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Abstract 

In solid oxide cells (SOCs), metallic interconnects play a pivotal role in providing electrical 

connections between individual cells and assisting in the distribution of reactant gases. Due 

to the high operating temperature in SOCs, stainless-steel metallic interconnects encounter 

challenges such as increased oxidation, reduced electrical conductivity, and enhanced 

chromium diffusion, which leads to the formation of a dense chromia layer. To address these 

issues, ceramic protective coatings are essential for metallic interconnects, as they help 

restrict oxidation rates and inhibit the migration and evaporation of chromium from the 

interconnects to the oxygen electrodes. Additionally, ceramic protective coatings play a 

critical role in reducing degradation and enhancing the durability of SOCs when applied to 

stainless steel. The ideal protective materials should possess high electrical conductivity, a 

low thermal expansion coefficient (TEC), and the ability to block oxygen and chromium. 

In this thesis, Electrophoretic Deposition (EPD) is selected to deposit MnCo2O4 (Mn-Co) and 

Mn1.7CuFe0.3O4 (Mn-Cu-Fe) spinel materials on stainless-steel metallic interconnects to 

investigate electrical conductivity, chromium (Cr) diffusion, and the quality of the coating, 

including uniformity, density, and crack-free characteristics, under different configurations, 

such as dual-layer and hybrid coatings. The various sections of this thesis are outlined as 

follows: 

▪ To achieve a uniform, dense, and crack-free coating, various suspension parameters 

such as stability, zeta potential, iodine concentration, solid content, solvents, and 

suspension conductivity are examined. Additionally, process parameters, including 

applied voltage and deposition time, are also investigated. 

▪ A novel Mn-Co/Mn-Cu-Fe dual-layer coating configuration, along with Mn-Co and Mn-

Cu-Fe single-layer coatings, is deposited using EPD method on complex-shaped 

metallic interconnects. The quality of the coatings, including their uniformity, 

densification, and cracks-free, is evaluated. Furthermore, the densification behaviour 

of sintered dual and single layers in oxidation treatment, as well as reduction 

treatment followed by oxidation treatment, is analysed. Additionally, the 

undetermined phases composition at Mn-Co/Mn-Cu-Fe coatings interface and the 

coating/substrate interface are investigated using confocal Raman spectroscopy. 
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▪ A novel Mn-Co: Mn-Cu-Fe hybrid coating with varying weight ratios (1:0, 1:3, 1:1, 3:1, 

and 0:1) is deposited on metallic interconnects using EPD method. The quality of the 

sintered hybrid coatings is examined under oxidation treatment and reduction 

treatment followed by oxidation treatment. The electrical conductivity of the oxide 

spinel material mixtures and chromium (Cr) diffusion from the substrate to the 

hybrid coating are analyzed. Additionally, new phases and phase compositions in the 

hybrid materials are investigated using X-ray diffraction (XRD) and Raman 

spectroscopy. 
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Abstrakt 

W stosach tlenkowych ogniw (SOCs, ang. Solid Oxide Cells) metaliczny interkonektor 

odgrywa kluczową rolę w zapewnianiu połączeń elektrycznych pomiędzy poszczególnymi 

ogniwami oraz we wspomaganiu dystrybucji reagentów gazowych. Ze względu na wysoką 

temperaturę pracy w SOC, interkonektory ze stali nierdzewnej napotykają problemy, takie 

jak zwiększone utlenianie, obniżona przewodność elektryczna oraz nasilona dyfuzja 

chromu, która prowadzi do powstawania gęstej warstwy tlenku chromu. Aby rozwiązać te 

problemy, niezbędne są ceramiczne powłoki ochronne na metalicznych interkonektorach, 

ponieważ ograniczają one szybkość utleniania oraz hamują migrację i parowanie chromu z 

interkonektorów do elektrod tlenowych. Ponadto ceramiczne powłoki ochronne odgrywają 

istotną rolę w redukcji degradacji i zwiększeniu trwałości SOC w przypadku zastosowania 

ich na stali nierdzewnej. Idealne materiały ochronne powinny charakteryzować się wysoką 

przewodnością elektryczną, niskim współczynnikiem rozszerzalności cieplnej (TEC) oraz 

zdolnością do blokowania dyfuzji tlenu i chromu. 

W niniejszej pracy wybrano metodę osadzania elektroforetycznego (EPD, Electrophoretic 

Deposition) do nanoszenia materiałów spinelowych MnCo₂O₄ (Mn-Co) i Mn1.7CuFe0.3O4 (Mn-

Cu-Fe) na metaliczne interkonektory ze stali nierdzewnej w celu zbadania przewodności 

elektrycznej, dyfuzji chromu (Cr) oraz jakości naniesionej warstwy, obejmującej 

jednorodność, gęstość i spękalność. Warstwy naniesiono w różnych konfiguracjach, takich 

jak warstwy dwuwarstwowe i hybrydowe. Poszczególne części pracy przedstawiają się 

następująco: 

• W celu uzyskania jednorodnej, gęstej i pozbawionej pęknięć powłoki zbadano różne 

parametry zawiesiny, takie jak stabilność, potencjał zeta, przewodność zawiesiny, 

zmianę stężenia jodu, zmianę zawartości fazy stałej oraz zmianę rozpuszczalników. 

Dodatkowo przeanalizowano parametry procesu, w tym przyłożone napięcie i czas 

osadzania. 

• Zaproponowano nową konfigurację warstwy ochronnej dwuwarstwowej Mn-Co/Mn-

Cu-Fe, a także powłoki jednowarstwowe Mn-Co i Mn-Cu-Fe, naniesione metodą EPD 

na złożonych kształtach metalicznych intekonektorów. Oceniono jakość powłok, w 

tym ich jednorodność, gęstość i spękalność. Ponadto przeanalizowano zagęszczanie 
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spieczonych powłok dwu- i jednowarstwowych w procesie utleniania, a także w 

procesie redukcji poprzedzającym utlenianie. Dodatkowo niezidentyfikowany skład 

fazowy na granicy powłok Mn-Co/Mn-Cu-Fe oraz na granicy powłoka/podłoże 

zbadano za pomocą konfokalnej spektroskopii Ramana. 

• Zaproponowano nową hybrydową powłokę Mn-Co:Mn-Cu-Fe o różnych proporcjach 

wagowych (1:0, 1:3, 1:1, 3:1 oraz 0:1) osadzono na metalicznych interkonnectorach 

metodą EPD. Zbadano jakość spieczonych powłok hybrydowych w procesie 

utleniania oraz redukcji poprzedzającej utlenianie. Przeanalizowano przewodność 

elektryczną mieszanin materiałów spinelowych tlenków oraz dyfuzję chromu (Cr) z 

podłoża do powłoki hybrydowej. Ponadto nowe fazy i ich skład w materiałach 

hybrydowych zbadano przy użyciu dyfrakcji rentgenowskiej (XRD) oraz 

spektroskopii Ramana. 

 

 

 

 

 

 

 

 

 

 

 

Słowa kluczowe: osadzanie elektroforetyczne, metaliczne interkonektory o złożonych 

kształtach, stal nierdzewna, materiały spinelowe, powłoka dwuwarstwowa, powłoka 

hybrydowa, przewodnictwo elektryczne 

 



7 
 

1. Introduction 

Fuel cells directly convert chemical energy from gas into electrical and thermal energy 

through an electrochemical reaction between the fuel and the oxidant agent (oxygen from 

the air) through electrode and via an ion conducting electrolyte. In order to decrease 

pollutants as nitrogen oxide (NOx) and produce energy with higher efficiency.  Accordingly, 

fuel cells have seen as more ideal energy sources in transport, stationary, and distributed 

power generators[1–3].  

