 

placement of interconnects in PEMFC stacks is displayed in Figure 2.2. As can be seen, the 

gas and water flow channels are machined or stamped directly on the surface of the 

interconnector. Due to the presence of these interspaces as channels for inlet and exit of the 

reactant gases in the corrosive environment that are responsible for the homogeneous delivery 

and distribution of fuels, as well as the natural chemically/electrochemically reactions of metals 

with corrosive medium to form a stable compound, a significant portion of the ηohmic from 

interfacial contact resistance (ICR) of approximately 11% happens in the cell system, which 

reduces PEMFC efficiency [143]. Therefore, in order to improve the efficiency and 

commercialization of PEMFCs, environmentally-friendly, quick and cost‐effectiveness 

techniques such as surface modification and protective coatings are essential for understanding 

and modifying electrochemical degradation of interconnectors. 
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2.4.1. PEMFC Interconnector Features and Requirements 

The reduction in volume and weight and, consequently, the overall cost of the PEMFC are 

considered to be the main motivation for the research on interconnections. In general, 

interconnects are an electrical connection between a single cell cathode and an anode of the 

adjacent cell in a PEMFC stack to satisfy a certain voltage requirement [144]. These 

interconnectors are designed to perform several functions, such as separates physically the two 

adjacent cells, supply and disperse fuel gas and oxygen uniformly within the active PEMFC 

surface by gas flow channels [145]. As a multi-functional component, it avoids leakage of 

reactants and coolant via control and management of heat and water transfer within the cell in 

addition to ultimately provide electrical connections from the cathode of one cell to the anode 

of the next cell [146,147]. Finally, it provides the structural integrity of the stack between the 

Nafion membranes and electrodes [148]. The most severe requirements for PEMFC apply to 

the interconnection that should follow the standards set out in Table 2.1 by the United States 

Department of Energy (DOE) to execute the above-mentioned multi-functions [149,150]. As 

presented above the most important performance indicating parameters for a PEMFC 

interconnector are interfacial contact resistance or have good electrical conductivity, high 

resistance to electrochemical degradation and suitable mechanical strength with acceptable cost 

and lightweight for materials and processes. 

Table 2.1. DOE technical targets for PEMFC interconnect. 

Characteristic Value Units 

Density <5 g cm-3 
ICR <10 mΩ cm2 
Electrical Conductivity >100 S cm-1 
Flexural Strength >60 Mpa 

Corrosion Rate <1 µA cm2 
Stack Weight at least g (kw)-1 

Stack Volume at least cm3 (kw)-1 

Stack Cost <3 $ (kW) -1 
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2.4.2. PEMFC Interconnect Materials 

 

Main materials for PEMFC interconnector are generally falling into two categories, which 

include non-metallic materials such as graphite or polymer-based composites and metallic 

materials such as stainless steel, aluminum, titanium and copper. A high-density graphite plate 

has historically been used to manufacture interconnect because of its intrinsic electrical 

conductivity and excellent resistance to electrochemical degradation in the aggressive PEMFC 

environment [151]. However, owing to its molecular composition as high-molecular-weight 

materials, the graphite interconnects not only has poor mechanical properties but also is a 

difficult material to machine the gas flow field channels which are adding manufacturing costs 

[152]. Recently, to achieve high electrical conductivity with sufficient mechanical strength as 

known as disadvantages of graphite interconnect various types of graphite-filled polymer were 

developed as high-performance composite interconnecting materials [153,154]. Carbon-based 

composites PEMFC interconnect are generally made from various fillers and polymer-matrix 

which satisfies the properties of DOE criteria [155]. Graphite composites in a polymeric matrix 

as a PEMFC interconnect has increased mechanical stability and fracture toughness [156]. 

However, due to the high electric resistance of the polymer matrix, the filler is required to attain 

adequate electrical conductivity, this high loading can lead to brittleness and cracking [157]. 

In consideration of the disadvantages of graphite and its composite with various forms of 

polymer, there are clear technological and economic benefits of replacing conventional 

graphite and their matrix with metals as appropriate material for PEMFC interconnect 

[158,159]. The possibility to satisfy PEMFC interconnector requirements has been shown in 

metallic materials with a reasonable electric conductivity, formability and machinability, gas 

permeability and excellent mechanical properties [160]. The low density and reasonable 

mechanical properties of the metallic interconnect have demonstrated the potential for transport 

applications as they are exposed to shock and vibration. As a consequence, effective inhibitory 

action to avoid cracks and leakage of the reactant gas is also an important advantage of the 
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metallic interconnection [161]. Compared to graphite, metallic materials have a comparatively 

low cost with good electrical properties and simplicity of machining which can be easily 

manufactured by stamping in large quantities [162]. Therefore, stainless steel (SS), titanium 

and aluminum alloys are commonly studied as basic materials for PEMFC interconnecting due 

to their unique properties [163]. In addition to the qualities of metals mentioned here, stainless 

steel is a popular option to use as PEMFC interconnection because of its features such as good 

degradation resistance, excellent interfacial conductivity, good mechanical properties, flexural 

strength, high hardness, low residual stress, abundance, lower cost and range of alloying 

options [164]. Various types of stainless steels, including austenitic, ferric, martensitic and 

other grades can be used with a lower thickness compared to graphite, which achieves a higher 

power density and decreases the weight and volume of the PEMFC interconnector [165,166]. 

As stated in Section 2.4.1, the necessary parameters required for interconnect materials are 

closely interlinked with each other, and the identification and selection of the material that 

satisfies all the criteria are exceedingly difficult. Graphite is brittle and porous with low gas 

impermeability has a high-cost, which makes it difficult to meet the criteria for manufacturing. 

While carbon-polymer composite materials have low electrical conductivity and poor stability 

which cannot meet the requirements of DOE standards at the same time. As a major concern, 

the metallic interconnects suffer from severe electrochemical degradation and high ICR during 

operating in the highly acidic environment of the PEMFC [167,168]. A combination of these 

variables hurts overall power and no single material could meet all the proposed property 

requirements at the same time. However, out of all the materials under consideration, SS has 

emerged as the most promising to better meet the DOE targets after appropriate modification. 

For this purpose, the problems can be minimized to a significant extent by using different 

protective coatings on top of the metal surfaces which is the main focus of this research. 
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2.4.3. Electrochemical Degradation of PEMFC Metal Interconnector 

As mentioned in Chapter 1, metals can be electrochemically degraded due to ions or electrons 

leaching that adversely affects their efficiency and durability, which can poison the PEMFC 

and reduce the fuel cell output [169]. It has also been shown that the interconnects operate in a 

harsh acidic medium of pH around 4~5 and high humidity of 90% as PEMFC working 

conditions containing acidic ions such as SO4
2−, SO3

2−, HSO4
− and etc [170]. The anode side of 

PEMFC is a reducing environment due to the presence of hydrogen and its passes to the cathode 

side. As a result, it can be concluded that the anode-side is more corrosive than the cathode-

side due to the formed unwanted hydride and the presence of H+and F− ions in the corrosive 

medium [171]. At the cathode, due to air or oxygen reduction, metal dissolution can cause 

contamination and the oxidizing environment contributes to oxide formation of PEMFC metal 

interconnect, which increases the contact resistance resulting in the loss of efficiency and even 

the failure of the cell [172]. Furthermore, regarding the influence of electrocatalysts ions on 

oxygen reduction reaction, control of active degradation sites and stabilizing the surface 

structure can be also affected by the mechanism of metal ion catalyst reaction [173]. Therefore, 

the dissolved metal ions thus have a detrimental effect on the activity of the catalyst layer, 

which reduces cell efficiency. 
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2.4.4. Summary of PEMFC Metal Interconnect  

In summary, this review assessed that stainless steel and its alloys are considered to be adequate 

candidates for use in the PEMFC system to satisfy commercial applications. However, 

problems related to electrochemical degradation and ICR in the working environment for 

PEMFCs under extreme conditions, weakly acidic containing F−, SO4
2− and Cl− have 

significantly restricted its large-scale application. In addressing these issues, many research 

approaches have been focused on surface modification treatments and various protective 

coatings with considering the cost to provide and enhance electrochemical degradation 

resistance while simultaneously reducing the ICR to make PEMFC interconnection meet to 

comply with environmental PEMFC requirements. Meanwhile, intensive research has been 

conducted on various materials and methods for the development of metal interconnections as 

well as to uncover the mechanism and control of electrochemical degradation in the 

environments simulating operations of PEMFC. 

2.5. Aim of this Thesis  

The aims of this thesis are: (i) establish and use a cost-effective metal as novel PEMFC metal 

interconnection and strategies to address the issues associated with the study of electrochemical 

degradation in the simulated PEMFC environment and (ii) development of TFSOC with high 

resistance to electrochemical degradation and appropriate electrical conductivity on low-

alloyed carbon steels to enable its application as metal PEMFC metal interconnect. A literature 

review on the electrochemical degradation behavior of different uncoated metals and surface 

engineering of PEMFC metal interconnects are discussed in the following chapter to 

summarize what other researchers have achieved and to specify the remaining gaps. 
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Chapter 3 

Literature Survey of Metal Interconnects in PEMFC Applications 
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This chapter reflects on recent studies on (i) electrochemical degradation of the various metal 

bare substrates as a PEMFC interconnect and (ii) different surface modifications on the steel 

base, which have been described in the literature. 

3.1. Electrochemical Degradation of Bare Metal  

The motivation behind the development and evolution of PEMFC interconnect materials has 

been to reduce the fuel cell's volume, weight and consequently total costs [155].  It has also 

been established that the contact resistance and electrochemical degradation resistance are the 

most critical output indicating parameters for a PEMFC interconnection [174]. As discussed in 

the previous chapter, PEMFC interconnect has the weakness of interconnection degradation, 

which causes the performance of fuel cells to decrease and ultimately its breakdown. Attributed 

to the reason that the interconnectors operate in an acidic environment, it is not only 

electrochemical degradation that is correlated with this component, rather the metallic ions 

products from the substrate at first increase the surface contact resistance, then reduce the ionic 

conduction of the proton via the membrane electrode, and eventually poison it [175]. 

Electrochemical degradation activities of PEMFC metal interconnects in different simulated 

environments have been thoroughly studied to identify the corrosion mechanism. 

3.1.1. Different Simulated Test Solution 

Various simulated environments have been used to investigate the corrosion behavior of 

different types of steel-based used as interconnectors in PEMFCs. In general, these simulated 

environments are used to measure the interfacial contact resistance (ICR) value with the 

potentiodynamic electrochemical polarization (PEP) and electrochemical impedance 

spectroscopy (EIS) experiments in order to investigate the potential of the materials used as a 

PEMFC interconnect. As a simulated PEMFC environment, the 0.5 M H2SO4+5ppm HF 

solution was used to investigate the electrochemical behavior of austenitic stainless steel as 

interconnects [46]. For a long period, the stable corrosion current density of the manufactured 

stainless steel was investigated. The electrochemical behavior of SS316L as interconnect was 
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studied in different concentrations of H2SO4 as a simulated PEMFC cathode environment 

[176]. As concentrations of H2SO4 increase, the corrosion current increased due to a decrease 

in the thickness of the passive film generated on the surface. Also, Zhang et al. [167] 

systematically studied the effect of 0.05 M H2SO4 + 2 ppm HF + 10 M HCOOH + xM CH3OH 

(x=0, 3, 6 and 9) solution on the corrosion properties of SS316L as PEMFC interconnect at 70 

°C. The PEP results demonstrated that the corrosion potential of SS316L is moving in a positive 

direction, while the corrosive current densities decrease when the methanol content increases 

in different test solutions. The results of EIS also showed that the transfer resistance increases 

with an increase in the concentration of methanol. As a consequence, the sample tested in a 

solution with a higher concentration of methanol has a lower ICR value. Stein et al. [177] 

investigated the SS416 as PEMFC metal interconnect in a solution with pH3, which contains 

0.1 ppm hydrofluoric acid (HF) for 24 hours (h) at 80 °C. The ICR behavior of SS416 revealed 

a complex character in the HF solution, which were varied on the surface at two different levels. 

The first level was related to densely disperse pitting corrosion in the range of 10-40 μm 

through susceptible spots at the surface. The second level was related to the corrosion roughing 

of the surface, where the modification of the surface morphology is useful in the reduction of 

the ICR. However, the achieved ICR stability was determined below the DOE target (cf. 2.41) 

when exposed to this corrosive environment. Ben Jadi et al. [45] also studied the corrosion 

behavior of nickel as a PEMFC interconnect in an aggressive medium using 3.5% NaCl due to 

its high mechanical and good electrical conductivity. A depressed semicircle was observed at 

high frequency for the Nyquist plot from EIS, which is attributed to corrosion resistance. 

Increased polarization resistance was also demonstrated by the development of corrosion 

products in the interface. The effects of O2 and H2 on the electrochemical degradation of 

SS316L as a metal interconnect were also analysed in the simulated PEMFC environments 

[178]. Experimental results of PEP showed that Icorr in the environment-containing O2 due to 

the more stable and thicker passive layer is around one-fourth compared with that of the H2 
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environment. On the side of the anode, the stable current on the anode side was negative due 

to the reduction of H+to H2 and the positive current at the cathode arises from the degradation 

of the metal. It has been concluded that such levels of metal ions concentration have adversely 

affected PEMFC performance and protective coating can be an effective method in order to 

reduce corrosion to levels acceptable.  

3.2. Different Metal Composition of PEMFC Interconnect 

The DOE (cf. 2.4.1) has set-up targets that provide instruction for the promising candidate 

metals to be selected, formed processes, as well as performance assessments of PEMFC 

interconnect with excellent potential. Accordingly, the most significant performance indicating 

parameters for PEMFC interconnects are the excellent conductivity with high electrochemical 

degradation resistance, which are influenced by the chemical composition of metals as a 

significant factor [176]. In the meantime, in an attempt to achieve full commercialization of 

metal-based interconnects in the PEMFC system, ease of production, reliability and cost-

effective manufacturing should be considered as other essential considerations [179]. Over 

time, different chromium (Cr), molybdenum (Mo), and nickel (Ni) metal-based compositions 

have been used due to the corrosive PEMFC operating environment. Several types of research 

have been devoted to broadening the application of ferritic and austenitic stainless steels as 

PEMFC interconnect.  

Ferrite stainless steels are among the most attractive materials due to the high levels of Cr and 

Mo, which are widely used to improve electrochemical degradation resistance in aggressive 

environments [180]. Typical ferritic stainless steels used for PEMFC metal interconnects are 

SS441, SS444 and SS430 [181]. The electrochemical degradation behavior of SS430 as 

interconnect has been investigated by Xu Yang et al. [142] in a simulated PEMFC environment 

at 70 °C. The results specifically showed that the corrosion behavior of SS430 is unstable with 

a corrosion potential (Ecorr) and a corrosion current density (Icorr) of -439 mV and 30 µA cm-2, 

respectively. Obviously, this high current density is attributed to the aggressive medium 
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penetrated to the SS430, which has resulted in severe and accelerated electrochemical 

degradation. Therefore, owing to low corrosion resistance and release of metal ions 

contaminating membrane electrodes in PEMFC as well as very limited formability attributable 

to body-centred cubic (bcc) structures, bare ferrite stainless steels were not accepted as a 

PEMFC interconnect [182].  

Bare austenitic stainless steels, mostly SS310, SS316L, SS904L, SS304L and SS316L were 

intensively investigated as PEMFC interconnect application [183,184]. From the above 

mentioned stainless steels, SS304L and SS316L attract the attention of most researchers 

because of its superior comprehensive properties such as high electrochemical degradation 

resistance in the PEMFC environment. Zhihao Chen et al. [56] investigated the electrical 

properties and corrosion resistance of SS304L interconnect in simulated PEMFC working 

environment of 0.1 M H2SO4 solution using open circuit potential (OCP). The results 

demonstrated that the OCP value of 304SSL showed a small rise at the first 120 h, then 

decreased steadily and eventually remained constant, suggesting a continuous electrochemical 

degradation process during long-term immersion in the aggressive environment. The PEP 

results also revealed that the corrosive ions attacked the passive film over the surface and 

caused the pitting corrosion of the substrate. Kumar et al. [185] studied the corrosion 

characteristics and fuel cell performance of SS316L as PEMFC interconnect in an electrolyte 

of 0.05 M H2SO4 + 2 ppm HF at the temperature of 80 °C with the purged of H2 and O2 to 

simulate anodic and cathodic environments, respectively. The results showed an anodic current 

in the simulated environment, which decreased rapidly and eventually stabilized at <1 µ cm-2. 

That indicated the formation of a passive layer on the surface. However, the ICR of 155 

mΩ cm2 was measured, which did not comply with the DOE 2020 target requirement of 

10 mΩ cm2. Therefore, they recommended an appropriate surface coating or engineering of the 

surface oxide to enhance its conductivity and electrochemical degradation properties. 

Compared to SS304L, SS316L has a higher resistance to electrochemical degradation due to 
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the presence of Mo in its composition, which may be attributed to the pitting and crevice 

resistance [186]. High chromium content or surface treatment is required in order to achieve 

good chemical compatibility and necessary corrosion resistance of such stainless steels in the 

PEMFC operating environment [187]. However, high alloy components and low carbon 

content have led to higher interconnects cost, and their use for production volumes is reduced 

when the cost is taken into consideration.  

As compared to stainless steel, mild steel such as low carbon steels are inexpensive and have 

excellent mechanical properties [188]. Various low carbon steels were used as PEMFC 

interconnectors and to increase their weak resistance to electrochemical degradation different 

coatings or surface treatment methods have been applied on the surface of the steel [189]. The 

C45E low-alloyed carbon steel (AISI/SAE1045) is a commercial low-cost material (80% 

cheaper than the SS304 and SS316L as common interconnect metals) commonly used due to 

its combination of formability and high strength. However, its low electrochemical properties 

that include corrosion and rust resistance due to lack of chromium render it unpleasant to 

operate under harsh conditions [190,191]. As a result, several studies have been successfully 

performed to improve the C45E electrochemical weakness and use it as PEMFC interconnects 

under harsh conditions. Bai et al. [192] have claimed to be one of the first research groups to 

use C45E carbon steel as a PEMFC interconnect. Excellent combined properties such as low 

cost, high mechanical strength and the ease of forming sheets are advantages of using this steel 

as interconnect, which can effectively decrease the total cost of the fuel cell. Owing to the low 

electrochemical degradation resistance and ICR of C45E steel, a low-temperature pack 

chromization technique was employed to modify for the application of interconnect in PEMFC. 

Various analysis methods were used to evaluate the C45E as a good alternative material for 

PEMFC interconnects. The PEP results in  0.05 M H2SO4 at 70 °C showed that the C45E 

exhibited the lowest ICR of 3.13×10
-8

 A cm
-2

 with the most stable Icorr of 8.75×10
-5

 A cm
-2

 at 

anode and cathode environment. In the view of electrochemical degradation resistance, the 
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coated C45E steel demonstrated excellent performance. Hence, the performance of chromized 

C45E carbon steel is comparable to that of graphite or stainless steel for the application of 

interconnect in PEMFC. 

Following from the previous study, Bai et al. [193] used rolling pre-treatment along with pack 

chromization on C45E steel to produce an anti-corrosive and highly conductive PEMFC 

interconnect. Modified steel plates were investigated in a single-cell PEMFC for 100 h and 

their performance was compared to that of conventional graphite interconnectors. The results 

revealed that the PEMFC single cell with C45E interconnects exhibited a maximum power 

density of 0.51 W cm-2, which is very close to that of the cell with graphite interconnect (0.50 

W cm-2) as high-efficiency material in the PEMFC system. Based on the excellent mentioned 

results, modified C45E steel could be considered a reasonable candidate for interconnection in 

PEMFC applications. Previous work continued with surface modification of C45E as a PEMFC 

interconnect using carbides and nitrides [189]. Then, electrochemical behavior and contact 

resistances of the modified low-carbon steel interconnect were investigated in 0.5 M H2SO4 

solution at room temperature (RT) for long period. The modified C45E interconnect pre-treated 

with electrical discharge currents of 2 A showed the lowest Icorr of 5.78×10
-8

 A cm
-2

. At a 

compaction pressure of 140 N cm-2, the smallest ICR value of 11.8 mΩ cm
2
 for modified C45E 

steel was significantly lower than of various untreated and commercial stainless steels such as 

SS316L as well as the DOE target. As a result, modified mild carbon steel containing carbides 

and nitrides can be a promising and cost-effective candidate for metallic PEMFC 

interconnector material.  

Yuan et al. [194] also studied the surface roughness of the C45E interconnect as a very 

important factor in the performance of the PEMFC. Surface quality is a very significant issue 

in the interconnection efficiency owing to the major effect on the resistance to contact and 

electrochemical degradation. PEP experiments were performed to evaluate the electrochemical 

behavior of interconnect in 0.5 M H2SO4 solution at RT as environment simulation for PEMFC. 
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The results showed that the milling process parameters greatly influence the surface roughness 

and corrosion behavior of low-carbon PEMFC interconnectors. The polarization curves of 

C45E stainless steel showed significantly lower Icorr value (6.37×10
-5

 A cm
-2

) and ICR that 

meets the DOE target for PEMFC interconnect applications. In summary, it is clearly evident 

from previous studies that the variety of different grades of bare metals as PEMFC interconnect 

do not meet the requirements of DOE target and that surface engineering techniques are 

necessary. 

3.3. Surface Modification of Metal Interconnect  

Literature data have shown that the different grade metals have become the standard material 

for PEMFC interconnect applications. However, commercially available metals are not 

specifically designed for interconnect applications and have resulted in serious issues and 

major concerns leading to premature degradation of the PEMFC stack. These issues may 

become particularly problematic with growing ICR, electrochemical degradation resulting in 

stack poisoning and cell malfunction. To overcome these important problems, surface 

modification techniques have been identified as a possible solution to resolving and improve 

the interconnect challenges under PEMFC operating environment [195]. Therefore, surface 

chromizing and nitriding are typical modification technologies that are evolving rapidly and 

used on PEMFC metal interconnect to minimize corrosion and ICR in harsh environments 

[196,197]. 
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3.3.1. Surface Chromizing of Metal Interconnect 

Different protective chromium-rich films with reasonable adherence to the metal substrate and 

excellent resistance to electrochemical degradation and thermal oxidation are of great 

commercial importance [198]. Over the years and due to its good properties, the chromizing 

process has experienced tremendous improvement and has been the subject of careful and 

detailed studies for various applications [199]. In several studies, it was reported that the novel 

grades of metals through appropriate surface chromizing modification technique can be a 

viable material for the development of conductive PEMFC metal-based interconnect with high 

resistance to electrochemical degradation. Dong et al. [200] have shown the satisfactory 

performance of the surface chromizing layer on SS316L stainless steel as PEMFC interconnect. 

For this purpose, surface chromizing treatments have been performed by a high-temperature 

element diffusion process. The electrical conductivity and corrosion properties of the fabricated 

chromizing layer on SS316L were then investigated in 0.05 M H2SO4 + 2 ppm HF at 70 °C. 

PEP results showed lower Icorr (0.264 μA cm
-2

) with the higher electrochemical impedance 

indicating a stable passive film on the surface of the substrate. However, despite the formation 

of the Cr2O3, Fe2O3 and Fe3O2 oxide films on the surface, the low ICR of 1.4 mΩ cm
2
 was 

gradually stabilized after the compaction force of 140 N cm-2, which indicated excellent 

electrical conductivity.   

Zhang et al. [201] were also prepared the Cr-based multilayer coating on SS304 at a low 

temperature and its feasibility as a promising interconnect material for PEMFC is then 

evaluated. Under the above PEMFC simulation environment, the lower Icorr of 10−7 mΩ cm
2
 

and potential of 600 mV was measured as typical cathodic potential in the PEMFC 

environment. Due to the increased water contact angle, the chromium multilayer coating 

demonstrated higher electrical conductivity and good resistance to electrochemical 

degradation. In the work by Tsai et al. [199], chromized coatings on C45E steel as a cost-

effective interconnect in PEMFC applications were also prepared by low-temperature pack 
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chromization. C45E steels coated with chromized layer showed a big water contact angle of 

about 100°, which suggested that the C45E steel is the most hydrophilic material. This outcome 

may be attributed to the existence of oxide corrosion products such as Fe2O3 and Fe3O4 on the 

surface, contributing to a better affinity with water than the chromium carbide on the surface 

of the chromized specimens. Also, the PEP results of the coated C45E specimen showed the 

low Icorr, 8.37×10
-8

 A cm
-2

, and the small ICR, 14 mΩ cm
2
 in a 0.5 M H2SO4 at RT. Based on 

the excellent properties mentioned above, the chromization process combined with the passive 

oxide film from the substrate can significantly improve the properties of C45E carbon steel as 

PEMFC interconnects. However, there is a limit to the chromizing process. Although Cr 

cementation for several hours is advantageous to corrosion resistance, however, surface defects 

such as voids and pits can leaded to long-term cementation, which may lead to high Icorr. 

Meaning, overdoing the chromizing process can have severe consequences for the efficiency 

of the interconnectors and eventually reduce the output power of the PEMFC. 

3.3.2. Surface Nitriding of Metal Interconnect 

The increased use of metals in the harsh environment at different sets of operating temperatures 

has raised the industrial importance of nitrides, which can improve their surface hardness and 

corrosion resistance using the nitriding process. The nitriding process is a kind of 

thermochemical surface treatment procedure in which nitrogen is applied to the surface of 

metal-based materials using a variety of techniques [202]. Oxidation is the most significant 

problem encountered in metallic materials used in various industries such as energy and fuel 

cell applications [203]. Nitrided metal surfaces are frequently susceptible to hydrolysis and 

oxidation, which represent indirect metallic degradation [204]. In this process, nitrogen can 

enter both α and γ iron phases, which ensures that various forms of steel can be nitrided at low 

temperatures without structural deformation [205]. To improve the electrochemical behavior 

of metals interconnect in PEMFC applications, various nitriding techniques including ion-

plasma and diffusion methods have been employed to synthesize protective coatings [206,207]. 
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Recently, Sung Kim et al. [141] investigated the effect of nitrogen implantation into SS316L 

as PEMFC interconnects by plasma immersion ion implantation. In summary, the phase 

transformation characteristics showed that the nitrogen might be located beneath the surface at 

peak concentration. The corrosion resistance was also enhanced due to the formation of 

nitrogen supersaturated phase, preferred orientation and distribution of nitrogen concentration 

near the surface as the most critical factors. PEP result showed an excellent corrosion resistance 

of 6.37×10
-6

 A cm
-2

 at 70 °C during the short-term immersion test in a simulated PEMFC 

environment. On the other hand, in terms of electrical conductivity the low ICR value of 0.7 

mΩ cm
2
 was measured due to the reduction of grain boundaries as discussed through phase 

examination.  

Tian et al. [208] discussed the effect of pH value on corrosion resistance and surface 

conductivity of plasma-nitrided SS304L interconnect for PEMFC applications. The results of 

their study further confirmed that low-temperature plasma nitriding has formed a dense and 

supersaturated nitrogen nitrided layer on the surface. Electrochemical behavior for untreated 

and nitrided steel showed that the ICR of 16 μA cm
2
 for nitrided steel, which rose with 

increased pH value. The results of PEP showed that the SS304L is thermodynamically unstable 

in an aqueous solution, and metal passed from the metallic state to ions in solution with the 

evolution of hydrogen. This reaction of hydrogen ions in acid solution and progressively with 

water molecules raised the pH to neutral and resulted in decreased Icorr with increasing pH 

value from 1 to 3. However, more research is required to determine the long-term stability of 

the film and the performance of a single PEMFC. However, most of Icorr and ICR values were 

not satisfactory and are still higher than the DOE target. Furthermore, the electrochemical 

behavior of the different nitride layers was not adequately studied after a long-term test in a 

simulated PEMFC environment due to their unstable performance in harsh conditions. 
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3.4. Surface Modification of Metal Interconnect Through the Coating 

The development of appropriate coatings is implemented as another effective technique of 

enhancing electrochemical degradation resistance and conductivity of conventional metallic 

based materials as PEMFC interconnect. By definition, the coating is a covering that can be 

applied on the surface of the various substrate in order to improve the functionality and achieve 

modification purposes [209]. In general, the main objective of coating on PEMFC interconnect 

applications is to serve as an electrochemical degradation resistance interface in harsh PEMFC 

environment, thereby reducing or eliminating the ICR value of interconnect as one of the most 

significant parameters that reduce the overall power output of the fuel cell stack [195,210,211]. 

These coatings improve surface characteristics such as mechanical and corrosion resistance 

without significantly altering the substrate interconnect properties [212]. Besides, the 

applications of different coatings can prevent the dissolution of ions as a result of using metals 

interconnect in a PEMFC corrosive media [213,214]. To satisfy the required properties for 

metal interconnect in PEMFC application, the coating must be able to meet the following 

essential criteria: 

 The coatings need to be developed by low-cost, easy and fast technique with 

lightweight materials [206]. 

 They must exhibit long-term stability and good adhesion to the metal-based substrate 

without exposing the substrate to the corrosive environment [215,216]. 

 These coatings require to be impermeable to reactant gases and chemically stable or 

inert [217]. 

 The coating must be electro-conductivity with a low ICR value in order to improve 

electron conduction through it to the external circuit [218,219]. 

Carbon-based and metal-based coatings have been studied over the years as suitable candidates 

for improving the mechanical, electrochemical and electrical conductivity properties by 

depositing on the surface of the metal interconnect in PEMFC application [142,220]. 
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3.4.1. Modification of Metal Interconnections through the Carbon-Based Coating  

Surface modification technology through the carbon-based coating is a promising technique 

for improving the electrochemical degradation resistance for PEMFC metallic interconnects 

applications. However, two main issues including ameliorating the corrosion situation while 

reducing the ICR value in a PEMFC operating environment need to be taken into consideration 

[221]. Carbon-based coatings mostly consist of graphite, diamond-like carbon, self-assembled 

organic monopolymers and conductive polymer [129,222,223]. These coatings can minimize 

corrosion of metallic substrates through the barrier mechanism owing to their excellent stability 

and high level of electrochemical degradation resistance. However, the carbon-based coatings 

must have similar coefficients thermal expansion (CTE) with the interconnect material to 

prevent crack or wrinkles as an adverse parameter for cell output that generally occurs during 

the PEMFC operating temperature changes [224,225]. Generally, physical vapor deposition 

(PVD) and chemical vapor deposition (CVD) techniques are used to deposition anticorrosive 

carbon-based coatings to circumvent the shortcomings of PEMFC metallic interconnect surface 

[226,227]. CVD has been identified as one of the most versatile and promising methods of 

producing carbon-based coatings with chemical reactions on the heated interconnect substrate 

utilizing gaseous reactants [228]. The deposition of nanometer-scale carbon-based coating with 

different compositions can be provided using this technique. Moreover, single and multi-layer 

protective coatings with a controlled scale can be produced at low processing temperatures 

[229].  

Che et al. [230] deposited carbon coating on SS316L by CVD and investigated the material 

structure, electrochemical behavior and ICR of the coated interconnect under PEMFC 

operation conditions. These performances were researched using different techniques. The 

finding demonstrated that the coating performance was influenced by various CVD parameters. 

These results optimistically revealed that the larger scale of microcrystals with hexagonal 

structure improved the conductivity of coated interconnect. The passivation current density 



 
 

47 
 

(0.6 V) and stable Icorr have been found to be less than 0.5 mA cm
2
, which meet the DOE 2020 

technical target. It was also found that the corrosion resistance of the coating is mainly related 

to the structure of the coating material and the coating defects. Also, it was observed that the 

ICR values dramatically increased due to the combination of weak ion bombardment and 

excessive coating growth. Although the carbon coating improved the corrosion resistance of 

bare interconnect, the cost, durability and suitability for mass production were not mentioned.  

The microstructure of niobium (Nb) doped amorphous carbon film on metallic interconnect for 

PEMFC applications was systematically characterized by Hou et al. [231]. ICR and 

electrochemical degradation were also tested to evaluate the effect of Nb doping. The 

microstructure analysed of coating showed that the doped Nb refined grain size increased the 

film compactness, which was beneficial for corrosion resistance. Meanwhile, the phase and 

bond type changed with the Nb-doped concentration. Besides, with moderate Nb doping, the 

ICR decreased to 1.22 mΩ cm
2
 from an initial value of 4.41 mΩ cm

2
. The acceptable resistance 

(Rct) of coating which reflects the relative anti-corrosive property was measured above 

1.81×10
6
 Ω cm

-2
. Nevertheless, it was concluded that the real application of Nb-carbon 

coating, long-time durability and anticorrosive performance in a high potential for PEMFC 

metallic interconnect applications still required further investigation. Electrically conductive 

polymers (ECP) coatings provide excellent electrochemical degradation resistance for PEMFC 

metallic interconnect applications. However, the balance of electrochemical stability, 

mechanical strength and electrical conductivity become the main challenge of different 

polymer coating as protective for PEMFC application [223]. Jiang et al. [232] have studied the 

polymer composite coating as a protective metallic interconnects in PEMFC applications. The 

results pointed out that the coatings have ultra-high resistance to corrosion and the contact 

resistance was within an acceptable range. However, the corrosion protection effect was lost 

with prolonged immersion time, which leads to an expansion of the contact area and resulting 

in high ICR values. Also, the authors were not mentioned the manufacturing costs, durability 
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and suitability for mass production. Overall, all the results and other research were found that 

several carbon-based composites coatings are not considered appropriate for metallic 

interconnect in PEMFC applications due to their intrinsic brittleness and poor adhesion as a 

usual problem [233-235]. Also, it is currently difficult to directly monitor the electrochemical 

and electrical conductivity behaviors to understand any implication of carbon-based coatings 

on the PEMFC stack under real operating conditions [236]. More importantly, the 

determination of the durability of such coatings is extremely time-consuming and costly due to 

the high expense of the production method [237]. 

3.4.2. Modification of Metal Interconnections through the Metal-Based Coating 

The low electrochemical property of the metallic interconnect for PEMFC leads to 

contamination of the membrane electrodes. This can be suppressed by passivation that in turn 

increases the ICR and decreases the efficiency of the fuel cell stack. Significant progress has 

been made in addressing these barriers. It was reported previously that PEMFC metallic 

interconnects coated with carbon-based materials are a cost-effective approach to improve 

corrosion resistance while keeping the ICR low [238,239]. Also, different kinds of ECP coating 

were studied as potential coating materials due to their chemical and electrochemical stability 

[240]. But one main disadvantage of ECP is the presence of micro-defects that serve as 

migration channels for corrosive ions to penetrate to the substrate surface and passivate 

interconnect, which could further increase the ICR [241,242]. In recent years, additional studies 

on both chromized and nitrided layers (cf. 3.3.1 and 3.3.2) were evaluated as protective 

coatings on the different metal interconnect for PEMFC applications. Nevertheless, in spite of 

the high corrosion resistance of these compounds, they are no longer employed nowadays 

owing to their carcinogenic nature and adverse environmental effects. To address this 

challenge, some chemical inert conductive coatings, for instance, thin-film metallic glass 

coatings (TFMGs) or amorphous metal alloys [243] and thin-film solid oxide coatings 
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(TFSOC) [244] have proven to be promising candidates to be used as a protective coating for 

metal-based interconnect in PEMFC applications.  