Fuel cells are generally classified by the chemical properties of the electrolyte used as the 

ionic conductor in the cells. The different types of fuel cells include [4]: 

➢ Alkaline fuel cell (AFC) 

The electrolyte used in this system is potassium hydroxide (KOH), and it operates at a 

temperature range of 50–200°C. The fuel source is either pure hydrogen or hydrazine, while 

oxygen acts as the oxidant. 

➢ Direct methanol fuel cell (DMFC) 

This system uses a polymer electrolyte and operates at temperatures between 60–200°C. It 

runs on liquid methanol as the fuel, with oxygen serving as the oxidant. 

➢ Phosphoric acid fuel cell (PAFC) 

This system uses phosphoric acid as the electrolyte and operates at a temperature range of 

160–210°C. The fuel is hydrogen derived from hydrocarbons and alcohol, while oxygen acts 

as the oxidant. 

➢ Sulfuric acid fuel cell (SAFC) 

This system utilizes sulfuric acid as the electrolyte and operates at a temperature range of 

80–90°C. It uses alcohol or impure hydrogen as the fuel, with oxygen serving as the oxidant. 

➢ Proton-exchange membrane fuel cell (PEMFC) 

This system uses a polymer and proton exchange membrane as the electrolyte, operating 

at a temperature range of 50–80°C. The fuel source is less pure hydrogen derived from 

hydrocarbons or methanol, while oxygen serves as the oxidant. 
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➢ Molten carbonate fuel cell (MCFC)  

This system uses molten salts, such as nitrates, sulfates, and carbonates, as the electrolyte 

and operates at a high temperature of 630–650°C. It can run on various fuels, including 

hydrogen, carbon monoxide, natural gas, propane, and marine diesel. The oxidant can be 

either oxygen or carbon dioxide (CO₂). 

➢ Protonic ceramic fuel cell (PCFC) 

This system uses a thin membrane of barium cerium oxide as the electrolyte and operates at 

a temperature range of 600–700°C. It utilizes hydrocarbons as the fuel, with oxygen serving 

as the oxidant. 

➢ Solid oxide fuel cell (SOFC) 

This system uses a ceramic electrolyte, such as stabilized zirconia or doped perovskite, and 

operates at temperatures ranging from 600 to 1000°C. It runs on natural gas or propane as 

the fuel, with oxygen acting as the oxidant. 

SOFCs use an oxide-ion conducting electrolyte that provides multiple benefits as compared 

to other fuel cell technologies. SOFCs benefit from cheap materials and show reduced 

sensitivity to fuel impurities while delivering extremely high efficiency. Since SOFCs can 

operate directly on hydrocarbon fuels they avoid the need for hydrogen conversion which 

lowers system complexity and expenses. 

1.1. Solid oxide fuel cells (SOFCs)  

Solid oxide fuel cells (SOFCs) have become a prominent choice in high-temperature fuel cell 

technology recently. These systems use solid ceramic electrolytes to function at extremely 

high temperatures. The elevated operating temperature of SOFCs facilitates internal 

reforming and accelerates electrocatalysis with non-precious metals while producing high-

quality byproduct heat suitable for co-generation applications. SOFCs reach up to 70% 

efficiency levels and can extend this to 90% by capturing and recovering heat. The lengthy 

time required to reach operating temperatures limits SOFC research to utility power 

generation applications [5].  
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An SOFC consists of three primary components which include an anode, cathode and a solid 

electrolyte. The fuel serves as an essential primary parameter but becomes independent 

from other components after conversion to hydrogen. SOFCs have the ability to utilize high-

purity hydrogen yet they function independently from it as a fuel source because hydrogen 

generation is expensive and handling this gas presents difficulties. 

1.2. Materials for cell components  

The properties and materials used for the anode, cathode, and electrolyte in solid oxide fuel 

cells (SOFCs) are as follows: 

1.2.1. Electrolyte  

At present, there is a wide range of ceramic materials available for the electrolyte of solid 

oxide fuel cells (SOFCs) such as the more advanced and commonly utilized, stabilized 

zirconia which is particularly yttria-stabilized zirconia (YSZ). YSZ exhibits purely oxygen 

ionic conduction without any electronic conduction [6]. The other oxide-based ceramic 

materials are also used as electrolytes in SOFCs such as cerium oxide doped with gadolinium 

(GDC), cerium oxide doped with samarium (SDC), lanthanum strontium gallium magnesium 

(LSGM), bismuth yttrium oxide (BYO), and so on. As shown in Fig. 1, ionic conductivity of 

these electrolytes undergoes a transition over a range of operating temperatures. The 

electrolyte must be dense in order to separate the air and fuel compartments, must possess 

high ionic conductivity in order to allow easy migration of oxygen anions, and must be an 

electronic insulator [7–9]. 
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Fig. 1. The ionic conductivity of electrolyte as a function of operating temperature [7]. 

     

1.2.2. Anode electrodes 

because of the reducing conditions of the fuel gas, metals are utilized as anode materials in 

solid oxide fuel cells (SOFCs). These metals have to avoid oxidation during the entire 

operation of the cell as well. Anodes usually consist of composite powders such as electrolyte 

materials YSZ, GDC, SDC and nickel oxide. Cermet anodes contain nickel which contributes 

to electronic conductivity as well as to the catalytic activity needed for the direct oxidation 

and steam reforming of methane. The electrolyte materials serve to inhabit sintering of the 

metal particles and to provide a thermal expansion coefficient comparable to those of other 

cell materials [10,11]. The anode is built with 20-40% porosity for effective mass transfer of 

reactant and product gases. Fig. 2 illustrates this region between the electrolyte and anode 

where the TPB exists. The reaction happens exclusively on the TPB where the oxygen ion 

conductor (electrolyte), electron-conducting metal, and gas phase all meet together [3,12].  
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Fig. 2. A schematic illustration of three-phase boundary at Ni/YSZ anode [3]. 

 

1.2.3. Cathode electrodes  

The cathode must be capable of effectively dissociating O2 and conducting electrons. The 

most common cathode material is Sr-doped LaMnO3 (LSM). In addition, there are lots of 

mixed ionic-electronic conductors, which can be used as cathode LaCaMnO3 (LCM), (LaSr) 

(CoFe)O3 (LSMF), (LaSr) (Fe)O3 (LSF) and so on. The ideal cathode materials should readily 

dissociate molecular oxygen, have high electronic and ionic conductivities, and have a 

coefficient of thermal expansion that matches of the electrolyte. The incorporation of 

electrolyte material into the cathode material has been shown to improve electrode 

performance at lower temperature by increasing the volume of active sites available for 

electrochemical reaction. Similar to anode electrode, the cathode has a porous structure to 

facilitate rapid mass transport of reactant and product gases [13–16].  

1.3. Mechanism of SOFC 

Fig. 3 shows the schematic illustration of operating principles of SOFC.  At cathode, molecular 

O2 is first reduced to oxygen anions. In other words, oxygen gas reacts with electron to form 

oxide ions according to:  

½ O2 + 2e-              O2-                                                                                                                                                                                                              (1) 
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The oxide ions migrate through the electrolyte to combine with the fuel (H2) at the anode 

electrode: 

H2 + O2-             H2O+ 2e-                                                                                                                                                                                                (2) 

The electrons released during the reaction between the fuel and oxide ions flow through the 

external circuit to the cathode, where they can be used to generate electricity. As shown in 

Fig. 2, when hydrogen is used as the fuel, the only by-product is water. However, SOFCs can 

also operate with hydrocarbons like methane or carbon monoxide as fuel, in which case 

carbon dioxide (CO2) becomes an additional by-product [2,10,12,17]. 