3.4.2.1. Thin Film Metallic Glass Coating (TFMGs) 

For decades, TFMGS, as one of the main subjects of scientific research and engineering 

applications, has been developed specifically to prevent environmentally assisted metallic 

corrosion of substrate surfaces. Thus, TFMGs might be promising materials to satisfy the 

clearly stated requirements to improve the electrochemical and conductivity properties of the 

PEMFC metallic interconnect [243,245]. As non-crystalline (non-uniform) metals, TFMGS do 

not show a long-range atomic order since they generally form with rapid cooling rates to keep 

glass melting state [218]. Glass and crystalline transition temperatures have been considered 

as important parameters during the heating process to create a liquid state [246]. The TFMGS 

has several superior properties owing to its irregular atomic structure and lack of grain 

boundaries, including soft magnetic and excellent mechanical properties, high strength, 

corrosion and abrasion resistance [247-249]. So far, different physical vapor deposition 

methods such as pulsed laser [250], arc plasma [251], and sputter deposition [252] have been 

used to fabricate TFMGS with excellent electrochemical and conductivity properties. In 

TFMGS fabrication, sputtering deposition represents a commonly applied method, where pure 

targets of single elements or alloy targets can be used to produce thin films. In recent years, 

researchers have successfully developed TFMGS based on zirconium and titanium. 

Recently, Zr-based [245] TFMGs have been coated on an austenitic stainless to enhance the 

corrosion properties of the metallic interconnect for PEMFC applications. For this purpose, 

Zr63.9Al10Cu26.1 was prepared on SS316L as a protective coating using a direct magnetron 

sputtering system. The electrochemical behavior of the coating was investigated by conducting 

electrochemical potentiodynamic measurements (PEP and EIS) in 0.05 M H2SO4 + 2 ppm HF 

at 70 °C as PEMFC simulated environment. The results showed that the 0.2 μm surface 

roughness as a significant factor achieved an ICR of 24.2 mΩ cm
2
 and Icorr of 1 μA cm

2
, which 
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is close to the DOE target for 2020. Surface roughness and adhesion as serious challenges of 

the sputtering technique are influenced by various factors, such as negative bias voltage and 

substrate temperature.  

A novel TiSiN coated titanium alloy as PEMFC interconnect by magnetron sputtering was 

described in the work by Peng et al. [243]. The TiSiN nanocomposite coating, with an average 

thickness of ~10 µm showed a homogeneous and compact structure, free of defects such as 

voids or pinholes. The passive film with the good hydrophobicity that formed on the TiSiN 

coating, with Icorr of ~10
7
 Ω cm

-2
 displayed good electrochemical stability and was less 

affected by changes in HF concentration from the simulated environment at 70 °C. For the 

TiSiN coating, the ICR value lower than the bare substrate was 18.3 mΩ cm
-2

 under a 

compression pressure of 140 N cm-2. Nevertheless, a detailed understanding of TFMG 

formation and its suitability to achieve a reliable and affordable coating with the excellent 

properties required for application in PEMFCs is still missing. For example, their structural 

and mechanical properties have not been studied systematically. Furthermore, the 

electrochemical behavior of such coatings has not been investigated for a prolonged period, 

probably due to numerous factors, such as low adhesion and expensive manufacturing. 
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3.4.2.2. Thin Film Solid Oxide Coating (TFSOC) 

As discussed in previous sections, several materials and methods are available for the 

development of protective coatings for various types for PEMFC interconnects applications 

exposed to mechanical and chemical damage in the harsh environment. One of the most 

significant advantages of these protective functions is the reduction of manufacturing PEMFC 

costs due to the improvement of lifetime and high-throughput since the production of new parts 

is not necessary [253]. However, as described in the previous sections many coatings such as 

metal chromite, metal nitrides, metal carbides, and especially amorphous carbon and multilayer 

coatings fail to fulfill the requirements for electrochemical degradation resistance and ICR for 

satisfying the DOE targets. Meanwhile, the most effective barrier between different steels and 

harsh environments, are several oxide coatings, which increase high thermal fatigue resistance 

and high electrochemical degradation resistance. Several ZrO2, Al2O3, Cr2O3, SiO2 and TiO2 

based composite coatings and etc. all have very good long-term chemical stability, have 

recently attracted considerable attention due to their unique properties. Oxide ZrO2 coating can 

improve oxidation and electrochemical degradation resistance of metals under different 

conditions due to its high dielectric constant, good thermal and chemical stability [254]. 

Different composite Al2O3 based coatings have been extensively studied as barrier materials to 

enhance the corrosion resistance and improve the service life of the substrate [255]. 

Furthermore, corrosion-resistance increases significantly due to corrosion products such as iron 

oxides and the addition of Cr2O3 nanoparticles to the coating [256].  

L-Kui et al. made a SiO2 coating on alloy using tetraethyl orthosilicate as a chemical precursor 

[257]. It was found that the SiO2 coating efficiently improves corrosion resistance. After hot 

corrosion at 700 °C for 100 h in a eutectic salt mixture (75 wt.% Na2SO4+25 wt.% NaCl), no 

spallation and obvious destruction are observed. Edvan et al. [258] successfully developed a 

TiO2 and N-doped TiO2 coating on SS316L by metallorganic chemical vapor deposition at 

different temperatures. The films presented good homogeneity, low porosity and rounded 
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grains in the range of 40-90 nm. The EIS and PEP studies demonstrated that due to their 

microstructural variations, TiO2 films grown at 400 °C displayed better electrochemical 

degradation resistance than those grown at 500 °C. According to the results presented, the 

electrochemical degradation resistance of N-TiO2 coating on the substrate was not improved 

due to the formation of the nitrogen-rich phases in the coating. Since the corrosion initiates at 

the surface, the oxide coatings could be suitable candidates for use in PEMFC applications due 

to their inexpensive, eco-friendly, fast manufacturing technique and high resistance in harsh 

environments [259]. Some researchers reported the investigations on the performance of oxide 

films on the metal surface of interconnect in PEMFC application in order to improve the 

electrochemical degradation and long-term stability under the simulation operating condition. 

However, most metal oxides are generally electrically non-conductive, which is the main 

reason that relatively few oxides are deemed suitable for protective of interconnect in PEMFC 

applications.  

In the work by Linghui Yang et al. [260], a SnO2 oxide coating was successfully prepared on 

SS304 by combining the sol-gel dip-coating method. The coated was used to enhance the 

corrosion resistance of SS304 as interconnects in a simulated PEMFC environment. Compared 

with the bare SS304 (33.22 μA cm
2
), the value of Icorr for the uniform and compact SnO2 

coating was decreased significantly to 0.1327 μA cm
2
 in a simulated environment. In specific, 

the Ecorr of the coated substrate with the thickness of 220-320 nm and poor crystallinity 

according to the XRD result was shifted from -330.22 to 140.65 mV in simulated PEMFC 

environment, which assisted it to achieve the low ICR and showed that the corrosion resistance 

of SS304 was significantly improved by SnO2 surface layer oxide coating. However, despite 

the excellent electrochemical degradation resistance, the electrical property of the coating 

probably due to its low thickness has not been investigated. Furthermore, the long-term stability 

of coating in the PEMFC simulated environment has not been studied to approach or achieve 

the DOE targets. The team of A.P. Manso and Marzo et al. [261] prepared a tantalum oxide 
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coating on SS316L as interconnects in PEMFC applications and investigated the corrosion 

resistance and ICR. Results obtained by different experimental techniques showed a dense 

coating structure with an average thickness of 30 µm, mainly formed by surface crystals of α-

Ta (bcc), Ta2O5 and carbon with good adherence to the base metal substrate. In order to 

estimate the durability of the coating at high potentials, long-duration tests (>100 h) were 

carried out at a potential of 1.139 V. The value of 8.02 μA cm
2
, which is 8 times higher than 

the DOE target (1 μA cm
2
) was achieved probably due to the progressive decrease of the 

protective character of the coating. Furthermore, the PEP result showed that the Icorr of oxide-

coated SS316L in a simulated environment with a solution of H2SO4 + 0.1 ppm HF at 80 °C 

was about 0.038 μA cm
2
, while the ICR at a compacting pressure of 140 N cm-2 was about 

32.6 mΩ cm
-2

. The results indicated that the SS316L coated with tantalum oxide showed 

excellent performance and a large lifetime as interconnect in PEMFC applications. 

Ji Hun Park et al. [262] also investigated the SnOx-FTO oxide coating onto SS316L substrates 

as interconnects in PEMFC applications. To improve the ICR and corrosion resistance of the 

substrate below 0.6 μm of oxide coating composed of polycrystalline structures was applied on 

the surface. The lowest ICR of 74 mΩ cm
-2

 was obtained at the base compaction force of 150 

N cm-2. The corrosion resistance of 6.64 μA cm
2
 was also obtained at the operating microwave 

power of 1000 W. Furthermore, the enhanced interconnect material provides a higher power 

density of about 225 mW cm-2 at the Icorr of 0.5 A cm
-2

 and the voltage of 0.6 V in the 

environment of 1M H2SO4 + 2 ppm HF at 70 °C purged with nitrogen gas. The deposition of 

SnOx-FTO coating on the substrates has contributed to the enhancement of ICR, corrosion 

resistance, power density, and cell voltage stability for interconnects of the PEMFC system. 

However, the long-term stability, electrical conductivity of such an oxide film with low 

thickness have not been investigated thus far probably due to the costly preparation and 

limitation of the technique.  
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Wang et al. [263] have studied the adhesive TiO2 coatings with Nb-doped for SS316L as 

interconnects of PEMFC applications. The TiO2 coatings with different Nb content were 

prepared using the sol-gel process as a simple and cost-effective technique, and their corrosion 

behavior is also investigated in 0.1 M H2SO4 at 80 °C. It was shown that the sol-gel as a fast, 

efficient, cost-effective and environmentally friendly manufacturing techniques technique can 

be a suitable method for preparing high electrochemical degradation resistant coatings in 

PEMFC applications. The TiNbO2 coating has decreased Icorr from 26 to 0.13 μA cm
2
. 

Moreover, the ICR of the pure TiO2 coating decreases sharply with the Nb doping, which can 

be concluded that the Nb can significantly enhance the electroconductivity of the oxide coating. 

Furthermore, the TiNbO2 coating has exhibited good chemical stability for up to 30 days under 

simulated PEMFC conditions. 

Recently, Jin et al. [264] investigated incorporating oxygen into TiN coating to resist high 

potential effects on SS316L as interconnects in PEMFC applications. The results of X-ray 

photoelectron spectroscopy and X-ray diffraction showed that TiNO and TiO2 existed in 

oxygen-doped coatings. The surface morphology analysis indicated that the oxygen-doped 

coatings tended to come into being denser surface. The results showed that there are relatively 

big grains on the coating surface. Also, some pinholes and particles unavoidably have been 

generated during the deposited course. After test and analysis in the simulated PEMFC cathode 

environment, it found that the doping oxygen into the coating was significantly enhanced 

oxidation resistance and corrosion resistance of the coating with the ICR values over 11.2 

mΩ cm
-2

 (close to the DOE 2020 target) but at the same time weakened the conductivity. 

Therefore, further research has been suggested to be conducted in improving the conductivity 

of the coating, such as a multilayer structure of an excellent conducting layer. It is also has 

been proposed to experiment with doping oxygen into other coatings to prepare oxide coating 

for better conductivity and corrosion resistance to the high potential. 
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3.5. Summary of Literature and Aims of Thesis 

Based on the literature review it is clear that several types of steels such as stainless steel, low 

and medium carbon steel can be promising alternative materials for commercial application in 

the PEMFC. Furthermore, it has been shown that these metallic interconnects are vulnerable to 

electrochemical degradation attack in the PEMFC harsh environment conditions. Various 

surface modification treatment techniques and different types of protective coatings have been 

applied to the PEMFC metal-based interconnect. Researchers have demonstrated improved 

electrochemical resistance to degradation and electrical conductivity. However, although these 

current surface modification methods and coatings have a reasonable output of electrochemical 

degradation resistance, still some weaknesses such as low electrical conductivity, long-term 

stability, and cost-effectiveness have limited their efficiency. Furthermore, the use of precious 

common metals such as SS304 and SS316L, while providing good degradation resistance and 

excellent conductivity, however, are not economically reasonable due to high costs and 

difficulties in processing and machining. Therefore, the research for low-cost metal 

interconnection materials, coatings and production methods with high resistance to 

electrochemical degradation in stable ICR values, high conductivity as well as long-term 

stability is necessary to satisfy the DOE target. Despite the continuous and comprehensive 

efforts on studying the electrochemical and conductivity behaviors of various types of materials 

and protection techniques for interconnects in PEMFC applications, the limitations of the 

previous investigations have left knowledge gaps that need to be filled, which is the main focus 

of this thesis work. 

Firstly, it is known that TFSOC based on titania and silica possesses high electrochemical 

degradation resistance but its ICR is significantly increased due to the isolating properties under 

the test condition. Such a TFSOC is therefore prepared by the sol-gel method. To achieve 

desired electrochemical degradation resistance and electrical properties on cost-effective 

interconnects to realize the economic feasibility of PEMFCs, the effect of different annealing 
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temperature, atmosphere and number of the coating layer (L) of corrosion-resistant TFSOC on 

low-cost commercial C45E steel have been investigated for the first time. The effect of these 

processing parameters on the corrosion resistance of C45E steel is discussed. The main 

objective of this work is to combine the merits of both the synthesis route and coating procedure 

to deposit a high-performance Ti-Si-oxide protective layer on the C45E steel substrate as 

interconnects in PEMFC applications. The results are presented in Chapter 4. 

Moreover, it is important to assess the potential of TFSOC on the C45E surface to combine the 

merits of TFSOC and substrate as a low-cost alternative interconnects in PEMFC. Therefore, 

we focused on producing a cost-effective and environmentally sustainable anti-corrosive 

TFSOC with long-term stability for use as interconnects in PEMFC applications. In addition, 

it has been shown that the charge carrier concentration and, thus, the electrical conductivity of 

various low or semiconductor TFSOC can be strongly enhanced by extrinsic dopants. 

Consequently, in the case of such mixed oxides to be as potential conductive TFSOC, Nb is 

most commonly used as doping agents (donor materials) to achieve high n-type conductivity 

while maintaining high electrochemical degradation resistance. For this purpose, TiSiNb as 

conductive TFSOC were deposited via a sol-gel process on C45E steel substrates. The 

influence of Nb concentration and annealing temperature on the morphology of the thin films 

were examined. The microstructure and phase of obtained TFSOC were investigated. The 

electrochemical degradation behavior and long term stability utilizing over the potential 

application and electrical conductivity of TFSOC through impedance analysis were also 

investigated. The results are presented in Chapter 5. 
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Chapter 4 

Effect of Processing Conditions on the Structural Properties and Corrosion Behavior of 

TiO2-SiO2 Multilayer Coatings Derived via the Sol-gel Method 
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Abstract: TiO2-SiO2 multilayer protective coatings were prepared via the sol-gel method on a 

C45E steel substrate. The influences of the number of layers, annealing temperature and 

annealing atmosphere on the corrosion resistance were investigated. Electrochemical 

characterization showed correlations between the processing parameters and the corrosion 

resistance. A maximum polarization resistance of 61 kΩ cm2 was achieved with coatings of 

three layers annealed at 900 °C in air compared to just 2 kΩ cm2 for the uncoated C45E steel 

sample. This research revealed the possibility of preparing a dense corrosion-resistant layer on 

C45E steel with minimal surface defects by optimizing the processing parameters. 
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4.1. Introduction 

Most metals and alloys are vulnerable to corrosion due to their unstable electrochemical 

properties, resulting in substantial economic losses [265-267]. With scientific advancements, 

corrosion on protective coatings for metal and alloys can be controlled or sometimes prevented. 

The utilization of chromate compounds in protective coatings on metal substrates has an 

extensive history and background [268,269]. These compounds, however, are no longer been 

utilized today due to their carcinogenic nature and their adverse environmental impact. Hence, 

in recent decades, extensive research efforts have focused on developing affordable and 

environmentally friendly coating materials for corrosion resistance [270,271]. Corrosion-

resistant coatings create a physical barrier on the applied surface against corrosive agents and 

are generally used to protect steel with low corrosion resistance [272-275]. C45E steel 

(AISI/SAE 1045) is a widely used engineering material because of its low cost and good 

formability. However, its low corrosion resistance limits its application under corrosive 

conditions [190,276,277]. Metal-, oxide-, carbide- and composite-based coatings have been 

used to increase the mechanical properties and corrosion resistance of steels [278,279]. Some 

of the widely used oxide-based coatings are TiO2- [280], SiO2- [281], TiO2-RuO2-La2O3- [282], 

SiO2-Y2O3- [283], SiO2-Al2O3- [284], SiO2-TiO2-ZrO2-Bi2O3- [285] and TiO2-SiO2-based 

[286] coatings. TiO2- based coatings are well-known for their chemical stability, photocathodic 

protection, low thermal expansion coefficient, self-cleaning properties and oxidation protection 

[287-293]. TiO2 coatings successfully improved the corrosion resistance of a Ti alloy [294]. 

TiO2 has thus been proven to be an effective protection layer for AISI 316 stainless steel and 

carbon steel [295,296]. In contrast, SiO2-based coatings have high corrosion resistance, thermal 

stability, and excellent mechanical strength [297,298]. Moreover, SiO2-based coatings have 

superior and long-term anti-corrosion properties on Mg alloys [299], titanium alloys [300], 

carbon steel [301] and stainless steel [302]. To summarize, TiO2-SiO2-based ceramic coatings 

are expected to be effective in enhancing wear resistance, hardness and corrosion resistance. 

https://www.thesaurus.com/browse/moreover
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Recently, the corrosion properties of TiO2-SiO2 coatings derived by the sol-gel and anodization 

techniques and crystallized at low temperatures on a Ti alloy and 316L stainless steel, 

respectively, have been extensively studied. These coatings demonstrated enhanced protection 

against corrosive attacks on the aforementioned metallic substrates [286,303].  