By stacking several cells together in series, a more usable power output is easily achievable. 

Metallic interconnects are then used between the cathode and anode of adjacent cells to 

provide a current path and separate the anode and cathode gasses. 

 

Fig. 3. The schematic illustration of mechanism of SOFC [12]. 

 

1.4. Metallic interconnect 

The metallic interconnects are as electrical connectors between the different cells and also 

a physical barrier between the fuel (anode) and oxidant gases (cathode). Fig. 4 comparison 

of planar and tubular designs for solid oxide fuel cell. One typical single cell is with a dense 

electrolyte sandwiched between two porous electrodes. Then, interconnects layer many 
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single cells in a planar or tubular architecture and connect cells in series to combine voltage 

output into an electrochemical power source. Anode-supported tubular SOFCs can achieve 

high power densities, but planar SOFCs are more economical to manufacture with lower cell 

cost. But the commercialization of planar solid oxide fuel cells (SOFCs) suffers from a 

number of issues, technical hurdles in developing highly ionic conductive electrolyte 

material at the cell operating temperature, electrodes with appropriate catalytic activity and 

conductivity and cost-effective production of metallic interconnects [18,19]. 

Metallic interconnect must possess specific properties to meet the demands of the operating 

environment[20–22]:  

➢ High electrical conductivity 

➢ Chemical stability 

➢ Mechanical strength 

➢ Thermal compatibility 

➢ Cost-effective  

➢ Sufficient thermal conductivity 

 

Fig. 4. The planar design versus tubular design of solid oxide fuel cells [18]. 

 

Ferritic stainless steels (FSS) including Crofer 22 APU [23,24], Crofer 22 H [25,26], 441 AISI 

[27,28], and 430 SUS [29,30] are used as metallic interconnect due to relatively low cost, 

their high-temperature stability, corrosion resistance, excellent mechanical properties, 

improved thermal expansion coefficient matched with the other cell components. Ferritic 

stainless steels present two major limitation, rapid Cr2O3-scale growth at elevated 
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temperature, which increases electrical resistance over time, and evaporation/ migration of 

Cr (VI) species from interconnects into cathode, which drastically deteriorates cell 

performance [31–36].  

The properties of stainless-steel metallic interconnects, including oxidation resistance, 

chromium evaporation/migration, and electrical conductivity, are described as follows: 

1.4.1. Oxidation resistance 

Even with the presence of air, Oxygen can cause severe degradation of metallic materials, 

especially under high temperatures, in a phenomenon known as high-temperature 

corrosion. In order to better understand high temperature corrosion mechanisms, which 

would ultimately improve corrosion resistance and material longevity under harsh 

conditions, it is vital to understand these mechanisms. The mechanisms are controlled both 

by thermodynamics and kinetics of the system. 

The high-temperature performance of a metallic material is related to the formation of a 

protective oxide scale. It acts as a diffusion barrier, separating the substrate material from 

the corrosive atmosphere. To be protective, however, the oxide scale has to meet certain 

conditions. For example, it must be dense, homogeneous and stable, have similar thermal 

expansion rate as the substrate and stay adherent to the substrate. These conditions must 

be fulfilled in order to provide protection for the entire surface of the material. Thus, it is 

not enough to consider only the chemical evolution of the oxide scale but also the 

mechanical evolution must be taken into account [37–40]. 

1.4.1.1. Thermodynamics 

Metals and alloys naturally tend to degrade under corrosive conditions, driven by the 

thermodynamic forces of the reaction. When exposed to oxygen, a metal or alloy element 

forms an oxide, as outlined in the following equation 3:  

2a/b M (s) + O2 (g)            2/b MaOb (s)                                                                                                                                                        (3)   

When the metal reactant and the oxide product are considered to be pure, the Gibbs free 

energy expression for reaction 3 can be derived, as shown in equation 4: 

G=𝛥G0+ RTLn (1/PO2)                                                                                                                                    (4) 
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Where G is Gibbs free energy, ΔG0 Gibbs free energy of formation, T the temperature, R the 

gas constant, and PO2 the oxygen partial pressure. As equilibrium is reached, G = 0 and then 

the expression can be rewritten as equation 5: 

LnPO2 = 𝛥G0/RT                                                                                                                                                (5) 

At a given temperature, an oxygen partial pressure exists below which no oxidation occurs 

and above which the material will oxidize. This is used for the plotting of an Ellingham 

diagram. These types of diagrams are typically used for the comparison of the 

thermodynamic stability of oxides derived from a variety of metals (as shown in Fig. 5). 

Although thermodynamics can tell us if a reaction is possible or not, actual systems do not 

always achieve equilibrium, which limits the predictive usefulness of thermodynamic 

calculations [7]. 
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Fig. 5. The Ellingham-Richardson diagram for a selection of oxides showing the 

standard Gibb’s energy of oxide formation as a function of temperature [7].  

 

1.4.1.2. Kinetics 

Kinetics gives further information that is complementary to the thermodynamic predictions. 

Reaction kinetics give information on the rate of oxidation, which can be expressed as mass 

gain versus time. The reaction between a metal surface and oxygen resulting in oxide scale 

formation and growth, is controlled by complex mechanisms. These stages consist of 

adsorption of oxygen on the metal surface, dissolution and nucleation of oxide, growth of 

oxide scale, internal oxidation, and formation of porosity, cavity, and crack, and macrocrack 
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formation as the last stage and, possibly, evaporation of oxide. Two oxide layers in general 

exist: an adherent dense oxide layer and a porous oxide layer. The porous oxide may also be 

poorly adhered, and this leads to spallation of the oxide. Porous or poorly adhered oxide 

scales always have access to oxygen, and this means the growth of the oxide is controlled by 

gaseous diffusion. This gives a linear mass gain-time relationship, which is a non-protective 

scale. On the other hand, adherent dense oxide coatings have a parabolic mass gain-time 

relation since they are effective protectors of the substrate material. Such an oxide scale is 

protective since it inhibits oxygen penetration to the metal surface and its growth is limited 

by ionic diffusion outward instead [41–44]. 

Reisert et al. [45] investigated the oxidation behavior of porous P434L ferritic stainless steel 

for metal-supported solid oxide fuel cells. They found that the oxidation rate in an air 

atmosphere was higher than in humid hydrogen at temperatures above 700 °C. During 

oxidation in both environments, a dense chromium layer formed on the porous stainless 

steel. Additionally, they found that a silica oxide layer developed at the metal-scale interface. 

Koszelow et al. [46] examined the corrosion properties of porous Fe22Cr stainless steel in 

air at temperatures ranging from 700 °C to 900 °C over a period of 100 h. The results 

indicated that a temperature of 700 °C is suitable for stainless steel with 30% porosity. 

However, the microstructure of the porous stainless steel underwent significant changes at 

the elevated temperature of 700 °C for 100 h. At 900 °C for 100 h, the porous stainless steel 

was completely oxidized. Additionally, the presence of a chromium-enriched area at the 

higher temperatures limited the lifespan of the porous stainless steel.  Palcut et al. [39] 

investigated a dual-layer coating of Co₃O₄/La₀.₈₅Sr₀.₁₅MnO₃-δ applied to various alloys, 

including Crofer 22 APU, Crofer 22 H, E-Brite, and Al 29-4C, using a spray method. Their 

results demonstrated a significant increase in oxidation resistance for the stainless steel. 

They noted that a reaction and cation inter-diffusion layer formed at the interface between 

the coating and the oxide scale. Talic et al. [24] investigated the mass gain of bare and coated 

Crofer 22 APU at various oxidation temperatures. The mass change of the bare and spinel-

coated Crofer 22 APU during oxidation in air at 700°C and 800°C is presented in Fig. 6. The 

mass change as a function of time obeys parabolic kinetics, which suggests that scale growth 

is limited by solid-state diffusion. Additionally, it was reported that the constant for the 
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parabolic oxidation rate was reduced by greater than four-fold compared to that of the bare 

alloy. 

 

Fig. 6. Mass gain of uncoated and spinel (iron and cupper doped MnCo2O4) coated Crofer 22 APU during 

discontinuous oxidation in air at: a) 700 °C, and b) 800 °C [24]. 

 

1.4.2. Cr evaporation/migration 

A layer of chromium oxide (Cr2O3) is formed on the metallic interconnect during oxidation. 

The chromium oxide layer immediately after its formation is well adhered to the surface and 

is gas-impermeable. Thus, it serves as a barrier layer for the diffusion of oxygen gases from 

the cathode to the interconnect. It hence retards the oxidation rate of the metallic 

interconnect under operating conditions [29,47]. 

Nevertheless, the chromium oxide layer still reacts with oxygen and volatilizes when it 

comes in contact with water vapor in the air under the cathodic condition. Chromium 

poisoning species like CrO3 and CrO2(OH)2 are formed through the volatilization. 

Thermodynamic stability of the perovskite cathodes is impacted by chromium poisoning. 

The Cr2O3 migration to the TPB has been recognized as the primary source of chromium 

poisoning. The cathode's oxygen catalytic activity has been shown to be greatly influenced 

by deposition of such chromium poisoning species. The electrochemical reduction of Cr to 

gaseous chromium and the oxygen reduction reaction are competitive, and Cr2O3 deposits at 

the TPB. The following are the equations for the formation of chromium poisoning species 

[48]: 

2Cr2O3 (s) + 3O2             4CrO3 (g)                                                                                                                        (6) 
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2Cr2O3 (s) + 3O2 + 4H2O             4CrO2(OH)2 (s)                                                                                      (7) 

Cr2O3 (s) + O2 + H2O              2CrO2(OH)2 (g)                                                                                           (8) 

When Cr2O3(s) comes in contact with dry air and high temperature over 500 °C, CrO3 (g) is 

easily formed on the surface of Cr2O3 (s). Moreover, even with only minimal presence of 

water vapor in air would subsequently increase the vapor pressure of Cr species and hence 

develops the formation of gaseous chromium oxide (CrO3(g)) and oxy-hydroxide species 

(CrO2(OH)2). These chromium poisoning species travel to the cathode surface and 

precipitate at the cathode interface [41,49–51]. 

Yoo et al. [52] examined a double-layer coating of La₀.₈S₀.₂MnO₃ and Mn₁.₅Co₁.₅O₄ applied to 

Crofer 22 APU stainless steel through electrophoretic deposition. Their findings indicated 

that this double-layer coating effectively prevented chromium diffusion at the interface 

between the coating and the substrate while also exhibiting excellent long-term stability and 

electrical performance. Liu et al. [53] investigated a Ni/NiFe2 dual-layer coating deposited 

on pre-oxidized SUS 430 stainless steel for 50 h using magnetron sputtering. This coating 

comprises three layers: a Cr2O3 oxide scale (inner), a NiO layer (middle), and an outer 

NiFe2O4 layer. The results revealed that chromium diffused into the outer layer, leading to 

the formation of a Cr2O3 oxide scale at the interface between the coating and the substrate. 

Goeble et al. [54] studied the long-term degradation behavior of Ce/Co coatings on AISI 441 

stainless steel applied via PVD method. The results indicated that, after 37,000 h of oxidation 

at 800°C, the Cr evaporation rate remained consistent with its initial rate. Talic et al. [37] 

investigated the impact of MnCo1.7Fe0.3O4 spinel coating density on oxidation resistance and 

chromium evaporation. The oxide spinel coating was applied to Crofer 22 APU using EPD 

method. The sintered coating processed solely in static air was more porous than the 

sintered coating subjected to reduction and re-oxidation heat treatment, which resulted in 

higher chromium evaporation. 

Grolig et al. [55] studied the evaporation of chromium from cerium/cobalt-coated metallic 

interconnects and bare AISI 441 stainless steels. They found that the amount of evaporated 

chromium was reduced by about 90% in the coated interconnects compared with the 

uncoated substrate. 
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Fig. 7. Cumulative chromium evaporation of uncoated and cerium/cobalt coated AISI 441 stainless steels 

[55].  

 

1.4.3. Electrical conductivity  

The main function of the interconnect material is to establish electrical connection between 

the anode and the cathode of neighboring cells, and hence the electrical conductivity of the 

interconnect is very important. This is usually quantified in terms of contact or area-specific 

resistance (ASR). As the ASR of a metal interconnect is determined by the thickness and 

resistivity of the oxide scale, it should ideally show the same time dependence as the growth 

rate of the oxide scale. The oxide scale that developed on the metallic interconnect is Cr2O3 

and possibly (Mn, Cr)3O4. The electrical conductivity of (Mn, Cr)3O4 is usually a little greater 

than that of Cr2O3 [53,56–58]. Sun et al. [59] examined the Mn1.8CuO4 spinel coating on Crofer 

22 APU plates and Crofer 22 H mesh, which were uniformly and densely deposited using 

electrophoretic deposition method. The results revealed the presence of a (Cu,Mn,Cr)3O4 

interaction layer between the spinel coating and the Cr oxide scale. The electric conductivity 

of Cr2O3 can be separated into two ranges of temperature: 

1. At high temperature (>1000°C), Cr2O3 is an n-type intrinsic conductor independent 

of oxygen partial pressure [60]. 

2. At low temperature (<1000°C), pure Cr2O3 is a p-type extrinsic conductor with partial 

dependence on the oxygen partial pressure [61]. 
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Thus, electrical conductivity of ferritic stainless steel is connected with the development of 

the oxide scale.  

Shen et al. [49] studied a Co₃O₄/Sm-doped CeO₂/Co₃O₄ trilayer coating on AISI stainless-

steel interconnects, which was deposited using both electrodeposition and electrophoretic 

deposition methods. The results revealed that the area  specific resistance of the trilayer-

coated stainless steel was lower compared to that of uncoated stainless steel after 

undergoing oxidation treatment at 800 °C for 400 h. Cheng et al. [62] examined a double-

layer Co-Mn-O spinel coating applied to 430 stainless steels using a double glow plasma 

alloying process (DGPA), followed by a peroxidation treatment in static air. The outer layer 

of this double-layer coating consists of a thick MnCo2O4 spinel coating, while the inner layer 

is a thin mutual-diffused (MnCoFe)3O4 coating. The results indicated that the area specific 

resistance of the coated samples was significantly lower than that of the uncoated samples 

after 408 h of oxidation. Grolig et al. [55] examined the electrical properties of Ce/Co double-

layer coatings on AISI 441 metallic interconnects applied using PVD method. The ASR was 

measured using both in-situ and ex-situ methods. The results revealed that the ex-situ ASR 

value was 15 m𝛺.cm2 after 1500 h of oxidation. In contrast, the in-situ ASR measurement 

indicated corrosion damage to the substrate, with the value reaching 35 m𝛺.cm2 after 500 h 

of oxidation. Wolff et al. [63] studied the MnCo1.9Fe0.1O4 spinel coating on Crofer 22 APU, 

which was applied using a wet powder spraying technique. The results demonstrated that 

this method produced a dense coating with excellent adhesion and a thin layer. The ASR 

measurement indicated a value of 10 m𝛺.cm2 after 1000 h of oxidation at 800°C. Stevenson 

et al. [44] examined the area-specific resistance of uncoated and coated AISI 441 stainless 

steels. They noticed that ASR of uncoated samples was much greater than that of coated 

samples as a result of stainless-steel oxidation. In addition, the coated samples exhibited 

much greater stability compared to uncoated samples. 
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Fig. 8. Area specific resistance (ASR) of uncoated and coated AISI 441 stainless steels [44]. 