Gas and liquid phase methods are common techniques to deposit ceramic-based corrosion-

resistant coatings. Evaporation [304], sputtering [305], pulsed laser deposition [306], chemical 

vapor deposition and chemical spray pyrolysis [307,308] are some of the widely used gas-

phase routes to produce protective coatings. The most common liquid-phase methods are the 

sol-gel and electroplating processes [309-311]. Sol-gel methods are simple and cost-effective 

techniques compared to other sophisticated techniques requiring high vacuum conditions that 

will increase the production cost of the protective coatings. The sol-gel technique can be 

adopted on a variety of substrates such as metals, glass, ceramics and plastics substrates [312-

316] to coat them with high purity protective coatings. Furthermore, the sol-gel method 

facilitates the cost-effective achievement of superior chemical and mechanical properties of 

coatings by the careful selection of chemical composition and tuning of the synthesis 

parameters. Dip-coating, spin-coating and spraying methods have been used to produce 

coatings on substrates using sol-gel derived coating materials [317-319]. Among these, dip 

coating is an effective procedure for applying thin films with different thicknesses on substrates 

with large areas, which is advantageous for the commercial production of protective coatings. 

In the present work, the effects of different annealing temperatures, atmospheres and numbers 

of the coating layer (L) of corrosion-resistant coatings derived by sol-gel synthesis and 

produced by the dip-coating method on low-cost commercial C45E steel were investigated for 

the first time. The effects of these processing parameters on the corrosion resistance of C45E 

steel are discussed. The main objective of this work is to combine the merits of both the 

synthesis route and the coating procedure to deposit a high-performance TiO2-SiO2 protective 

layer on a C45E steel substrate. The chemical composition and the structural and physical 
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properties of the coatings were investigated by a combination of TGA-DTA, FTIR, SEM-EDX 

and XRD on all compositions. The corrosion behavior of the coatings was investigated using 

potentiodynamic electrochemical polarization (PEP) and electrochemical impedance 

spectroscopy (EIS). 

4.2. Experimental Procedure 

4.2.1. Materials and Preparation of the Substrate 

Tetra-n-butyl Orthotitanate (TBOT, C16H36O4Ti, Merck, 98% purity) and tetraethyl 

orthosilicate (TEOS, Si(OC2H5)4, Merck, 99% purity) were utilized as titanium oxide and 

silicon oxide precursors respectively. Ethanol, distilled water, and 69% nitric acid were used 

as the solvent, hydrolysis agent and catalyst respectively. Initially, separate TiO2 and SiO2 

based sols were prepared. To prepare the TiO2 sol, 40 mL of ethanol was poured into a beaker 

and stirred at room temperature (RT). Then, 10 mL of TBOT was added to the beaker and 

continuously stirred for one hour. To prepare the hydrolysis agent, 5 mL of water and 2 mL of 

nitric acid were mixed in a glass beaker, and 10 mL of ethanol was subsequently added and 

stirred for 30 minutes at RT to form a homogeneous solution. The prepared hydrolysis agent 

was added dropwise to the TiO2 sol. The SiO2 sol was prepared following the same procedure, 

using 6.7 mL of TEOS. The prepared TiO2 and SiO2 sols were stirred separately for one 

additional hour each at RT. Finally, the TiO2-SiO2 sol was synthesized by dropwise addition 

of the SiO2 sol into the TiO2 sol.  The molar concentrations of Ti and Si at this step were equal 

(Ti=0.2 mol/L and Si=0.2 mol/L). During the hydrolysis reactions, the TiO2-SiO2 sol was 

stirred at RT for 3 hours. A pH of 2 to 3 was measured at this step. After the hydrolysis reaction, 

the TiO2-SiO2 sol was aged for 24 hours at RT.  

The chemical composition of the substrate used in this investigation is summarized in Table 

4.1. Before applying the coatings, the surface of the substrate was grinded using different 

silicon carbide grit papers from 80 to 4000. A polishing was then performed using an alumina 

suspension with grain sizes of 1µm and 3µm and finally a colloidal silica suspension (OP-S). 
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After polishing, the substrate was cleaned in an ultrasonic bath of acetone for 20 min. C45E 

steel without the ceramic coating was taken as a reference sample (RS). To directly compare 

the RS against the performance of the coated samples, the RS was annealed at different 

temperatures and atmospheres that are used to produce ceramic-coated steel samples. 

Table 4.1. The chemical composition of the RS (C45E), wt.%. 

 

Elements Al Ni Mn Mo Cr S C Si Fe 

wt.% 0.01 0.09 0.65 0.02 0.09 <0.030 0.45 0.25 Balance 

 

4.2.2. Preparation of TiO2-SiO2 Protective Coating 

For deposition of the TiO2-SiO2 films by dip-coating, the steel substrate was dipped at a 

constant rate of 20 cm/min in the aged TiO2-SiO2 sol. After complete immersion, the samples 

were kept in the sol for 5 min and pulled out at a rate of 20 cm/min. For coating more than one 

layer (two and three), the sample was dried at RT for 30 minutes (first drying) after every layer 

of coating. Final drying was carried out by heating the samples to 120 °C at a heating rate of 1 

°C/min for 30 minutes (second drying). The dried samples were annealed for 1 hour using a 

heating and cooling rate of 4 °C/min at different temperatures and in different atmospheres as 

summarized in Table 4.2. 

Table 4.2. Different processing parameters of the investigated protective ceramic coatings on 

a C45E steel substrate. 

Annealing Atmosphere Argon 

 Number of Layers Temperature Sample name 

1 Layer (1L) 700 °C-800 °C-900 °C 1L700Ar-1L800Ar-1L900Ar 

2 Layer (2L) 700 °C-800 °C-900 °C 2L700Ar-2L800Ar-2L900Ar 

3 Layer (3L) 700 °C-800 °C-900 °C 3L700Ar-3L800Ar-3L900Ar 

Annealing Atmosphere Air 

 Number of Layers Temperature Sample name 

1 Layer (1L) 700 °C-800 °C-900 °C 1L700Ai-1L800Ai-1L900Ai 

2 Layer (2L) 700 °C-800 °C-900 °C 2L700Ai-2L800Ai-2L900Ai 

3 Layer (3L) 700 °C-800 °C-900 °C 3L700Ai-3L800Ai-3L900Ai 
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4.2.3. Characterization of Coatings 

Simultaneous thermal analysis (STA) including thermal gravimetric analysis (TGA) and 

differential thermal analysis (DTA) were used to investigate the structural degradation of the 

precursors and to determine the appropriate annealing temperature for the coatings. To do so, 

approximately 90 mg of the TiO2-SiO2 gel that had dried for 1 hour at 100 °C was placed in a 

ceramic crucible and measured with the TGA instrument (model Netzsch 449-F1 Jupiter, Selb, 

Germany). The analysis was performed from RT to 1000 °C at a heating rate of 5 °C/min in an 

air atmosphere. The infrared spectrum with Fourier transform (FT-IR) was obtained with a 

Bruker Alpha FT-IR spectrometer equipped with ALPHA‘s Platinum single reflection diamond 

ATR module in the range of 375-7500 cm-1 and at a resolution of <2 cm-1. In vibrational 

spectroscopy, the principles are based on measuring the vibrational frequency of interatomic 

chemical types. The functional groups and the type of transplantation in the molecule were 

investigated based on FT-IR spectroscopy. 

To determine the surface morphology of the thin films, scanning electron microscopy 

(TESCAN field emission scanning electron microscope) was used. To prevent electric 

charging, the samples were carbon-coated. The phase and crystalline structure of the coating 

were characterized by the X-ray diffraction analysis (Philips Xpert model), operated at a 

voltage of 40 kV and a current of 35 mA (radiation with CuKα radiation, λ =1.5406 Å). 

Coatings were measured over the 2θ range of 20˚-80˚ with a step size of 0.02˚. The XRD results 

were analyzed by PANalytical XPert HighScore Plus software. 

To investigate the corrosion behavior of the thin films and uncoated sample (RS), PEP and EIS 

tests were carried out in an electrochemical cell in an aqueous solution of 3.5 wt. % NaCl (1000 

mL). An over-saturated calomel electrode (SCE) was employed as a reference electrode, and a 

platinum electrode was used as an auxiliary electrode. Coated C45E and RS were used as 

working electrodes (WEs) with a 2.01 cm2 surface area. The experiments were carried out 

based on ASTM G3-14 [320] to determine the corrosion potential (Ecorr), corrosion current 

https://www.uab.edu/engineering/home/images/downloads/TGA_UAB_TA_MAy_absolute_final_2014.pdf
https://en.wikipedia.org/wiki/Differential_thermal_analysis
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density (Icorr) and polarization resistance (Rp) with a scanning rate of 1 mV/s from an initial 

potential of -250 to 1700 mV versus open circuit potentials. EIS tests were carried out at RT 

for 2 hours in a 3.5 wt.% NaCl aqueous solution. The measurements were conducted using AC 

signals at an amplitude of 10 mV and measurement frequencies from 10 mHz to 100 kHz at 

the stable open circuit potential (OCP). The values of the capacitive, diffusional and resistive 

elements were illustrated in three different equivalent electric circuits. ZSimpWin 3.22 

software was used to analyze the EIS results. All electrochemical experiments were performed 

using an autolab device (model PGSTAT302N) and Nova 1.11 software. 

4.3. Results and Discussions 

4.3.1. Thermal Gravimetric and Differential Thermal Analysis 

Figure 4.1 shows the TGA and DTA curves of the TiO2-SiO2 gel dried in air and the FT-IR 

spectrum of a coating deposited on RS annealed at 900 °C in argon (a) and air (b) atmospheres. 

The total weight loss percentage is detected as 75% of the primary precursor weight, which 

occurred in three steps. The gross weight loss of approximately 73.8% occurs from 100 °C to 

140 °C is attributed to the evaporation of residual water and ethanol as well as most of the 

organics from TOBT and TEOS. Between 200 °C and 425 °C, two overlapping steps with a 

weight loss of 1.6% are observed (cf. inset Figure 4.1), which is a consequence of the 

decomposition of the remaining organic compounds. A small step accounting for a 0.04% 

weight loss could be attributed to the decomposition of nitrates from the hydrolysis agent. A 

broad endothermic peak is observed at 125 °C in the DTA thermogram, which coincides with 

the massive weight loss below 140 °C and supports the assumption of the evaporation of water 

and organic compounds. A relatively smaller but broader endothermic peak appears at 

approximately 250 °C, which coincides with the two aforementioned mass steps and supports 

the assumption of the decomposition of residual alkyl groups. As shown in curves (a) and (b), 

the volatile components in the precursor decompose. The absorption numbers in 466 cm-1 and 

613 cm-1 are associated with the Ti-O and Ti-O-Ti bonds, respectively [286]. The vibration of 

https://en.wikipedia.org/wiki/Differential_thermal_analysis
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951 cm-1 corresponds to the vibration of the Si-O-Ti graft. Further, the wavenumbers 1086 cm-

1 corresponded to the Si-O-Si bond [321,322]. 

 

Figure 4.1. The thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) 

curves of dried TiO2-SiO2 gel and the FTIR spectrum of coatings annealed at 900 °C in argon 

(a) and air (b) atmospheres. 
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4.3.2. SEM-EDX Analysis 

The SEM micrographs were recorded for all the investigated protective coatings summarized 

in Table 4.2. The surface morphology was similar irrespective of the number of coating layers, 

so only 3L coatings are reported in Figure 4.2, which shows that the SEM micrographs of the 

TiO2-SiO2 3L coating at annealing temperatures of 700 °C (a,b), 800 °C (c,d) and 900 °C (e,f) 

in an argon atmosphere at different magnifications. It is evident from Figure 4.2 that the surface 

morphology is significantly influenced by the annealing temperatures. It is not feasible to 

obtain a continuous ceramic coating for samples annealed at 700 °C, and this is evident in 

Figure 4.2. The thickness of these discontinuous islets of ceramic coatings was estimated to be 

approximately 1µm. At 800 °C (b) and 900 °C (f), the boundaries between these islands are 

still present, but the surface is now covered by a dense layer. By comparing the micrographs 

(a), (c) and (e), it can be stated that increasing the annealing temperature led to a reduction in 

cracks and imperfections in the coatings. At higher magnification, it becomes visible that the 

coating annealed at 700 °C (b) exhibits nanometric porosity. Increasing the annealing to 800 

°C (d) and then to 900 °C (f) causes progressive coagulation of the nanometric pores and 

enhanced grain growth. Figure 4.3 shows the SEM micrographs of the TiO2-SiO2 3L coatings 

annealed at 700 °C (a,b), 800 °C (c,d) and 900 °C (e,f) in an air atmosphere at different 

magnifications. The ceramic coating surface annealed at 700 °C (a) was again discontinuous 

with obvious cracks that are filled with material and that have grown from the substrate. This 

material is expected to be an iron oxide, which is proven by X-ray diffraction in the subsequent 

section (cf. Figure 4.5). At an annealing temperature of 800 °C (c), the surface is 

homogeneously covered by a nanoporous layer. Samples annealed at 900 °C (f) exhibit a 

heavily structured surface with deep voids, which might be caused by the coagulation of the 

nanopores. In both atmospheres, the surface microstructure changed as the annealing 

temperature increased, which is probably due to the growth of the coating components.  
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Figure 4.2. SEM micrographs of TiO2-SiO2 3L coatings annealed at (a,b) 700 °C, (c,d) 800 

°C and (e,f) 900 °C in an argon atmosphere. 

 

Figure 4.3. SEM micrographs of TiO2-SiO2 3L coatings annealed at (a,b) 700 °C, (c,d) 800 

°C and (e,f) 900 °C in an air atmosphere. 

 

To determine the thickness of the coating, cross-sections of the 3L coating at 900 °C under 

argon (a,b) and air (c) atmospheres were prepared. The films are well crystallized and dense. 

Three different coating layers placed one above the other are clearly identified in Figure 4.4a. 

As shown in Figure 4.4b, the previous cracks and pores are not seen in the cross-section of the 

layers. It can be said that such porosities are superficial, do not penetrate into the coating depth 

and are not expected to reach the substrate surface. Moreover, as shown in Figure 4.4c, the 
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thickness of the dense coating in the SEM cross-section was found between 3 and 4 µm. The 

EDX analysis of the coatings at 800 °C in the argon (a) and air (b) atmospheres is shown in 

Figure 4.5. TiK, SiK, FeK and OK lines were identified in the spectrum. In the coating annealed 

in air, more Fe is detected. This might indicate stronger oxidation of the substrate and a reaction 

with the TiO2-SiO2 compounds compared to the coating annealed in argon.  

Figure 4.4. Cross-section micrographs of the TiO2-SiO2 3L coating annealed at 900 °C in argon 

(a,b) and air (c) atmospheres.
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Figure 4.5. EDX analysis of TiO2-SiO2 3L coatings at 800 °C in argon (a) and air (b) 

atmospheres. 

 

4.3.3. X-ray Diffraction Analysis 

Figure 4.6 shows the X-ray diffraction patterns of the 3L TiO2-SiO2 coatings under the argon 

(a) and air (b) atmospheres and the TiO2-SiO2 gel (c) and RS (d), which were both annealed at 

900 °C in an air atmosphere. The coating annealed in argon (Figure 4.6a) at this temperature 

includes two phases of hematite (Fe2O3, 00-024-0072) and magnetite (Fe3O4, 01-089-0688). If 

we include titanium (which was found by EDX) into the search database, we could also match 

a pattern of Fe2.75Ti0.25O4, which is identical to Fe3O4. The narrow XRD peaks reflect the high 

crystallinity of the coatings. On changing the annealing atmospheres, the relative intensity of 

the peaks changes. The coating annealed in the air (Figure 4.6b) at this temperature shows 

mainly Fe2O3 (00-024-0072), with only faint traces of Fe3O4, which is an effect of the higher 

oxygen partial pressure. Annealing the TiO2-SiO2 gel in air at 900 °C yielded a powder with 

an anatase phase pattern (01-078-2486, Figure 4.6c). Because no TiO2- or SiO2-related phases 
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were detected in the coatings, one can conclude that solid solutions are formed with the present 

iron oxides. After annealing the RS in air at 900 °C only peaks of iron could be identified.  

The results demonstrate that the properties of the iron oxides formed on the surface are affected 

by the pH of the TiO2-SiO2 sol and the annealing conditions at high temperatures. According 

to the pH-potential diagram of the iron-water system with 10-6 M iron at 25 °C [323], as the 

pH increases, compact and passive iron oxides can be gradually formed on the C45E steel 

surface (RS) when iron reacts with electrolytes such as the TiO2-SiO2 sol. These iron oxides 

grow during annealing depending on the oxygen partial pressure (more in the air atmosphere, 

less in the argon atmosphere). Then, the newly formed iron oxides mix with the TiO2-SiO2. 

Before the dipping process, there are no activation reactions, therefore, the XRD result of the 

RS shows only iron peaks. 

 

Figure 4.6. XRD patterns of TiO2-SiO2 3L coatings in argon (a) and air (b), TiO2-SiO2 gel 

annealed at 900 °C (c) and RS (d) annealed at 900 °C in air atmosphere. 
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4.3.4. Corrosion Behavior  

4.3.4.1. Linear Polarization  

The corrosion behavior of the TiO2-SiO2 coatings in a 3.5 wt.% NaCl aqueous solution was 

investigated by a PEP test and compared to the corrosion behavior of RS. The Tafel plots of 

all the investigated protective coatings are shown in Figure 4.7. The analysis of the Tafel plots 

yielded the slope of the cathodic curve (βc), the slope of the anodic curve (βa), Icorr and Ecorr. 

These parameters were used to determine the Rp from the Stern-Geary Equation (4.1) [303].  

Rp =
βa×βc

2.303×(βa+βb)×Icorr
          (Eq 4.1) 

The values derived from Figure 4.7 using Equation (4.1) are summarized in Table 3 and shown 

in Figure 4.8. First, the corrosion resistance of RS (uncoated C45E steel, heat-treated) was 

investigated. After heat treatment at 900 °C in argon, the PEP measurement of the RS yielded 

an Rp value of 1075 Ω cm2, whereas heat treatment at 900 °C in air yielded a value of 2346 Ω 

cm2 (cf. Table 4.3). As seen in Table 4.3, the application of the TiO2-SiO2 coating on the C45E 

steel substrate reduced the corrosion current density by approximately one order of magnitude 

and increased the polarization resistance of the samples. The highest Rp value of 42 kΩ cm2 

was achieved for RS coated with a TiO2-SiO2 ceramic protective coating consisting of 3 

deposited layers annealed at 900 °C in an argon atmosphere. In the samples with TiO2-SiO2 

coatings annealed in an argon atmosphere, the lowest corrosion current density and the highest 

polarization resistance were related to the coating of 3L at 700 °C, 800 °C and 900 °C. The 

PEP results of the coated samples are listed in Table 4.3. 

Figure 4.7d,e,f shows the PEP results of all the investigated TiO2-SiO2-based protective 

coatings, as summarized in Table 4.2. As shown in Table 4.3, the lowest Icorr and the highest 

Rp were measured for 3L at 700 °C, 800 °C and 900 °C. The corrosion current density in these 

coatings is 5.4×10-6 A/cm2, 2.6×10-6 A/cm2 and 4.9×10-7 A/cm2, respectively. Furthermore, 

among all coatings annealed in the air atmosphere, the highest Rp value is applicable to the 3L 
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coatings produced at 900 °C (cf. Table 4.3). The coating Rp value was approximately 61 kΩ 

cm2, which is 25 times the measured values for a RS under similar conditions. Therefore, it can 

be concluded that by applying coatings on the RS, the Ecorr became more positive, lowering 

the Icorr and increasing the polarization resistance. Obviously, increasing the number of layers 

prevents the corrosive process from extending down to the substrate surface and ultimately 

increases the corrosion resistance. As shown in Figure 4.8, the Rp value increased as the 

annealing temperature increased. This is possibly due to the increase in the grain size, the 

decrease of the number of grain boundaries and the increase in the density of the films. 

Furthermore, at all temperatures, the use of the air atmosphere increased the Rp value compared 

to argon atmosphere, which may be due to differences in the created microstructures and the 

difference in the total layer thickness. The formation of iron oxides during the annealing of the 

coatings is confirmed through XRD. The improved corrosion resistance is due to the 

stabilization of these compounds by reaction with TiO2-SiO2. As shown in the EDX result 

(Figure 4.5a), annealing in the air atmosphere increases the iron and titanium oxides, which 

increases the corrosion resistance.  
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Figure 4.7. PEP curves of C45E steel substrate with TiO2-SiO2 coatings of 1, 2 and 3L in argon 

and air atmospheres at 700 °C (a,d), 800 °C (b,e) and 900 °C (c,f).  
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Table 4.3. Electrochemical parameters of RS and 1, 2 and 3L TiO2-SiO2 coatings annealed in 

argon and air atmospheres at different annealing temperatures in 3.5 wt.% NaCl aqueous 

solution. 

 

Parameters βa (V/dec) βc (V/dec) Ecorr (V) Icorr (A/cm2) Rp (Ω cm2) 

Samples Argon atmosphere 

RS 0.47 0.07 -0.59 1.5×10-5 1075 

700 °C 

1L 0.07 0.27 -0.57 5.3×10-6 4521 

2L 0.07 0.17 -0.31 3.3×10-6 6305 

3L 0.06 0.21 -0.34 2.1×10-6 8386 

800 °C 

1L 0.13 0.25 -0.55 5.1×10-6 7381 

2L 0.08 0.20 -0.60 2.7×10-6 9319 

3L 0.02 0.02 -0.79 4.2×10-7 10431 

900 °C 

1L 0.30 0.28 -0.25 2.8×10-6 22010 

2L 0.20 0.17 -0.24 1.5×10-6 26162 

3L 0.28 0.20 -0.25 1.2×10-6 41913 

Samples Air atmosphere 

RS 0.05 0.43 -0.65 4.8×10-6 2346 

700 °C 

1L 

2L 

3L 

0.04 0.05 -0.45 1.9×10-6 5021 

0.03 0.04 -0.49 1.3×10-6 6548 

0.27 0.11 -0.47 5.4×10-6 6649 

800 °C 

1L 0.05 0.07 -0.80 5.9×10-6 2162 

2L 0.10 0.08 -0.56 3.0×10-6 6423 

3L 0.12 0.11 -0.48 2.6×10-6 9386 

900 °C 

1L 0.11 0.19 -0.42 1.1×10-6 26916 

2L 0.10 0.13 -0.47 7.4×10-7 35383 

3L 0.14 0.13 -0.35 4.9×10-7 60920 
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Figure 4.8. Graphical representation of TiO2-SiO2 1, 2 and 3L coatings and RS in argon and 

air atmospheres at 700 °C, 800 °C and 900 °C. 
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4.3.4.2. Electrochemical Impedance Spectroscopy 

EIS was used to inspect the corrosion behavior of the TiO2-SiO2 coatings and the RS. In Figure 

4.9, Nyquist diagrams from EIS for 1L, 2L and 3L coatings at different annealing temperatures 

in argon (a,b,c) and air (d,e,f) atmospheres are compared with the RS in a 3.5 wt.% NaCl 

aqueous solution. It is clear from all the Nyquist diagrams that compared to the RS, the addition 

of the TiO2-SiO2 coatings increases the semicircular diameters, which indicates an increase in 

corrosion resistance. It is seen that changing L and annealing at different temperatures and 

atmospheres change the shape and diameter of the semicircles, which indicates a change in the 

corrosion behavior of the coatings. The equivalent electrical circuit was used to obtain the 

values for the Nyquist chart parameters in the EIS test. The most suitable circuit that conforms 

very closely to the results obtained from the impedance tests of the coatings is schematically 

illustrated in Figure 4.10, while the highest equivalent circuit parameters values are listed in 

Tables 4.3 and 4.4. In general, three different circuitries were obtained for the coatings 

produced under different conditions. Figure 4.10a shows the equivalent circuit related to the 

RS and the coatings with codes, 1L annealed at 700 °C, 800 °C and 900 °C in argon and air 

atmospheres. According to the equivalent circuit, (Rs) represents the solution resistance, (Rct) 

is the coating resistance and (CPE) is a constant phase element. An indication of the resistance 

to load transfer resistance, (Q) and (n) displays magnification and power of the CPE. In the 

equivalent circuit, the constant phase element Q, which represents a non-faradic electrode 

component, is in parallel with the load transfer resistance Rct, and the entire series is set with 

the dissolved Rs resistance. In this equivalent circuit, there is a constant phase which is a 

function of the frequency angle (ω). The identity and impedance of this element are given by 

Equation (4.2) and Equation (4.3). 

YCPE = Y0 × (jω)               (Eq 4.2) 

ZCPE =
1

Y0 × (jω)n
            (Eq 4.3) 
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where (j) is an imaginary number, j=-11/2 and ω=2πf is the frequency angle. Factor n specifies 

the CPE power, with parameters between (-1) and (1). n=1 for pure capacitive behavior, n=-1 

for pure inductive behavior and n=0 for pure resistance behavior. If n is between 0 and 1, the 

element has a constant phase of the resistor-capacitor behavior (RC), and if n is between 0 and 

-1, then the element has a constant phase of the resistor-inductor behavior (RL). According to 

all coatings, Tables 4.4 and 4.5 and the n values, it can be concluded that because the CPE 

power is between 0 and 1, the behavior of the constant element is RC [324,325]. This power is 

close to one in samples with coatings, and thus, the constant phase element shows capacitive 

behavior. In Figure 4.10b, the equivalent circuit for the TiO2-SiO2 coatings are related to 2L 

annealed at 700 °C, 800 °C and 900 °C in argon and air. Furthermore, Figure 4.10c shows the 

equivalent circuit for coatings with codes 3L annealed at 700 °C, 800 °C and 900 °C in argon 

and air, which consists of three load transfer resistances and three elements of the phase 

element. Adding these elements indicates the entry of ions and a corrosive solution to the lower 

layers of the coating, which is due to the presence of cracks and holes in the coatings. In other 

words, the lower barrier layers counteract the passage of the corrosive material to the substrate, 

which increases the corrosion resistance. By comparing the impedance spectra in all the 

coatings and the values obtained, it can be noted that the Nyquist diagrams for the coatings 

produced at 900 °C in argon and air included a larger circular diameter, indicating the higher 

corrosion resistance of such coatings. Finally, it can be concluded that the Nyquist diagrams 

obtained from the EIS tests were consistent with the PEP results to a great extent. 
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Figure 4.9. EIS of 1, 2 and 3L TiO2-SiO2 coatings annealed at 700 °C (a,c), 800 °C (b,d) and 

900 °C (c,f) in argon and air atmospheres compared to the uncoated to the RS.
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Figure 4.10. Equivalent electrical circuits for impedance data: 1L (a), 2L (b) and 3L (c) and 

RS annealed at 700 °C, 800 °C and 900 °C in argon and air. 

 

Table 4.4. The values of the equivalent circuit elements coinciding with the impedance spectra 

of 3L of TiO2-SiO2 coatings annealed at 700 °C, 800 °C and 900 °C in an argon atmosphere 

compared to the RS. 

Temperatures   900 °C 700 °C 800 °C 900 °C 

Samples RS  3L 3L 3L 

Rs (Ω cm2) 3 1.1 7 8 

Q1 (S cm2 sn) 1.4×10-3 1.0×10-3 4.6×10-4 2.1×10-3 

n1 0.8 0.5 1 0.6 

Rct1 (Ω cm2) 346.4 1.4×104 1127 6181 

Q2 (S cm2 sn) 
 

1.8×10-2 9.9×10-4 1.1×10-8 

n2 
 

0.1 0.6 0.9 

Rct2 (Ω cm2) 
 

1.0×1021 9534 5.3×1010 

Q3 (S cm2 sn)  1.8×10-13 1.9×10-4 2.6×10-4 

n3  0 0.8 0.8 

Rct3 (Ω cm2)  1377 1.3×1016 1.6×104 
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Table 4.5. The values of the equivalent circuit elements coinciding with the impedance spectra 

of 3L of TiO2-SiO2 coatings annealed at 700 °C, 800 °C and 900 °C in air atmospheres 

compared to the RS. 

Temperature     900 °C 700 °C 800 °C 900 °C 

Sample RS 3L 3L 3L 

Rs (Ω cm2) 3 6.6 7 0.1 

Q1 (S cm2 sn) 9.1×10-4 2.3×10-3 2.7×10-4 6.4×10-5 

n1 0.8 1 0.7 0.5 

Rct1 (Ω cm2) 788.3 5497 887 9657 

Q2 (S cm2 sn) 
 

1.0×10-4 2.8×10-3 1.2×10-6 

n2    0.6 0.8 0.6 

Rct2 (Ω cm2) 
 

163 664 7761 

Q3 (S cm2 sn)   2.0×10-3  1.2×10-2   9.1×10-4 

n3 
 

0.5 0.4 0.8 

Rct3 (Ω cm2)   1.9×1013   1198 7.8×1011 
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4.4. Conclusions 

In the current study, TiO2-SiO2 coatings (molar ratio Ti:Si=50:50) were prepared on a C45E 

steel substrate by dip-coating and synthesized via the sol-gel method. The effects of the number 

of coating layers, annealing temperatures and atmospheres of TiO2-SiO2 protective coatings on 

the structural properties and corrosion behavior of C45E steel were investigated. This 

systematic investigation resulted in the following observations: 

 It is demonstrated that the sol-gel technique is a simple and beneficial method for 

preparing coatings on metal substrates. 

 TGA-DTA analyses of the TiO2-SiO2 precursors and coatings revealed that most 

organic compounds are decomposed below 150 °C. Additional steps with minor weight 

losses were observed until 425 °C.  

 The results of surface morphology imaging by SEM show that increasing the annealing 

temperature in both argon and air atmospheres caused a change in the surface 

morphology. For the annealed TiO2-SiO2 3L coatings in argon atmospheres, increasing 

the annealing temperature reduced the extent of surface cracking. The topography of 

the coatings is affected by annealing temperatures and atmospheres. EDX analysis 

confirmed the presence of Ti and Si in the coating.  

 XRD analysis of the TiO2-SiO2 composite films revealed the presence of the Fe2O3 and 

Fe3O4 phases for the films annealed in argon. Annealing in air resulted in Fe2O3, with 

only small traces of Fe3O4. It is presumed that iron oxides, which might react with the 

TiO2-SiO2 coating are formed during the annealing process.  

 In contrast to pure iron oxide coatings, which are known not to be effective against 

progressive corrosion, these coatings successfully served as physical and 

electrochemical protective barriers against corrosive attacks on the steel substrate. The 

results of the potentiodynamic electrochemical polarization tests indicated a significant 
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improvement in corrosion resistance in all coatings compared to the RS. The annealing 

temperatures plays a crucial role in tuning the corrosion resistance of protective 

coatings. Corrosion resistance is also enhanced with an increase in the number of 

protective coatings layers compared with the RS. The highest corrosion resistance of 

61 kΩ cm2 was obtained for the TiO2-SiO2 3L coating annealed at 900 °C in an air 

atmosphere (cf. Table 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

83 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 

Electrochemical and Structural Property of TiSiNb TFSOC on Affordable Interconnects in 

Proton Exchange Membrane Fuel Cell Applications 
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Abstract: High cost and low electrochemical stability of the interconnection in Proton 

Exchange Membrane Fuel Cell (PEMFC) in the presence of H2SO4 are one of the main issues 

hindering the commercialization of these devices. This manuscript presents the utilization of 

cost-effective steel in an attempt to minimize the PEMFC interconnection costs with a thin-

film solid oxide coating (TFSOC) providing sufficient corrosion resistance for efficient long-

term operation. Novel Ti0.50-y/2Si0.50-y/2Nby1,2O2 as TFSOC was deposited on the C45E steel as 

a metal interconnect utilizing a sol-gel process at various annealing temperatures. The analysis 

of the phase and surface morphology demonstrates that lower annealing temperatures 

developed nanometric crystallite size of 68 nm, more uniform structure and higher corrosion 

resistance. Under standard test conditions, the TFSOC demonstrated high polarization 

resistance (1.3 kΩ cm2) even after 720 hours (h). Electrical conductivity of the TFSOC as low 

as 1.4 × 10−2 (Ω m)−1 and activation energy of 0.20 eV were achieved, which helps to maintain 

the PEMFC output power. 
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5.1. Introduction 

Proton Exchange Membrane Fuel Cells (PEMFC) are getting significant attention with the 

growing need for renewable energy and are expected to play a key role in the energy economy 

that is aiming for a green energy future [119]. A PEMFC is an electrochemical device that uses 

a hydrated Nafion membrane which is capable of converting hydrogen and oxygen to electrical 

energy. Schematic representation of a single stack cell of PEMFC with the highlighting of vital 

components and processes involved is shown in Figure 5.1a. 

 

Figure 5.1. Schematic of Proton Exchange Membrane (PEM) fuel cell components (a) and 

front plane of Proton Exchange Membrane Fuel Cells (PEMFCMI) (b). 

In this whole energy conversion process, water is the only produced by-product, making it of 

great interest to alternative energy research and to replace fossil fuels [326]. Having this in 

mind, the development and utilization of economical and reliable fuel cells are considered to 

be critical aspects of attaining genuinely green or sustainable energy [327]. PEMFC is regarded 

as a safe and most suitable cell of choice for industrial purposes because of its modest operation 
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temperature. Currently available PEMFC can be operated between 80 °C and 200 °C [328]. 

The PEMFC interconnector (PEMFCI), also known as the flow field or separator is a vital 

component of the PEMFC stack (depicted in Figure 5.1b) both in terms of weight and cost of 

the PEMFC encompassing about 80% of the total weight and 45% of the production cost of the 

stack [163]. These interconnectors are designed to perform several functions, such as gas flow 

channels, prevent hydrogen and oxygen from mixing in the fuel cell, water, and heat 

transmission, preventing leakage of reactants and coolant in addition to ultimately provide 

electrical connections [329]. The investigation of suitable and low-cost material for 

interconnect has emerged as a key factor in the development of the PEMFC stack. Additionally, 

it is important that the PEMFCI is manufactured with lightweight materials using cost-effective 

techniques to keep the total cost of the cell stack low. At present, materials such as electro 

graphite [221], carbon-carbon composite [179], flexible graphite foil [330], polymer composite 

[331] and metallic sheets [174] are used for PEMFCI applications. When it comes to 

commercial graphite PEMFCI, they show outstanding resistance to corrosion and favorable 

electrical and thermal conductivity. However, the low density, weak mechanical strength, 

material and processing cost restrict its usage [195,332,333]. Metal plate-based interconnectors 

are usually coated with various protective materials to enhance their corrosion resistance 

[56,334]. The common steel compositions used for PEMFC metal interconnects (PEMFCMI) 

are 304 and 316 stainless steel, which demonstrate reasonable resistance to corrosion but are 

costly [334]. On the other hand, these materials with good mechanical and thermal properties 

with a thickness of approximately 1–3 mm can significantly improve the performance and 

energy density of the cells [335] making the PEMFCMI the best potential materials for PEMFC 

interconnects [336]. Nevertheless, one of the serious drawbacks of PEMFCMI is its 

vulnerability to corrosion in a harsh PEMFC environment containing SO4
2−, Cl−, F−, etc. [174] 

that limits the efficient long-term performance of PEMFC [185]. The corrosion of the 

PEMFCMI leads to contamination of the membrane electrodes. It can be suppressed by 
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passivation that in turn increases the interfacial contact resistance (ICR) and decreases the 

efficiency of the fuel cell stack. In recent studies, PEMFCMI coated with carbon-based material 

has been reported as a cost-effective approach to improving corrosion resistance while keeping 

the ICR low [238,239]. Electrically conductive polymers (ECP) were studied as potential 

coating materials due to their chemical and electrochemical stability [45,240]. The presence of 

micro-defects, as a matter of the main disadvantage of ECP, can be used as migration channels 

for corrosive ions to penetrate to the substrate surface and passivate interconnect, which could 

further increase the ICR [241,242]. Recently, some chemical inert conductive coatings, for 

instance, thin-film metallic glass coating (TFMGs) [243] and thin-film solid oxide coating 

(TFSOC) [244] have been considered as the most promising candidate coatings for PEMFCMI 

applications. The TFMGs increase the price of PEMFC due to the high cost of equipment 

operating and limited area [337]. TFSOC has been primarily developed to resist tribal-corrosive 

degradation of metal surfaces in corrosive environments. Consequently, TFSOC can be a 

successful applicant to satisfy the clearly stated requirements to improve the corrosion 

resistance of the PEMFCMI [220,338]. Therefore, developing cheap corrosion-resistant thin-

film with appropriate electrical properties is crucial to keep the cost of PEMFC affordable. 