 

1.5. Protective coating  

Protective coating is an effective method for avoiding chromium poisoning. In order to 

inhibit the formation of the Cr2O3 layer, outward chromium diffusion and inward oxygen ion 

diffusion, which are the driving forces for chromium oxidation, must be avoided. Besides, the 

coating material should be very conductive electrically so that the passage of electricity from 

the interconnector to the external circuit is not hindered. The TEC of the coating material 

should also be compatible with the TEC of the interconnect, preferably within a difference of 

10%. This is important for the durability of the coating because thermal expansion mismatch 

outside this range can cause spallation and cracking. Apart from this, the coating material 

must possess a dense microstructure to minimize the diffusion of chromium and oxygen 

ions. The coating must consist of nano size particles with little agglomeration for the 

formation of a dense, well-distributed, and adherent layer [64–67]. Oxide spinel coating and 

oxide perovskite coatings are widely applied and studied. 

1.5.1. Oxide spinel coating  

Cubic spinel of the general composition AB2O4 is a stable and good protective coating 

material. Oxide spinel have been a significant area of study as interconnect protective 

coatings. The selection of the transition metals at the A and B positions is cation and ratio 

dependent. The octahedral and tetrahedral site cations of the cubic oxide spinel structure 
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are usually divalent, trivalent, or quadrivalent cations, as shown in Fig. 9. The ratio of A and 

B cations are adjusted as to match the electrical conductivity and thermal expansion. These 

cations are the binary spinel comprising of Al, Fe, Mn, Cr, Co, Ni, Mg, and Zn. Cubic spinel is 

proven to be good electronic conductor, and its thermal expansion coefficient matches with 

that of ferritic stainless steel. Transition metal oxides in the form of individual layers, like 

Co3O4, have been proven, while addition of transition metals like copper (Cu), nickel (Ni), 

and cerium (Ce) was seen to increase electrical conductivity while still optimizing the 

thermal expansion coefficient fit. Composite spinel coatings have successfully restrained 

volatilization of Cr2O3 on the scale surface and have been found to be nearly equal to thermal 

expansion coefficient of FSS. Mn-Co spinel oxide coating has been used widely due to its 

uniformity and superior oxidation resistance. The electrical conductivity of most of the oxide 

spinel coatings, however, should be further developed. The obstacle for spinel oxide coating 

is the synthesis of the binary spinel and adjustment ratio of A and B cations. Research into 

the synthesis process is required to obtain the correct spinel oxide formula (AB2O4) and an 

optimum cation ratio for the optimization of spinel coating performance [19,58,68–71]. 

 
Fig. 9. Typical AB2O4 spinel oxide structure [19]. 

 

1.5.2. Perovskite coating 

Cathode materials have often been used as protective coatings for stainless-steel 

interconnectors, but perovskite materials, which are more utilized in SOFCs for cathode 

development, are mentioned in only a few studies. The fundamental perovskite structure 
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follows the general formula ABO3, where the total charge of A and B cations adds up to +6 

[72]. The A cations are typically low-valence elements such as La, Sr, Ca, and Pb, with larger 

particle sizes, and are coordinated with twelve oxygen anions. On the other hand, the B 

cations are higher-valence elements like Ti, Co, Fe, and Ni . Fig. 10 illustrates the cubic 

perovskite structure. Most A-site cations in perovskite oxides for cathodes come from rare 

earth and alkaline earth elements such as La, Sr, Ca, or Ba, while B-site cations are a mix of 

reducible transition metals like Mn, Fe, Co, and Ni. Perovskite cathode composites are 

considered promising protective coatings due to their p-type electronic conduction in 

oxidizing environments. Examples of such materials include lanthanum strontium chromite 

(LSCr), lanthanum strontium cobaltite (LSC), and lanthanum strontium ferrites (LSF) [73]. 

However, the area-specific resistance (ASR) of these early perovskite coatings exceeds 0.1 

Ω·cm², which is the required threshold for coating materials. Additionally, the coatings are 

often not dense, exhibiting cracks and pores. Used perovskite coatings like LSF and LSCr on 

various ferritic steel substrates have been studied, but coatings formed via radio frequency 

sputtering have been found to be inadequate due to structural flaws such as cracks and 

pores. If perovskite material is employed as a protective coating on interconnects, it is 

essential that the coating must be dense and well adhered to the interconnect surface so that 

chromium should not diffuse out and react with oxygen diffusing in. For this purpose, A and 

B site cations could be enhanced through doping by larger metal ions in an attempt to 

reduce the oxygen ion mobility and the self-diffusion coefficient through adjusting the 

composition ratio of the perovskite material [58,65,74,75]. 

 
Fig. 10. Typical ABO3 perovskite structure [72].  
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1.6. Properties of oxide spinel coating 

The electrical conductivity and thermal expansion coefficient of oxide spinel coatings are 

described as follows: 

1.6.1. Area specific resistance (ASR) 

Area specific resistance (ASR) is the electrical property of the materials. Chromia scale 

presence indicates high ASR, and low electrical conductivity is indicated by it. With time, the 

oxide layer forms and grows thicker on the interconnect in the oxidizing environment, and 

the ASR rises and leads to interconnect degradation. ASR measurements are taken under 

constant current for coated interconnects that are exposed to air oxidation at 800 °C. Metallic 

interconnects require a reduced ASR such that they are able to carry electricity effectively 

[2,20,24,76]. The coated interconnect must have an ASR value of less than 0.1 Ω·cm-2 [74]. 

Manganese cobalt oxide (Mn1.5Co1.5O4) spinel coatings have been well researched due to 

their effective chromium diffusion suppression properties, with excellent resistance to 

chromium poisoning [77]. However, Mn2Co2O4 is more resistant to oxidation but less 

thermally stable, although it is highly electrically conductive. This means that the 

composition of the elements in spinel coatings is crucial to their performance. ASR value 

needs to be low, so cubic spinel coatings are good electrical conductors and form strong, 

crack-free, adhesive protective films on interconnects [78]. Copper manganese oxide 

(Cu1.3Mn1.7O4) has also been reported to have a very low ASR value of 0.0063 Ω·cm² after 

oxidation for 185 h, which is the lowest among spinel coatings [72].  

Zhang et al. [79] investigated the electrophoretic deposition of (Mn,Co)3O4 spinel protective 

coating on T 441 stainless-steel metallic interconnect. (Mn,Co)3O4 spinel coating exhibited 

stable, long-term performance in an H₂/H₂O atmosphere, with the formation of a thin Cr 

oxide scale. Additionally, ASR measurements indicated that the sintered spinel coating in the 

H₂/H₂O atmosphere had lower resistance compared to the coating sintered in air. The ASR 

of (Mn,Co)3O4  spinel coating sintered in the H₂/H₂O atmosphere was 59 m𝛺.cm2 after 500 h 

of oxidation. Shaigan et al. [80] examined ASR values of bare and Co/LaCrO3-coated AISI 430 

stainless steel at 800 °C in air as a function of time. Bare AISI 430 had a sharp rise in ASR 

with oxidation time, following parabolic behavior until approximately 50 h. Co/LaCrO3-
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coated samples showed very low resistance for approximately 165 h. The ASR of the coated 

samples began to increase parabolically after approximately 600 h, and at 900 h, no increase 

was observed. The sudden increase in ASR beyond 160 h resulted from the formation of 

porosity at the metal-scale interface that reduces the contact area between the substrate and 

the scale (as shown in Fig. 11). 