Nowadays, some TFSOC such as graphene/TiO2 [220] chitosan‑tin oxide composite film 

[338], Ta2O5 [261], Nb-TiO2 [339], SnO2 [260], FTO [262], Cr2O3/C [340], PbO2 [341] and 

Zn-Ni-Al2O3 [342] have been investigated. These coatings have shown promising results in 

PEMFCMI applications due to their high performance as efficient corrosion inhibitors. 

Nevertheless, further work needs to be done to improve TFSOC to achieve a reliable and 

affordable coating for application in PEMFC. So far there are some studies on the application 

of TiO2-SiO2 TFSOC for corrosion protection of different substrates [286,343]. TiNb-oxide 

TFSOC has shown reasonable conductivity and high chemical stability at room temperature 

(RT) [263,344]. To summarize, the TiO2, SiO2 and Nb2O5 protective coatings have become 

anti-corrosive and conductive modifier materials due to of their non-toxic characteristic, 
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pollution-free, inexpensive and good chemical stability [263,286,343,344]. Sol-gel is proven 

to be a fairly simple and economical method for fabricating different organic and inorganic 

TFSOC for corrosion protection [345]. One main advantage of this method is its flexibility to 

coat large substrates of metal, glass, ceramics and plastic with a high purity protective layer 

using the dip-coating sol-gel technique [346]. The C45E carbon steel (AISI/SAE1045) is a 

commercial low-cost material (economic efficiency) commonly used due to its high strength 

and combination of formability that makes it easy to shape into sheets. However, several 

studies have been successfully performed to improve its electrochemical weakness such as 

corrosion resistance due to lack of chromium deficiency to operate under harsh conditions 

[190]. Our previous study has shown that TiO2-SiO2 TFSOC and its combination with C45E 

iron oxides after the heat treatment process have successfully served as high physical and 

electrochemical protective barriers (61 kΩ cm2 compare to the 2 kΩ cm2 as polarization 

resistance for the bare C45E steel) against corrosive attacks [74]. Bai et al. [192] applied 

chromate coating on a C45E steel surface for application as a PEMFCMI due to its excellent 

mechanical and cost-effective properties. The results demonstrated substantial protection at 

low and most stable corrosion current density with the lowest interfacial contact resistance of 

5.9 kΩ cm2, which indicated that the coated C45E has a significant potential to be used as 

PEMFCMI applications. Therefore, it is important to assess the potential of TFSOC on C45E 

surface to combine the merits of TFSOC and substrate as a low-cost alternative interconnects 

in PEMFC. In this work, we focused on producing a cost-effective and environmentally 

sustainable anti-corrosive TFSOC with long-term stability for use in PEMFCMI applications. 

For this purpose, Ti0.50-y/2Si0.50-y/2Nby1,2O2 (TiSiNb) as TFSOC were deposited via a sol–gel 

process on C45E steel substrates. The influence of Nb concentration and annealing temperature 

(500 °C, 600 °C and 700 °C) on the morphology of the thin films were examined. The 

microstructure and phase of obtained TFSOC were investigated. The electrochemical 
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degradation behavior by means of over potential application and electrical conductivity of 

TFSOC through impedance analysis were also investigated. 

5.2. Experimental Procedure 

5.2.1. Materials and Substrate Preparation  

Tetra-n-butyl orthotitanate (TBOT, C16H36O4Ti, 98%, Merck, Billerica, MA, US), Tetraethyl 

orthosilicate (TEOS, C8H20O4Si 99%, Merck, Billerica, MA, US) and Niobium (V) ethoxide 

(C10H25NbO5, 99.95%, Sigma-Aldrich, Taufkirchen, Germany) were used as precursors for 

titanium, silicone and niobium, respectively. As a solvent, hydrolysis agent and catalyst ethanol 

(C2H5OH, 99.99%, Merck, Billerica, MA, US), distilled water and nitric acid (HNO3, 99.99%, 

Merck, Billerica MA, US) were used, respectively. The C45E steel with the chemical 

composition in accordance with EN 10083-2:2006 standard as illustrated in Table 5.1 was used 

as the reference sample (RS). Different silicon carbide abrasive papers (80 ground up to 4000 

grit) and alumina with grain sizes of 1 μm and 3 μm (for surface polishing) were used to prepare 

the RS surface before applying TFSOC. Eventually, ethanol was used to clean the polished RS 

surface using an ultrasonic bath for 30 minutes (min). 

Table 5.1. The C45E substrate chemical composition (wt.%). 

Elements Mn C Si Cr Ni S P Fe 

wt.% 0.65 0.45 0.27 0.25 0.25 0.02 0.04 balance 
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5.2.2. Preparation of TiSiNb Sol 

Two Ti0.50-y/2Si0.50-y/2Nby1,2 (y = 0.01 and 0.02) sols with different Niobium (V) ethoxide (Nb) 

content (0.01 and 0.02) were prepared via the sol-gel method at RT. To synthesize coatings 

sols, TBOT, TEOS and Nb were used as precursors. Initially, to prepare the solution (A), 10 

mL of TBOT was mixed with 20 mL absolute ethanol by utilizing a magnetic stirrer for 1 hour 

(h) at RT. The solution (B) comprising 5.8 mL of TEOS and 11.6 mL absolute ethanol was 

mixed in the beaker and stirred for 1 h at RT. In two separate beakers, two hydrolysis agents 

containing 5 mL distilled water and 2 mL nitric acid with 10 mL of absolute ethanol under 

severe agitation conditions (agent A) and 2.9 mL distilled water, 1.16 mL nitric acid and 5.8 

mL of absolute ethanol (agent B) were stirred for 30 min at RT. Subsequently, the hydrolysis 

agents were added drop-wise under stirring to the A and B sols, respectively. In this step, 132 

μL (y1 = 0.01) of Nb was added dropwise to the sol (A). Following the same procedure as 

before, the same sols and hydrolysis agents have been prepared for another doped Nb (y2 = 

0.02) with 266 μL (pH-3 was measured). Eventually, the sols were maintained under intense 

stirring for 2 h to hydrolyze the precursors and aged for 24 h before deposited on the RS 

surfaces as TFSOC at RT. 

5.2.3. Preparation of TFSOC on the Substrate 

In order to deposit novel TiSiNb TFSOC, the layer-by-layer (LbL) technique [347] was used 

as an appropriate multi-layer coating production method due to its low cost, flexibility and 

durability. For this purpose, the cleaned RS was dipped at a constant rate of 10 cm/min in the 

TiSiNb aged sol. Following the full immersion after 2 min, the samples were pulled out from 

aged sol at the same constant rate speed and dried for 10 min at RT. To create the TiSiNb 

TFSOC three-layer (3L) this process was repeated three times. Eventually, after drying at 100 

°C (3 °C/min) for 15 min the samples were annealed for 2 h at different annealing temperatures 

in a nitrogen atmosphere (N2) using a heating and cooling rate of 3 °C/min as outlined in Table 

5.2. 
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Table 5.2. Different annealing conditions and processing of the thin-film solid oxide coating 

(TFSOC) on the reference sample (RS) sample. 

Annealing 

temperature 

Annealing 

atmosphere 
RS Nb0.01 Nb0.02 

700 °C 

Nitrogen 

RS-700 °C TiSiNb0.01-700 °C TiSiNb0.02-700 °C 

600 °C RS-600 °C TiSiNb0.01-600 °C TiSiNb0.02-600 °C 

500 °C RS-500 °C TiSiNb0.01-500 °C TiSiNb0.02-500 °C 

5.2.4. Characterization of TFSOC 

To identify the chemical decomposition of TiSiNb TFSOC precursors, thermal gravimetric 

analysis (TGA) and differential thermal analysis (DTA) were used. Approximately 10 mg of 

pre-basic material (dried gel at 100 °C for 12 h) was put within the TGA instrument (Model 

Netzsch, Selb, Germany) to determine the sample thermal stability and appropriate the 

annealing temperature. The experiment was conducted in the air atmosphere at RT up to 1000 

°C (3 °C/min). In order to investigate the functional groups and molecule transplantation type 

of the chemical structure, an Alpha FT-IR spectrometer (Model ALPHA, Bruker, Ettlingen 

Germany) was acquired for the Fourier Transform Infrared Spectrum (FT-IR), which is 

equipped with a single-reflection ATR diamond module from ALPHA Platinum. Data were 

gathered between 400 to 4000 wavenumbers (cm−1) with a nominal resolution of 2 cm−1 in a 

total of 200 spectra. The composition of annealed gel (powder) and TFSOC were identified by 

using X-ray diffraction (XRD) (MiniFlex 600 Rigaku, Tokyo, Japan) using Cu Kα radiation 

operated at an accelerated potential of 40 kV and the current of 15 mA with the range of 2θ = 

20–80° and step width of 0.01°. The outcomes were analyzed utilizing PANalytical XPert 

HighScore software to accurately determine the phases and measure the crystal-size obtaining 

in the full width at half maximum (FWHM). The surface morphology of TFSOC was 

investigated by using electron microscopy (TESCAN EDS + EBSD field emission) in the 

secondary electron mode (10 kV). Energy-dispersive X-ray spectroscopy (EDS) was utilized 

to obtain microanalysis of Rs and TFSOC. To investigate the RS and SOTFC corrosion 

behavior, potentiodynamic electrochemical polarization (PEP) with an initial potential 

scanning rate of −200 to 1000 mV (1 mV/s) versus open circuit potentials (OCP) and 
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electrochemical impedance spectroscopy (EIS) tests were performed in standard condition 

solution (SCS) of 0.5 M H2SO4 with 2 ppm HF solution in 80 °C after 1, 24, 360 and 720 h. 

The over-saturated calomel electrode (SCE), platinum electrode and RS with and without 

TFSOC (surface area = 0.95 cm2) were employed as a reference electrode, auxiliary electrode 

and working electrode (WE), respectively. The EIS measurements were carried out at the stable 

OCP using AC signals (amplitude of 10 mV) and measurement frequencies from 10 mHz to 

100 kHz. This technique focuses on the calculation of alternating current (ac) impedance across 

in the frequency range for corrosion velocity analysis. Therefore, small potential time variables 

were applied sinusoidally around the corrosion potential to measure the impedance (Z) of the 

system. The PEP and EIS of the RS and TFSOC were performed according to ASTM G3-14 

[348] using Autolab model PGSTAT302N, Nova 1.11 and ZSimpWin 3.22 software to 

determine the corrosion current density (Icorr), corrosion potential (Ecorr) in the range of ±25 

mV, polarization resistance (Rp) and TFSOC resistance (Rct). To analyze the conductivity and 

activation energy (Ea) of Ti0.50-y/2Si0.50-y/2Nby1,2O2, the Ti-Si-Nb gel was dried, compacted to 

pellets of 13 mm diameter by uniaxial pressing and fired at 700 °C in N2 atmosphere. After 

that, gold pads were vapor-deposited on the surfaces of the pellets and impedance 

measurements at different temperatures between 100 °C and 700 °C were performed. A Novo 

control Concept 80 broadband dielectric spectrometer was used, which covered a frequency 

range from 0.1 Hz to 10 MHz. The conductivity was frequency independent up 1 MHz. The 

temperature was controlled by a thermocouple, which was positioned near the surface of the 

sample. For the determination of the conductivity at each temperature, the resulting Nyquist 

plots were fitted by a constant phase element (CPE) in parallel with a resistance element using 

the software ZView. 
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5.3. Results and Discussions 

5.3.1. Thermal Gravimetric and Differential Thermal Analysis 

Figure 5.2 demonstrates TGA-DTA curves of TiSiNb dried gel for 12 h at 80 °C containing 

different Nb content. Due to the low amount of niobium compared to other elements the results 

of 0.01 and 0.02 were not substantially different. The results indicate that the decomposition 

process of dried gel occurs in three steps. Over three steps, the overall weight loss percentage 

was approximately 23% of the primary precursor weight. Notwithstanding the aforementioned 

quantity, another weight loss occurred as a result of the removal of residual water from the 

TiSiNb gel in the drying process [349]. However, in the first step, approximately 3.79% of 

weight loss through evaporation of ethanol or combustion of organic compounds occurred 

between 75 °C to 175 °C [350]. The second step in 175 °C to 275 °C with a weight loss of 

5.93% is ascribed to the removal of residual Ti–OH and Si–OH (unreacted hydroxyl groups) 

as well as carbonization [351]. The final step was a maximum weight reduction of around 

12.73% at 400 °C up to 900 °C, which represents the transition of a crystalline titanium phase 

and physically releases water molecules bound to the silica–titanium interface region [352]. 

DTA data showed three significant changes (Exothermic peaks), which were contributed to the 

mass reduction in the dried gel. The oriented peaks at 76 °C and 150 °C were attributed to 

evaporation of physically adsorbed water [353] and approximately at 570 °C, the greatest peak 

was caused by the phase transformation of titanium from amorphous to anatase [354]. 

Consequently, TGA-DTA dried gel analysis may infer that the TiSiNb TFSOC transmission 

phase (annealing temperature) ought to be between 500 °C and 600 °C. 
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Figure 5.2. Thermal gravimetric analysis (TGA)-differential thermal analysis (DTA) 

curves of the TiSiNb dried gel at 100 °C for 12 h with different Nb contents. 
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5.3.2. FT-IR Spectra of TiSiNb TFSOC 

The most recommended technique for evaluating Ti–Si bands is infrared absorption 

spectroscopy (FT-IR). The FT-IR spectra of TFSOC are shown in Figure 5.3. 

Figure 5.3. FT-IR spectra of TiSiNb annealed gel in N2 atmosphere at different 

temperatures and Nb contents. 

No peaks were observed in the range of 1400 cm−1 to 4000 cm−1. It is commonly accepted that 

surface water adsorbed as well as the stretching vibration of OH and H2O bands are accessible 

in this range [286]. This indicates that a significant fraction of the aforementioned groups exists 

but they have not manifested because of the low intensity of peaks and annealing atmosphere, 

which allows water to gradually escape the pores. The vibrations of the Ti–O–Ti and Ti–O 

bands connection in titanium (anatase) were assigned between 463 cm−1 to 468 cm−1 and 517 

cm−1, respectively [286,355]. Hydrolysis of the alcoholic group to produce Ti–OH occurs as a 

result of nucleophilic substitution of alkyl groups such as O–R. According to Equations (5.1)–

(5.3) the –OH hydroxyl and condensation groups of Ti–OH might be produced the Ti–O–Ti 

with H2O and ROH, which contributed to the formation of the gel. 
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Ti (OR)
n
+ nH2O → Ti (OH)

n
 + nROH    (Eq 5.1) 

Ti (OH)
n
 → Ti(On/2) + n/2 H2O                 (Eq 5.2) 

TiOR + TiOH → TiO2 + ROH                  (Eq 5.3) 

Furthermore, the peaks identified at 920 cm−1 and 950 cm−1 are correlated with the Si–O–Ti 

and Si–OH tensile vibration and the signal at 1050 cm−1 is referred to the Si–O–Si band, 

respectively [356,357]. The lack of Nb–O peak could be attributed to the low content of 

Niobium (V) ethoxide precursor in the sol. Therefore, all of the above results collected from 

the FT-IR analysis demonstrate that TiO2 and SiO2 have been copolymerized contributing to 

the formation of a homogenous inorganic hybrid xerogel. 
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5.3.3. SEM-EDS Analysis 

SEM micrographs have been obtained for TFSOC in various annealing temperatures. 

Examination of either micrograph confirmed that increase the niobium content from 0.01 to 

0.02 did not affect the surface morphology owing to its low content. Therefore, only the 

micrographs of TiSiNb0.02 TFSOC annealed at 500 °C (a), 600 °C (b) and 700 °C (c,d) are 

reported in Figure 5.4. 

Figure 5.4. SEM micrographs of TiSiNb0.02 TFSOC: (a) annealed at 500 °C, (b) 600 °C 

and (c,d) 700 °C in N2 atmosphere. 

Figure 5.4a reveals that the annealed TFSOC at 500 °C comprises continuous coating with just 

a few hairline micro-cracks, which demonstrated excellent thermal shock resistance at this 

temperature. However, as the annealing temperature increases from 600 °C (Figure 5.4b) to 

700 °C (Figure 5.4c), the mesh of narrow elongated pits and cracks were observed in the 

TFSOC surfaces. As shown in Figure 5.4c, the second layer was also observed, from which 

might be concluded that different layers (multilayer) can be applied on the surface by the LbL 
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technique to raise the thickness of the TFSOC composite [286]. The other reported that the 

annealing temperature can be effective on the pores and cavities of the coating surface as a 

significant factor [358]. The size of these network cracks (12-18 µm) is increased through 

raising the annealing temperature probably due to the release of –OH and water bonds to the 

surface (cf. TGA-DTA and FTIR analysis) [359]. These results do, however, demonstrate that 

the RS substrate is protected inhomogeneously by the massive flaky scale of TFSOC, which 

may have been manufactured due to surface tension between the TiSiNb gel and atmosphere 

through the drying and annealing process. The researchers have also shown that during the heat 

treatment process in the sol-gel technique the capillary forces produced are ultimately able to 

establish surface fractures [359-361]. Figure 5.4d demonstrates a TFSOC micrograph which 

specifically illustrates that the uniform coat of nanoparticles was constructed after annealing of 

700 °C. In accordance with the FT-IR (cf. Figure 5.3) and XRD (further presented in section 

5.3.4) analyses, these observations might be attributed to titanium particles (anatase phase) 

mixed with iron oxide with an approximate size of 600 nm. Figure 5.5a indicates the cross-

sectional SEM micrograph of grinded RS doped with TFSOC annealed at 700 °C in an N2 

atmosphere.  
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Figure 5.5. SEM micrograph (a) and an insert referred as (b) with EDS analysis of the polished 

cross-section of TiSiNb0.02 TFSOC annealed at 700 °C in N2 atmosphere. 