 

Fig. 11. ASR values for Co/LaCrO3-coated and -uncoated AISI 430 stainless steel at 

800 °C in air as a function of time [80]. 

1.6.2. Thermal expansion coefficient (TEC) 

Among the important factors, the thermal expansion response defines the variation in size 

with temperature that is undergone by the coating material; this response has been 

quantified by the coefficient of thermal expansion, an essential material property in all SOFC 

components, and also in the interconnect. Because of their high operating temperatures, 

both coating material and the interconnect tend to expand due to the rising temperature. It 

has to be matching in TEC for ferritic stainless steel and coating material for uniform 

expansion without the creation of structural issues. Differential thermal stress and strain 

due to thermal shock may appear when different materials expand at different rates under 

thermal energy. If the induced stress is greater than the strength of the material, cracks or 

structural failure may appear [65,81,82]. In SOFC, high difference in thermal expansion 

coefficient between two materials causes another material which has higher TEC to exert 

higher thermal stress over the other material. The high thermal stress would exceed the 
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strength of the other material's strength. Hence, causing spallation and cracking. The average 

TEC for ferritic stainless steels is 11-14.5*10-6 K-1.  An acceptable TEC mismatch for these 

adjacent SOFC components should not be more than 10%, such as between the ferritic 

stainless steel and coating material [78,83,84]. Talic et al. [34] investigated the thermal 

expansion behavior of Fe- and Cu-substituted MnCo2O4 spinel coatings. Their results showed 

that increasing Fe substitution decreased thermal expansion in a nearly linear, while Cu 

substitution increased the TEC overall, although the expansion behavior was more complex 

and did not follow a clear trend. The effect of increasing temperature on increasing TEC was 

believed to be due to the spin state transition of Co³⁺ from low spin to high spin. Fe 

substitution resulted in more linear expansion with respect to temperature and overall 

lower TEC. Substitution by Cu probably affected the expansion behavior due to precipitation 

of CuO secondary phases, hence showing slightly higher TEC values compared to MnCo2O4. 

 

Fig. 12. Thermal expansion measured by dilatometry during heating in air [34]. 

 

1.6.3. Densification of coating  

To obtain dense layer on substrate, it is necessary to sinter the coating material on the 

substrate. Sintering parameters, including temperature, time, and atmosphere, are 

important to the densification of the coating. The optimization of sintering parameters helps 

to decrease the stress on the coated substrate, resulting in the prevention of cracks. In 

addition, by increasing the densification of coated stainless steel, the protective coating 
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blocks oxygen diffusion and prevents the formation of a chromia layer, resulting in an 

increased lifespan of metallic interconnects in SOFC applications [44,85]. To increase the 

densification of the coated stainless steel, the coating was sintered under oxidation 

treatment (air atmosphere) and reduction treatment (pure hydrogen atmosphere), followed 

by oxidation treatment (air atmosphere). The first method is sintering under oxidation 

conditions (static air), in which the sintering of the coated metallic interconnect occurs 

through solid-state diffusion. In this condition, the densification of the coated metallic 

interconnect is slower, and some residual porosity remains, allowing oxygen to diffuse 

through these paths and form a continuous oxide layer on the stainless steel. Furthermore, 

operating at high temperatures for prolonged periods can lead to the growth of a chromia 

layer, forming a thick layer that decreases coating adhesion and reduces electrical 

conductivity [86,87]. The second method is sintering in a reduction treatment (including 

pure H2, N2+H2, or Ar+H2) followed by oxidation treatment (static air). During the reduction 

step, part of the spinel material is reduced to lower-valence oxides or metallic states, which 

increases atomic mobility through oxygen vacancies and cation defects. In the oxidation step, 

these defects and vacancies enhance diffusion, promote pore shrinkage, and facilitate grain 

rearrangement, thereby increasing the densification of the coating. Furthermore, the highly 

dense coating can prevent oxygen diffusion and chromia layer formation, reducing the risk 

of delamination or spallation of the coating [88,89]. 

Talic et al. [37] studied the effect of sintering parameters on the oxidation behavior of 

MnCo1.7Fe0.3O4 spinel protective coating on Crofer 22 APU stainless-steel metallic 

interconnect. Improving the coating densification decreases the Kp because it limits the 

diffusion path of oxygen. The oxidation rate for uncoated sample 800 °C for 1000 h was, 

4.2×10⁻¹¹ mg2 cm-4 s-1. In addition, The oxidation rate for coating sintered in air (O900), 

coating sintered in reduction followed by air (R900+O800), and coating sintered in reduction 

followed by static air (R1100+O800) in an air atmosphere at 800 °C for and 5000 h were, 

1.4×10⁻¹¹, 1.3×10⁻¹¹, and 0.34×10⁻¹¹ mg2 cm-4 s-1, respectively. Increasing the coating 

densification on stainless-steel metallic interconnect through sintering conditions decreased 

oxidation rate. Zanchi et al. [90] investigated the area specific resistance (ASR) value of 

sintered MnCo2O4 spinel protective coating under different sintering conditions. After the 

applying of the Mn-Co spinel material by EPD method, the samples were sintered under 
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oxidation treatment (EPD_Ox) and reduction treatment, followed by oxidation treatment 

(EPD_R1000 and EPD_R1120). The area specific resistance (ASR) values of the EPD_Ox, 

EPD_R1120, and EPD_R1000 samples after 1500 h of oxidation were 30.3, 16.5, and 12.7 

mΩ·cm-2, respectively. The ASR value of the spinel protective coating sintered in oxidation 

treatment was higher than the samples sintered in reduction treatment. This difference is 

attributed to Cr diffusion from the chromia layer to the coating surface, as well as the growth 

of the oxide layer. Furthermore, achieving a dense layer through the sintering process on 

stainless steel prevents oxygen diffusion and the formation and growth of the chromia layer 

on the substrate, resulting in an increased lifespan of the metallic interconnect in SOFC 

applications. 

1.7. Doping of active rare earth elements in spinel  

Rare earth element doping in spinel is used for enhancing the properties of coatings over 

metallic interconnects, like electrical conductivity, oxidation resistance, coating 

densification, and matching the thermal expansion coefficient of the spinel coating with 

stainless steel [91–93]. These can be further optimized by incorporating rare earth and 

transition elements such as Fe [94], Ni [95], and Ce [96,97]. Qing et al. [96] studied Cu- and 

Ce-doping of MnCo₂O₄ spinel coatings on SUS430 stainless steel substrates deposited by a 

sol-gel technique and electrophoretic deposition. The oxidation rate at 800 °C for 500 h was 

1.35 mg/cm³. Under the same conditions, the ASR of the doped MnCo₂O₄ spinel coating was 

determined to be around 9.8 mΩ·cm². The research showed that the doping of rare earth 

metals enhanced the oxidation resistance considerably, as compared to both uncoated 

stainless steel and MnCo₂O₄ spinel coatings without doping. In addition, the ASR of the 

coating with co-doping was much lower when compared to SUS430 stainless steel and 

MnCo₂O₄ coatings. Zanchi et al. [94]  investigated the oxidation performance of Fe-doped 

Mn1.5Co1.5O4 coatings on metallic interconnects. Their findings showed that the oxidation 

rate of the Fe-doped Mn-Co spinel coating was lower than that of both the Mn1.5Co1.5O4 spinel 

coating and uncoated stainless steel. Mazur et al. [95] studied Ni- and Fe-doped Mn1.7Cu1.3O4 

coatings on metallic interconnects. Their findings revealed that the electrical conductivity of 

Mn1.7Cu1.3O4 increased with Ni doping levels of 0.3 or higher, while Fe doping at the same 

level led to a decrease in conductivity compared to Mn1.7Cu1.3O4. Additionally, the oxidation 

resistance of the Cu-Mn-Ni-O spinel coating on stainless steel after 2000 h at 800°C was 
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significantly lower than that of bare stainless steel. Sabato et al. [51] investigated in-situ Cu-

doped Mn-Co spinel coatings for metal interconnects by using electrophoretic deposition. 

Their results are presented in Fig. 13 show the densification of doped and undoped spinel 

coatings. Additions of Cu significantly improved densification in the as sintered state. While 

some residual open porosity was present in both the undoped and 5CuMCO samples, the 

10CuMCO sample had largely closed porosity, which should be beneficial for protecting 

against gaseous chromium transport (as shown in Figs. 13a, b and c).  

 

Fig. 13. Cross section SEM images of the coated samples: a) Mn-Co coating, c and d) Cu doped Mn-Co spinel 

coating with different ratio [51]. 

 

1.8. Electrophoretic deposition (EPD) method  

Several deposition techniques have been developed to coat the metallic interconnect 

surfaces with spinel protective coatings, including electrophoretic deposition (EPD) 

[24,59,64,98], electrolyte deposition (ELD) [99–101], dip coating [102–106], plasma 

spraying [107–110], screen printing [111–113], spin coating [97], and magnetron sputtering 

[53,76,109,114]. Among them, EPD is quite effective in providing a homogeneous and dense 

spinel coating on metallic interconnects. Advantages of this technique include simplicity, low 

cost, rapid deposition, low-temperature processing, homogeneous microstructure, 

suitability for complex-shaped substrates, and easy control of coating thickness. On the other 

hand, disadvantages of EPD include compatibility with substrates, limitation to thick 

coatings, and optimization of many parameters carefully. These factors include parameters 

related to the suspension, such as particle size, zeta potential, suspension stability, and 

suspension conductivity. Additionally, process parameters, such as voltage, deposition time, 

solid concentration, and substrate conductivity, also play a critical role in the successful 

formation of the coating. EPD can operate both with aqueous and non-aqueous solvents. 
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Aqueous solvents are preferable due to their low cost, environmental friendliness, and 

possibility to work at lower voltages. On the other hand, non-aqueous are more expensive, 

toxic, flammable solvents, and higher voltages are required for deposition [27,33,115–118]. 

Aznam et al. [119] studied the zeta potential of (Cu,Mn,Co)3O4 spinel materials in different 

solvents, as illustrated in Figs. 14a and 14b. Among the tested suspensions, the highest zeta 

potential and most stable (Cu,Mn,Co)3O4 suspension were achieved using a 50/50 

isopropanol–acetylacetone mixture, compared to using isopropanol or acetylacetone alone. 

This optimized solvent mixture resulted in a well-dispersed suspension, making it highly 

suitable for electrophoretic deposition (EPD). As shown in Fig. 14b, the deposition masses of 

the (Cu,Mn,Co)3O4 suspensions prepared in isopropanol, acetylacetone, and the 50/50 

mixture all exhibited a linear increase over time. During EPD, the charged particles were 

discharged and deposited onto SUS430 steel substrates, forming an insulating layer that 

eventually slowed and inhibited further deposition. The suspension prepared using the 

50/50 isopropanol–acetylacetone mixture resulted in a higher deposition mass than the 

suspension in isopropanol alone. This effect is likely due to the higher zeta potential in the 

mixed solvent, which enhances deposition efficiency. In addition to the suspension solvent, 

the applied voltage plays a crucial role in achieving a uniform and dense coating through 

EPD. The influence of voltage on deposition mass was investigated using the optimized 

50/50 isopropanol–acetylacetone suspension. As depicted in Fig. 14c, increasing the applied 

voltage (40, 60, 80, and 100 V) and deposition time led to an increase in deposition mass. 

However, the deposition mass did not increase linearly, as the formation of an insulating 

layer on the substrate eventually hindered further deposition.  
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Fig. 14. a) Zeta potential values of the (Cu,Mn,Co)3O4 suspension in different suspension solvent, b) 

Deposition mass over time for different suspension solvent at the constant voltage of 100 V, and c) 

Deposition mass of (Cu,Mn,Co)3O4 coatings at different applied voltages over time by using a mixture of 

50/50 isopropanol and acetylacetone solvent [119]. 

 

Talic et al. [120] studied the application of Mn1.5Co1.5O4 spinel coatings on Crofer 22H 

stainless steel grids using EPD method. They demonstrated that uniform spinel coatings 

were achieved on the concave corners of the substrate, while cracks formed on the convex 

corners of the stainless-steel grid. These cracks in the convex corners were attributed to the 

coating thickness, sintering conditions, and the curvature radius of the substrate. 

Furthermore, they found that sintering the coating in a reducing atmosphere, followed by an 

oxidation treatment, was more likely to result in cracks compared to sintering only in an 

oxidation treatment. Zanchi et al. [90] studied the application of MnCo2O4 spinel coatings on 

complex-shaped stainless steel (SUS 445 ferritic stainless steel) using  EPD method. They 

observed that a uniform coating was successfully deposited on the complex-shaped metallic 

interconnects via this technique. Furthermore, they found that sintering in a reducing 

atmosphere at 1000 °C for 2 h, followed by an oxidation treatment at 800 °C for 5 h in static 

air, effectively prevents chromium diffusion and evaporation. Shen et al. [121] studied the 

application of Mn1.8CuO4 spinel coatings on low-cost porous stainless steel using EPD 

method. They demonstrated that the Mn1.8CuO4 spinel coating significantly reduced 

chromium evaporation by up to 80% compared to uncoated porous stainless steel. 

Additionally, they found that EPD is the most effective method for minimizing chromium 

diffusion and evaporation from porous stainless steel.  
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2. Objective, hypotheses, and novelty of research  

To increase the lifetime of metallic interconnects, the spinel protective coating plays a crucial 

role in enhancing oxidation resistance, improving electrical conductivity, and preventing Cr 

diffusion and evaporation, thereby increasing the durability and efficiency of metallic 

interconnects in solid oxide cells (SOCs) application. Accordingly, in this thesis, different 

configurations of spinel coatings, including single-, dual-layer and hybrid coatings, were used 

to improve the properties of stainless-steel metallic interconnects.  

2.1. Objective of research 

The objective is to develop deposition method through applying single-layer, dual-layer, and 

hybrid spinel coatings on flat and complex-shaped stainless-steel metallic interconnects 

using electrophoretic deposition (EPD) method. In addition, the microstructure of spinel 

protective coating with SEM and confocal optical microscope, surface roughness with 

confocal optical microscopy, phase and structural analysis with XRD, composition analysis 

with confocal spectroscopy, electrical conductivity of spinel materials with Van der Pauw 

method and the diffusion of chromium from the substrate into the oxide spinel coatings with 

energy-dispersive X-ray spectroscopy (EDX) were investigated.  