 

As shown in Figure 5.5b, the cross-sections approximately reveal 76 μm of TFSOC dense 

structure and microcrystals of titanium anatase phase (approx. 10 μm) which is also evident on 

the surface (Figure 5.4d). In addition Figure 5.5a shows that the substrate is uniformly protected 

by TFSOC. There are also cavities between RS and TFSOC, which were randomly distributed 

in various sections. Since they did not reach on the surface, the area and length of these cavities 

are incalculable. It can be concluded that these microcavities were created during the LbL and 

drying steps by trapping decomposition products. This figure demonstrates also the EDS 

spectrum of cross-sectional RS (EDS spot 1) and TFSOC (EDS spot 2) annealed at 700 °C 

under N2 atmosphere. The EDS result of the RS was matched with Table 5.1. The regular and 

homogeneous surface morphology of TFSOC with Ti, Si and Fe compositions at the micro-

level were observed. The results show the excellently-defined peak of 0.525 keV for OK 

element (At%: 29.96) that demonstrated the formation of solid oxide thin-film. TiK peaks at 
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4.5 keV and 4.75 keV were identified which indicate the titanium dioxide existence (At%: 

33.05). The peaks at 0.2 keV and 1.75 keV were identified to confirm the presence of SiK 

(At%: 30.59). In addition, the peak was defined at 6.45 keV to confirm FeK (At%: 6.40), which 

indicated that the RS penetrates to the TFSOC owing to the high temperature of the annealing 

process. The TFSOC compositions obtained by EDS analysis corroborate that the overall Ti:Si 

ratios were identical to the ratios of the corresponding sols. 

5.3.4. X-ray Diffraction Analyses 

The XRD patterns of TiSiNb powders (a) and TFSOC (b) annealed at various temperatures and 

Nb content in the N2 atmosphere are shown in Figure 5.6.  

Figure 5.6. XRD patterns of TiSiNb powders (a) and TFSOC (b) at different annealing 

temperatures in N2 atmosphere. 
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In compositions of TiSiNb powders (a), the results show that the increased temperature from 

500 °C to 700 °C did not affect the peaks generated, which might be correlated with the 

formation and variations temperature in titanium and silicon phases [362]. It is evident that the 

increase in the annealing temperature resulted in increasing the intensity of the peaks and 

consequently forming crystallization. Only titanium oxide was detected and well-matched with 

the tetragonal anatase phase (01-071-1166) while silicon dioxide was not identified. In both 

Nb contents at the mentioned annealing temperature, the sharper peaks at 2θ = 25.34° were 

revealed to the (101) orientations. Considering the fact that the EDS analysis evidence 

demonstrates that coverings contain substantial quantities of silicon (At%: 30.59), however, 

due to the high annealing temperature, it can be concluded that the lack of silica composition 

in the XRD analysis might be attributed to its amorphous structure. To quantify the average 

size of TFSOC and TiSiNb nano-crystallite (L), the Scherrer Equation (5.4) [363] was utilized 

by K as a constant related to crystallite shape that is normally taken as 0.9 and XRD radiation 

of wavelength λ (nm) from measuring the full width at half maximum of peaks (β) in radian 

located at any 2θ in the pattern. 

L=
K×λ

β×Cosϴ
  (Eq 5.4) 

The average grain size of TiSiNb powders in different annealing temperatures (approx. 15 nm), 

was not changed with the increase of Nb content. Figure 5.6b demonstrates the XRD patterns 

of TFSOC at different annealing temperatures at two different Nb contents. The TFSOC XRD 

results were similar in all mentioned annealing temperatures. The results show that the 

Maghemite, titanium phase (Fe2.18O4Ti0.42, 01-084-1595), which demonstrates the iron oxide 

was formed on the surface. The combination of iron oxide and titanium phases was influenced 

by the pH of sol precursors in accordance with the pH-potential diagram of the iron–water 

system at RT [364] and annealing temperature. Low carbon steel such as C45E can 

progressively produce passive iron oxides in precursors with high pH [365]. Consequently, 
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under the processes of annealing, these iron oxides were extracted and combined with TFSOC. 

Moreover, the XRD results of TFSOC shows that the transformation phases have not changed 

with increasing the annealing temperature and Nb content. The crystallite size of the maximum 

narrow peaks, which represented the high crystallinity of TFSOC was increased from 68 nm to 

71 nm through increasing annealing temperature. 

5.3.5. Studies on Corrosion 

5.3.5.1. Tafel Polarization Technique and Electrochemical Behavior 

In all electrochemical techniques, Icorr can be used to determine the rate of corrosion from the 

measures of polarization. The Rp of annealed RS and TFSOC at different temperatures in SCS 

immersion after 1, 24, 360 and 720 h were determined using the Tafel extrapolation method 

from the intersection of cathodic and anodic Tafel curves. For this purpose, Rp was measured 

using the Icorr, anodic (βa) and cathodic (βc) Tafel constants from the Stern-Geary Equation 

(5.5) as one of the most effective techniques. 

Rp=
βa×βc

2.303×(βa+βb)×Icorr
      (Eq 5.5) 

In order to compare the corrosion behavior between the uncoated and coated RS, firstly the RS 

has been annealed at all mentioned temperatures in the N2 atmosphere. Then, the PEP and EIS 

tests of the annealed RS were performed in the SCS after 1, 24, 360 and 720 h immersion time. 

After 96 h of immersion, the results showed that the uncoated RS started to oxidatize and 

reduce the non-uniformity of the surface which can be assumed that the localized corrosion 

[258] occurred in the form of irregular and deep pitting. It can be concluded that this corrosion 

was primarily induced by the active-passive behavior of iron due to the pH environment, 

regeneration of the hydrogen ion, lack of protective black oxides such as Fe3O4 and chromium 

elements in the RS (cf. Figure 5.5 and Figure 5.6). Therefore, in PEP analyses under the 

assumption that the distribution of anode sites is uniform and its area is equivalent to the total 
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sample surface area, the examination of the corrosion behavior has not yielded accurate due to 

the RS surface oxidation and formation of the pitting corrosion [366]. Consequently, to 

compare the bare and coated RS, the PEP curves of the sample after 1 h immersion in the SCS 

were reported in Figure 5.7a and the results are shown in Table 5.3.  

 

Figure 5.7. Potentiodynamic electrochemical polarization (PEP) (a), electrochemical 

impedance spectroscopy (EIS) (b) curves with equivalent electrical circuit (EEC) (c) of 

annealed RS at 500 °C, 600 °C and 700 °C in N2 atmosphere after 1 h immersion in standard 

condition solution (SCS). 
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Table 5.3. Electrochemical parameters of annealed RS and TFSOC in N2 atmospheres at 

mentioned temperatures after immersion for 1, 24, 360 and 720 h in SCS. 

Sample 
Immersion  

time 

Parameters 

Ecorr (V) βa (V/dec) βc (V/dec) Icorr (A/cm2) Rp (Ω cm2)  

TiSiNb0.02-700 °C 

720 h 

−0.29.4 2.8 × 10−2 3.2 × 10−2 6.9 × 10−7 9262  

TiSiNb0.02-600 °C −0.29.5 3.3 × 10−2 3.3 × 10−2 7.1 × 10−7 9681  

TiSiNb0.02-500 °C −0.28.9 3.8 × 10−2 4.1 × 10−2 6.5 × 10−7 13,285  

TiSiNb0.02-700 °C 

360 h 

−0.29.6 2.9 × 10−2 3.1 × 10−2 7.2 × 10−7 9038  

TiSiNb0.02-600 °C −0.29.6 4.1 × 10−2 4.2 × 10−2 9.5 × 10−7 9581  

TiSiNb0.02-500 °C −0.28.4 2.7 × 10−2 3.1 × 10−2 2.8 × 10−7 21,050  

TiSiNb0.02-700 °C 

24 h 

−0.29.2 2.9 × 10−2 3.3 × 10−2 7.1 × 10−7 9345  

TiSiNb0.02-600 °C −0.28.7 3.9 × 10−2 4.1 × 10−2 7.1 × 10−7 12,423  

TiSiNb0.02-500 °C −0.27.9 3.6 × 10−2 4.2 × 10−2 3.7 × 10−7 23,152 

TiSiNb0.02-700 °C 

1 h 

−0.29.5 3.1 × 10−2 3.9 × 10−2 7.1 × 10−7 10,523  

TiSiNb0.02-600 °C −0.29.4 3.6 × 10−2 4.1 × 10−2 6.1 × 10−7 13,588  

TiSiNb0.02-500 °C −0.28.1 2.9 × 10−2 3.5 × 10−2 2.6 × 10−7 26,533  

RS-700 °C −0.47.5 4.9 × 10−2 5.9 × 10−2 5.8 × 10−6 2030 

RS-600 °C −0.47.9 5.9 × 10−2 6.5 × 10−2 1.6 × 10−5 854 

RS-500 °C −0.48.4 5.6 × 10−2 3.7 × 10−2 3.1 × 10−5 326 

 

The results indicate that the increased annealing temperature from 500 °C to 700 °C has 

improved the Rp from 326 Ω cm2 to 2030 Ω cm2, respectively. Therefore, it is conceivable to 

conclude that the increase in the annealing temperature resulted in the formation of the passive 

layer and thereby improved the RS corrosion resistance. Figure 5.8a,c,e,g shows the PEP 

curves of TFSOC with a different value of Nb annealed at 500 °C, 600 °C and 700 °C which 

were immersed in SCS for 1 (a), 24 (c), 360 (e) and 720 h (g), respectively. As the curves 

indicate, increasing the niobium dopant content is effective in improving the corrosion behavior 

of TFSOC due to its comprehensive performance such as excellent anti-corrosive performance. 

Therefore, based on the assumption that the results are almost the same only y2 = 0.02 is 

reported in Table 5.3.  
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Figure 5.8. PEP (a,c,e,g), EIS (b,d,f,h) curves of annealed TFSOC at 500 °C, 600 °C and 

700 °C in N2 atmospheres after immersion in SCS for 1, 24, 360 and 720 h. 

Figure 5.8a shows the PEP curves of immersed TFSOC in SCS after 1 h. As can be seen, 

increasing the annealing temperature from 500 °C to 600 °C and 700 °C was decreased the Ecorr 

from -28.1 V to -29.4 V and -29.5 V, respectively. Therefore, the Rp of TFSOC was decreased 

from 26,533 Ω cm2 to 13,588 Ω cm2 and 10,523 Ω cm2, respectively. The SEM micrograph 

reveals that TFSOC annealed at 500 °C (cf. Figure 5.4a) has fewer cracks compared to the rest 

of the samples. Therefore, there is the highest Rp of 26,533 Ω cm2 at this annealing temperature 

due to the non-cracking surface as one of the most important subjects to acts as a barrier and 

prevent corrosive ions from penetrating to the substrate. Figure 5.8b indicates the PEP curves 

of TFSOC after 24 h immersion in the SCS, which similarly decreased the Rp from 23,152 Ω 

cm2 to 9345 Ω cm2 by increasing the annealing mentioned temperature, respectively. As can 

be seen in Table 5.3 the similar results were obtained from 360 h (Figure 5.8e) and 720 h 
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(Figure 5.8g) immersion in the SCS. Generally, the results demonstrated that the highest Rp of 

TFSOC was obtained from 500 °C annealed after being immersed in SCS for 1, 24, 360 and 

720 h, respectively. Furthermore, as shown in Figure 5.8 and Table 5.3, after 720 h immersion, 

the maximum volume of decreased Rp was attributed to the TFSOC annealed at 500 °C. 

However, by comparing the other annealed temperatures, it can be concluded that the Rp has 

not decreased significantly after increasing the immersion time and their remains almost 

unchanged. As the annealing temperature increased, silicon dioxide is formed during the 

oxidation of silicon single crystal (cf. EDS result), as well as the titanium and iron oxide phases 

are grown. Then, due to the instability of silicon dioxide as a barrier the substrate oxides 

penetrated to the TFSOC surface through the nanoporous and cracks in the form of the 

combined titanium oxides (cf. Figure 5.6). Ultimately, to preserve the Rp stable, maybe such 

oxide phases behave similarly relying on the following mechanisms: 

The long-term stability and superior corrosion resistance property of this TFSOC during the 

long-term immersion might be dependent on a variety of factors such as heat treatment 

atmosphere as well as the function of their electrochemical behavior in the test environment. 

On the other hand, the researchers have realized that the process of heat treatment in the N2 

atmosphere can increase the corrosion resistance of the bare substrate and coating [367,368]. 

Further, the reduction of dissolved N2 according to Equation (5.6) can immediately be absorbed 

on the surface of TFSOC during the immersion in an acidic environment consumes hydrogen 

ions and prevents acidification of the TFSOC surface by hydrolysis of metal ions and thereby 

prevents the destruction of TFSOC. As shown in SEM micrograph (Figure 5.5a), there are 

various cavities between the RS and TFSOC which can be enriched by N2 through metal ion 

deposition during RS initial contact with the TiSiNb aged sols (dip-coating process) and film 

formation in the heat treatment process. Finally, the N2 is enriched in the metal at the 

substrate/TFSOC interface via cracks and nano-crevices, thus might be reducing the anodic 

dissolution rate and thus decreasing the Icorr (cf. Table 5.3), as a result, increasing the corrosion 
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resistance. In the next mechanism, the passive films can be formed on the surface due to the 

consecutive immersion of the RS into the precursor sols and SCS or even during the PEP and 

EIS tests. In this case, both anode and cathode reactions are generally assumed as Equation 

(5.7) and Equation (5.8), respectively. However, rather than the metal and hydroxyl ions 

immediately combining to form a solid product shown in Equation (5.9), due to the SCS 

temperature and pH, these reactions (Equations (5.7) and (5.8)) constantly repeated, which 

resulted in the formation of the passive film. Therefore, firstly the metal ions react with 

hydroxyl ions and the intermediate complex has formed as shown in Equation (5.10). Then, 

water molecules surrounded these intermediate ions and the solid film has precipitated after 

the Equation (5.11) reaction. Resultantly, the water was produced as shown in Equation (5.12) 

owing to the combined the produced hydrogen ions in Equation (5.11) and remaining hydroxyl 

ions of cathode reaction from Equation (5.8). Finally, as shown in Equation (5.13) the solid 

metal hydroxide is converted to metal oxide due to the presence of water ions in the PEMFC 

operating environment. 

N2+4H++3e−→NH4
+                    (Eq 5.6)  

M→M+2+2e−                                  (Eq 5.7)                             

1/2O2+H2O+2e−→2OH-            (Eq 5.8) 

M+2+2OH−→M(OH2)                  (Eq 5.9)                 

M+2+OH−→M(OH+)                    (Eq 5.10)                 

M(OH+)+H2O→M(OH)2+H+    (Eq 5.11)   

H++OH−→H2O                               (Eq 5.12)  

M(OH)2→MO+H2O                       (Eq 5.13)  

Under this mechanism, freshly oxide formed film can contain a significant amount of water 

molecules, which can gradually decrease by continuous exposure to SCS. Eventually, the new 

oxide formed film progressively changes toward that of the metal with the loss of hydrogen 
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ions. Following the formation of the metal oxide, the metal ions at a rate corresponding to the 

Icorr passed through the passive film. As a result, the corrosion resistance can be constant over 

a long time in the presence of corrosive ions in the SCS. Finally, it can be concluded that the 

TFSOC has demonstrated high corrosion and long-lasting resistance in the SCS, which is 

suitable for PEMFCMI cost-effective applications. 

5.3.5.2. Electrochemical Impedance Spectroscopy 

The EIS technique was used to investigate the RS and TFSOC corrosion behavior after 

immersion in SCS. Investigating the characteristics of coatings protective on corrodible metals 

is one of EIS most usual applications. Figures 5.7b and 5.8b,d,f,h show the Nyquist plots from 

EIS analyses of annealed RS (5.7b) and TFSOC after immersion in SCS for 1 (b), 24 (d), 360 

(f) and 720 h (h) at a mentioned temperature in N2 atmosphere. As can be seen in Figure 5.7b, 

the low corrosion resistance of RS has not changed by increasing the annealing temperature. 

Therefore, because of the rapid oxidation of bare RS in the harsh environment, only the PEP 

results of 1 h at the mentioned annealing temperature are presented in this work. As shown in 

Figure 5.8b,d,f,h, the application of TFSOC have modified the shape and diameter of the semi-

circles as compared to the RS plot (5.7b) which indicates an improvement of RS coated 

resistance. Furthermore, the Nyquist TFSOC plots demonstrate that the semicircular diameters 

were increased, which indicates a notable improvement of the corrosion resistance of the 

substrates after applying the TFSOC. The equivalent electrical circuit (EEC) has been used to 

obtain the parameter values of the RS and TFSOC Nyquist plots. As can be observed in Figure 

5.1b, the gas and water flow channels are machined or stamped directly on the interconnect 

surface. Due to the presence of these channels, which are responsible for the homogeneous 

delivery and distribution of fuels, a significant portion of irreversible losses from ICR of 

approximately 11%, which clearly reduces PEMFC efficiency [143]. Therefore, to improve the 

efficiency and commercialization of PEMFCs, it is important to avoid the electrochemical 
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degradation of the interconnectors. On other hand, good electrical conductivity ought to be the 

property of PEMFCMI. However, it seems that the high value of Rct might have decreased the 

electroconductivity of PEMFCMI, which can have consequences for the efficiency of the 

interconnectors and eventually reduce the output power of the PEMFC. Therefore, to identify 

the TFSOC with good load transfer intensity in addition to reasonable corrosion resistance, the 

lowest values of the equivalent circuit parameter of EIS results, obtained from the curve-fitting 

method that has been used to model the bare and coated substrates, are compared. The optimum 

was found for the TiSiNb0.02 sample annealed at 700 °C. The data are reported in Table 5.4. 

The most appropriate circuit which has been matched precisely to the EIS results of RS and 

TFSOC with a low measurement error of impedance data (rel. std. error ≤0.14%) is 

schematically illustrated in Figure 5.7c. The Randles equivalent circuit [216] as one of the 

simplest and most common cell models can be used to extract information of EIS data from 

different protective thin-films. This model is often the basis for other more complex models 

which is commonly utilized when the Nyquist plot is in the form of a complete semicircle with 

no deviation from an ideal state. As shown in Figure 5.7c, the equivalent circuit involves the 

solution resistance (Rs), charge transfer (Rct) and pseudocapacitance associated with the 

substrate-electrolyte interface (Q). In general, CPE is used to describe the capacitance, when 

the underlying electrochemical process is not described by a single relaxation frequency but by 

dispersion of relaxation frequencies (indicated by a flattened semicircle). It is specified by the 

(Y0) and the power index number (n) as provided in (Equation (5.14)); where Y0 is directly 

related to the active surface corrosion and electrical conductivity [369] and n is CPE power, 

which is attributed to the dispersion effects caused most probably by the roughness of the 

TFSOC surface [370]. Therefore, the identity and impedance of CPE are related to Equations 

(5.14) and (5.15), respectively. 

YCPE = Y0×(jω)n    (Eq 5.14)   
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ZCPE=
1

Y0×(jω)n          (Eq 5.15)       

where ω = 2πf (rad/s) as an angular frequency and j = −11/2 represents the imaginary constant. 

Furthermore, the parameters Y0 or Admittance (Ω−1 cm2 sn) and n (-1 ≤ n ≥ 1) are independent 

of frequency. In general, the pure inductive, resistance and capacitive behaviors (RC) are 

attributed to the CPE with n value of −1, 0 and 1, respectively. As can be seen from Table 5.4, 

the TFSOC has the highest Rct of 3.3 × 103 Ω cm2 compared to the RS (179.15 Ω cm2) after 1 

h immersion in the SCS. Over time, this value gradually decreased to 2.7 × 103 Ω cm2 (after 

720 h), which caused a decrease in load transfer resistance.  

Table 5.4. EIS fitting parameters of annealed RS at 500 °C and TFSOC at 700 °C after 

immersion in SCS. 

Sample Name RS-500°C TiSiNb0.02-700 °C 

Immersion Time 1 h 1 h 24 h 360 h 720 h 

Rs (Ω cm2) 19.5 16.4 18.1 18.3 18.9 

Y0 (Ω
−1 cm2 sn) 2.9 × 10−4 2.4 × 10−3 6.9 × 10−3 6.5 × 10−4 1.5 × 10−3 

n 0.9 0.6 0.6 0.8 0.7 

Rct (Ω cm2) 179.1 3.3 × 103 2.8 × 103 2.5 × 103 2.7 × 103 

 

Formation of the high protective TFSOC with titanium oxide phase and its enhancement by 

iron oxide (cf. EDS and XRD) as well as the formation of the protective passive film (cf. PEP 

analyses) have resulted in the good constant resistance over the long immersion time. 

Decreasing the Y0 to 6.9 × 10−3 (Ω−1 cm2 sn) after 24 h immersion indicates that a small area 

on the TFSOC surface has participated in the corrosion process. Furthermore, according to the 

n values (between 0 and 1) as shown in Table 5.4, it can be concluded that the behavior of the 

CPE is a RC-type [343]. Hence, it can be assumed that owing to the thickening of the passive 

layers the Rct value has not changed with increasing immersion time. Figure 5.9a,b show Bode 

plots and Bode phase diagrams of TFSOC at different immersion times in SCS, respectively. 

As shown in Bode plots of TFSOC three different regions as high (≥103 Hz), medium (0.1–103 

Hz) and low (<103 Hz) frequencies indicate the Rs properties, RC-type behavior and Rct process 

at the SCS/electrode interface, respectively. As can be seen, despite long immersion time, the 
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impedance parameters of the TFSOC were not significantly changed except that phase angle 

tended to decrease at low frequency. This slight decrease is due to the formation of pores/cracks 

in TFSOC surfaces (cf. Figure 5.4) which allows the occurrence of the localized corrosion in 

the SCS harsh environment. Nonetheless, as concluded by the EIS and PEP results, the SCS 

electrolyte cannot be used to diffuse and attack the substrate from these corrosion points. 

According to the passivation mechanism (cf. PEP studies), the passive layer of TFSOC 

generated by the corrosion products offered an extra protective barrier to the substrate, thereby 

hinder and retard electrolyte diffusion. It can be inferred that the TFSOC shows capacitive 

behavior with a significant phase angle between low/mid-frequency regions which can be 

correlated with thin-film insulation and compactness. Therefore, it can be concluded that the 

Nyquist plots from the EIS analyses were largely compatible with the PEP result and TFSOC 

can effectively protect the RS with little degradation of cathode working potential. 

 

Figure 5.9. Bode plots (a) and Bode phase diagrams (b) for RS and TFSOC for different 

immersion time in SCS. 
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5.3.6. Computation and Evaluation of Conductivity and Activation Energy 

Figure 5.10 illustrates the Arrhenius representation of Ti0.50-y/2Si0.50-y/2Nby1,2O2 with two 

different Nb contents. It can be seen that for both samples the activation energy is around 0.20 

eV. However, it appears that the concentration of Nb acts inversely on the TFSOC resistivity. 

If Nb as donor dopant would be compensated completely electronically, an increase of 

conductivity would be expected. From the decrease of conductivity with higher Nb content, it 

can be concluded that Nb at the higher content level is partially compensated by the formation 

of cation vacancies (VTi´´´´). The activation energy of the conductivity gives evidence that the 

electrons generated by donor doping are trapped by either the formation of Ti3+ ions (in 

Kröger–Vink-notation TiTi´) or the association with oxygen vacancies. Since the number of 

oxygen vacancies in doped donor oxides should be very low, the first assumption seems more 

plausible. These trapped electrons are released either by hopping (polaronic motion) to 

neighbouring Ti4+ ions or by excitation to the conduction band. Unfortunately, the activation 

energy found in the literature for such Ti3+/Ti4+ hopping differs by one order of magnitude. 

Shan Yang et al. [371] estimated the activation energy for the intrinsic electron small polaron 

in rutile Ti oxide from electron paramagnetic resonance measurements as 0.024 eV, which 

would mean that these defects are thermally unstable at very low temperatures and would be 

fully ionized at ambient conditions. Di Valentin et al. [372], however, calculated the activation 

energy for the excitation of an electron from a six-fold-coordinated Ti6c
3+ ion as 0.3 eV. One 

may take into account that the activation energy for polaron motion in a solid solution of Ti 

and Si oxides is increased because of the local distortion of the lattice due to the difference in 

the ionic radii and therefore is well above the suggested 0.024 eV of pure Ti oxide. 
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Figure 5.10. Arrhenius-plot of TiSNb with different Nb content annealed at 700 °C in N2 

atmosphere. 
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5.4. Conclusion 

The TiSiNb TFSOC has been developed to improve the conductivity and electrochemical 

degradation resistance of C45E used as metal interconnects in PEMFC applications. Most 

parameters such as thermal stability, OH groups, phases and crystallite sizes can be controlled 

by the sol-gel method and annealing temperature. The SEM analysis shows the presence of a 

compact and homogeneous TFSOC mixed with iron oxide as evidenced by EDS and XRD 

analyses. The use of an N2 atmosphere and high annealing temperature leads to an increase in 

the self-protective and long-term stability of the TFSOC. To define their anti-corrosion 

efficiency, the highest long-term anti-corrosion activity after 720 h (1.33 kΩ cm2) immersion 

in SCS using the PEP has been obtained in comparison to RS. EIS data also further confirmed 

that the cheap C45E steel coated can play a significant function in improving the interconnect 

resistance. Due to the low activation energy, the material composition and heat treatment 

conditions could be optimized further to improve the conductivity. Owing to its homogeneity 

and high corrosion resistance in the PEMFC environment and cost-effective materials and 

method, the coated moderate C45E carbon steel can be considered as a cheap effective 

combination for interconnect in the future PEMFC technologies, which is effective for 

considerably increasing the PEMFC output power. 
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Chapter 6 

Summary and Future Prospects 
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6.1. Summary  

Proton exchange membrane fuel cells (PEMFC) with a massive reduction of pollution are 

sustainable, low-cost and environmentally friendly alternative energy sources that can be the 

best supplement or replace fossil fuels. However, PEMFC is too expensive and exhibited poor 

durability and stability compared to conventional power sources. Replacement of conventional 

materials such as graphite and polymer with different types of metallic interconnects has been 

widely considered as a promising alternative route to achieving a reduction in the cost of 

PEMFC. Metals are, however, not satisfactory in electrochemical degradation resistance in the 

PEMFC harsh environment and exhibit unacceptable interfacial contact resistance with the gas 

diffusion layer resulting in unacceptable fuel cell performance. Hence, metals require cost-

effective surface modification to be viable materials for interconnectors with long term stability 

in PEMFC applications. 

The work presented in this thesis explored the electrochemical degradation resistance and 

electrical conductivity of adhesive Titania-based thin film solid oxide coating (TFSOC) on 

cost-effective C45E steel and their long-term stabilities of corrosion behavior and interfacial 

contact resistance (ICR) in the simulated PEMFC working environments. Since the different 

protective coatings reported in the literature experience significant TFSOC during the long-

term degradation resistance, the surface nitriding modification is used on conductive TFSOC 

to improve its effectiveness. Firstly, TiO2-SiO2 multi-layers coating was prepared by a facile 

and green sol-gel process on C45E through a dip-coating technique. It is demonstrated that the 

sol-gel technique as a straightforward and successful technique compared with other synthesis 

techniques allows the preparation of different TFSOC on metal substrates. To produce a low 

cost-high performance coating with the highest resistance of the metal to electrochemical 

degradation, a different number of coating layers in different annealing temperatures and 

atmospheres have been prepared. Layers of protective TiO2-SiO2 forms on the surface of the 

substrate and thus inhibits further corrosion of the underneath coating and subsequently limits 
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the coating degradation during the PEP test. TiO2-SiO2 combines the high electrochemical 

degradation resistance of TiO2 and excellent wear resistance of SiO2 to best utilize the 

individual merit of a two-component-system as a coating on the substrate. The annealing 

temperatures and atmosphere as significant parameters play a crucial role in layer properties in 

tuning the electrochemical degradation resistance of protective coatings. The results of the PEP 

tests indicated a significant improvement in degradation resistance in all coated RS as 

affordable Interconnects in PEMFC application. Compared with the argon atmosphere, TiO2-

SiO2 annealed in the air atmosphere exhibits a significantly enhanced degradation resistance 

and thus a little increase in ICR after the PEP and EIS tests. The results have also shown that 

degradation resistance is enhanced due to the formation of convoluted multi-layer iron-titanium 

oxide.  

Furthermore, to balance the electrochemical degradation resistance and electrical conductivity 

of the TFSOC, multilayer TiSiNb coatings with different Nb content were prepared on C45E 

steel as cost-effective and easily formable interconnects in PEMFC applications using the sol-

gel technique in a nitrogen atmosphere. The use of nitrogen as an excellent element for 

chemical doping results in the formation of a dense, thick and adhesive oxide layer composite 

(TiSiNb), which decreases the electrochemical degradation of the underneath substrate and the 

coating oxidation during the long period of immersion in harsh environment and subsequently 

limits the total thickness increase of the oxide layers. A thirty-day exposure experiment 

indicates that the Nb leads to better electrical conductivity, excellent electrochemical stability 

and higher electrochemically active surface, which may be due to that the doping of Nb ions 

reduces the micro-poles. The above two studies demonstrate that nitrogen, argon and oxygen 

atmosphere can be useful as a surface modification treatment to incorporate different elements 

and atoms or to implement TFSOC as a feasible strategy to improve the electrochemical 

degradation resistance while maintaining considerable electrical conductivity at the same time. 

Proposed mechanisms point to an efficient direction to prepare the electrically conductive 
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TFSOC with high degradation resistance in PEMFC harsh environment. Additionally, 

considering the fact that metal interconnects experience long-term cycling in PEMFC harsh 

conditions, TiSiNb coatings, the formation of the iron oxides on the surface and passive film 

have significantly improved the degradation resistance. The quite low electrochemical 

degradation current and the mitigated morphological degradation due to the excellent structural 

properties and formation of a conductive self-passivating film of the coated specimens confirm 

that the TiSiNb TFSOC can effectively restrain the anodic dissolution caused by the harsh 

operating PEMFC environment. Analysis of the Energy-dispersive X-ray spectroscopy (EDS) 

of the oxide layer suggests that a protective coating mixed with iron oxide substrate due to the 

more O binding based on original-OH contributes to the improved degradation resistance of 

metal-based interconnects. Eventually, the enriched N2 in the metal at the substrate/TFSOC 

interface may reduce the anodic dissolution rate and thus increase the resistance to 

electrochemical degradation by decreasing the current of corrosion. Lastly, the passive formed 

film progressively changes toward that of the conductive metal with the loss of hydrogen ions 

without the change in thickness due to the presence of N2 and Nb elements, as a result, the 

degradation resistance can be constant over a long time in the presence of the passive film and 

constant value of corrosion potential in PEMFC environment. 

In conclusion, the results of this study suggest that 1) both annealing temperature and 

atmosphere have a significant impact on corrosion current density and passive current density, 

2) argon and air have a more negative obvious impact on the electrical conductivity of TFSOC 

than nitrogen, 3) a high synergistic effect between N2 and annealing temperature and TFSOC 

on the current densities are observed at the intermediate open circuit potential and polarization 

resistance range because the N2 can be effected on the metal ions of passivation film when it is 

present in SCS after low annealing temperature. 
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6.2. Future Prospects  

Several suggestions are listed as follows as a reference for the researchers who will further 

work on the electrochemical degradation resistance TFSOC with acceptable electrically 

conductive on metal-base interconnects in PEMFC applications to satisfy the target values set 

by the United States Department of Energy (DOE) in the near future. 

1) Usage of cost-effective metals with high resistance to electrochemical degradation.  

Weak electrochemical properties including degradation and rust resistance due to lack of 

chromium, make common metal-based interconnects inapt to operate under harsh conditions 

of the PEMFC environment. Therefore, it is of vital interest to assess the potential of conductive 

TFSOC deposited on new steel with low cost, high strength, ease of machining and shaping 

into thin sheets that contain chromium element to establish inexpensive alternative 

interconnects in PEMFC to satisfy the target values set by the DOE target. As a result, the 

objective of new researches in the future can be focused on implementation and development 

of the low-cost and new generation of low alloyed steels such as T23 and T24 and austenitic-

ferritic duplex stainless steel such as S32101 and links to their electrical and electrochemical 

properties under conditions typical for PEMFCs. 

2) Controllable oxidation of semi-conductive TFSOC.  

Several Titania-based coatings have been extended in the recent time for electrochemical 

degradation-resistant and electrically conductive protective coating on metal-based 

interconnects for use in a harsh PEMFC environment. However, the Titania-based coating 

prepared by traditional techniques such as sol-gel dip-coating still tends to suffer 

electrochemical degradation in the long-term under the severe acidic conditions of PEMFC and 

results in the fast surface attack and increase of ICR over time. A TFSOC with the structural 

integrity as hard coatings with improved electrochemical degradation resistance but without 

compromising its electronic or even ionic conductivity is an ideal solution for metal-based 

interconnects in PEMFC applications. In this case, conductive elements especially Zirconium, 
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Lithium, Indium and Tantalum are the potential candidates for sacrificial protection. The 

challenge here is to accurately control the oxidation of the elements with different annealing 

atmosphere as a surface modification or control the content of oxygen and conductively-doped 

atoms introduced to the mentioned conductive elements. 

3) Balancing the ICR and degradation resistance.  

Over a long period of operating under real PEMFC conditions, the ICR of TFSOC increases, 

which can result in suffering electrochemical degradation on the surface of TFSOC and 

consequently decrease the PEMFC output power. Therefore, it is very meaningful to adjust the 

increase of ICR through balancing with the electrochemical degradation resistance of 

protective TFSOC. Despite extensive research is focusing on the preparation of high 

electrochemical degradation resistance coatings with acceptable conductivity, however, limited 

work has been considered to control or prepare low-ICR coatings or surfaces of coated 

interconnectors under the long-term operation of the PEMFC stack in the harsh acidic 

environment. It is, therefore, necessary to develop oxide-based coatings with high degradation 

resistance that can provide good electronic or ionic conductivity during the PEMFC stack 

service in a long-period to keep ICR low. 

4) Dynamic loading induced degradation of the metal interconnector.   

Operating PEMFC stack experiences dynamic loading/output and the consequence of potential 

changes. Since metal interconnects are electronically connected with the electrodes, they will 

suffer degradation induced by dynamic potential changes. Previous work in literature used the 

PEP test at the normal work potential (0.6 V vs. Ag/AgCl) to simulate the potential at constant 

loading or energy output. Unfortunately, this is a less adequate simulation for the practical 

situation, especially for the PEMFC stack. Therefore, the electrochemical degradation behavior 

of PEMFC metal interconnector under dynamic potential changes in the simulated environment 

of PEMFC is worth studying.
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