To better understand the spinel protective coating on stainless-steel metallic interconnects 

using electrophoretic deposition (EPD) method, the following questions have been posed for 

each manuscript: 

1. Which solvent type (pure ethanol or ethanol: water mixture) is more effective for 

achieving non-agglomerated suspension, higher suspension stability, higher zeta 

potential, and higher suspension conductivity? What iodine concentration in the 

solvent is required to obtain optimal zeta potential and suspension conductivity? 

What is the optimal concentration of solid spinel particles to control deposition yield 

or coating thickness on the substrate? How does varying applied voltage and 

deposition time affect the behavior of spinel particles in the solvent, in terms of 

achieving optimal coating thickness, uniformity, and crack-free morphology? 

2. Which applied voltage and deposition time are optimal to deposit uniform, crack-free 

single-layer and dual-layer coatings on complex-shaped steel substrates? How does 
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changing the sintering atmosphere (from oxidation treatment to reduction followed 

by oxidation treatments) affect the microstructure and densification of the coating? 

What is the phase composition at the interface of Mn–Co and Mn–Cu–Fe spinel 

coatings after sintering? How does chromium diffusion behave in single-layer and 

dual-layer spinel protective coatings on stainless steel? 

3. At what iodine concentration do Mn–Co and Mn–Cu–Fe spinel powders exhibit 

identical zeta potentials, ensuring a consistent ratio of both powders in the coating? 

How does chromium diffusion behave in hybrid spinel protective layers on stainless 

steel? What are the phase composition and structure of hybrid spinel coatings after 

sintering? How does the electrical conductivity of mixed spinel materials vary with 

different material ratios? 

2.2. Hypotheses 

On the basis of the preceding information, the following hypotheses are proposed for this 

PhD thesis. 

1. Electrophoretic deposition can be effectively employed to sequentially fabricate high-

quality dual-layer coatings with well-defined interfaces. 

2. Electrophoretic deposition enables controlled co-deposition of distinct spinel 

materials, allowing the tailoring of their combined structural and functional 

properties. 

2.3. Novelty of research  

Due to the high oxidation rate, significant chromium diffusion, and low electrical 

conductivity observed in single-layer coated stainless-steel metallic interconnects, dual-

layer and hybrid spinel coating configurations are proposed. 

In Manuscript I, to obtain a well-dispersed suspension, various suspension parameters 

including solid loading, iodine concentration, zeta potential, suspension stability, and solvent 

type are optimized to deposit uniform, dense, and crack-free coatings on the substrate. 

Additionally, the microstructure and surface roughness of the oxide spinel coating on 

stainless steel are analyzed, as a uniform protective coating plays a crucial role in preventing 

the formation and growth of the chromia layer. 
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In Manuscript II, a novel Mn-Co/Mn-Cu-Fe dual-layer coating is applied to metallic 

interconnects using EPD method. Two main reasons support the selection of a dual-layer 

oxide spinel coating for metallic interconnects. First, the Mn1.7CuFe0.3O4 spinel coating offers 

superior electrical conductivity compared to the MnCo2O4 spinel coating, making it an ideal 

outer layer to facilitate electrical conductivity between adjacent cells. Second, the MnCo2O4 

spinel coating demonstrates significantly higher oxidation resistance than Mn1.7CuFe0.3O4, 

serving effectively as an inner layer to reduce oxidation rates and inhibit chromium 

migration and evaporation from the interconnects to the oxygen electrodes. 

In Manuscript III, a novel hybrid coating with varying weight ratios (1:0, 1:3, 1:1, 3:1, and 

0:1) is deposited on metallic interconnects via EPD method. The hybrid coatings are selected 

due to the superior oxidation resistance of Mn-Co spinel materials, the higher electrical 

conductivity of Mn-Cu-Fe spinel materials, and the absence of new phases between these two 

oxide spinel materials. By utilizing these innovative Mn-Co: Mn-Cu-Fe hybrid spinel 

materials, simultaneously improve both electrical conductivity and oxidation resistance. 
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3. Manuscripts 

In Chapter 3, the experimental methods and results, including materials, suspension 

preparation, spinel material deposition, sintering conditions, and characterization, are 

presented to address the research questions, hypotheses, objectives, and novelty of the 

study. The publications included in this thesis are listed as follows: 

3.1. Manuscript I 

Omid Ekhlasiosgouei, Federico Smeacetto, Sebastian Molin, “Suspension and process 

parameters selection for electrophoretic deposition of Mn–Co spinel coating on steel 

interconnects,” International Journal of Hydrogen Energy, vol. 60, pp. 1054-1067, 2024. 

https://doi.org/10.1016/j.ijhydene.2024.02.252. 

3.2. Manuscript II 

Omid Ekhlasiosgouei, Maciej Bik , Sebastian Molin, “Preparation of Mn-Co and Mn-Cu-Fe 

single-layer, and novel Mn-Co/Mn-Cu-Fe dual-layer spinel protective coatings on 

complex-shaped metallic interconnects by EPD method,” International Journal of 

Hydrogen Energy, vol. 83, pp. 563-576, 2024. 

https://doi.org/10.1016/j.ijhydene.2024.07.447. 

3.3. Manuscript III 

Omid Ekhlasiosgouei, Maciej Bik, Federico Smeacetto, Piotr Jasinski, Sebastian Molin, 

“Electrophoretic deposition of novel hybrid MnCo2O4: Mn1.7CuFe0.3O4 spinel protective 

coating on stainless-steel metallic interconnects for SOFCs application,”. 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.ijhydene.2024.02.252
https://doi.org/10.1016/j.ijhydene.2024.07.447
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3.1. Manuscript I 
Title: Suspension and process parameters selection for electrophoretic deposition of 

Mn–Co spinel coating on steel interconnects. 

This study delved into the promising application of electrophoretic deposition (EPD) as a 

method for coating the surface of Crofer 22 APU alloy with a Mn-Co spinel layer. The 

investigation evaluated suspension and process parameters, aiming to achieve a coating that 

is uniform, dense, smooth, and free of cracks. The evaluation of the Mn-Co coating's 

attributes—quality, adhesion, and thickness on the substrate—was a central focus to attain 

a uniform and consistent layer. Results underscored the clear superiority of the pure ethanol 

solvent over the H2O: ethanol mixture (40:60 %Vol) for Mn-Co particles. The pronounced 

agglomeration observed in the latter was approximately seven times more than that in the 

former, highlighting the critical role of solvent selection in achieving optimal coating 

characteristics. Detailed study of the sintered Mn-Co coating's morphology and surface 

roughness, conducted through SEM and confocal laser scanning microscopy (CLSM), 

respectively, provided valuable insights. The application of a uniform and dense coating was 

achieved by utilizing a pure ethanol solvent with a solid concentration of 10 g/L, along with 

0.5 g/L of iodine as a disperser. The deposition process, executed at a voltage of 30V for 20 

s, yielded a coating with a thickness measuring 7.4±0.3 µm and a surface roughness of 

0.75±0.5 µm. This study not only highlights the suitability of EPD for Mn-Co spinel coating 

on Crofer 22 APU alloy but also emphasizes the critical role of solvent choice and process 

parameters in determining the quality and characteristics of the deposited coatings. The 

resulting coating's uniformity and controlled attributes hold promising implications for 

applications requiring resistance to chromium migration and oxidation. 

The research highlighted are outlined as follows:  

➢ Dispersed Mn-Co particles in ethanol were more appropriate for EPD process. 

➢ A uniform and crack-free coating applied onto Crofer 22 APU using EPD method. 

➢ The optimal voltage and deposition time for EPD method were 30 V and 20 s. 

➢ The optimal coating thickness and surface roughness were 7.4±0.3 and 0.75±0.5 µm.  
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3.2. Manuscript II 

Title: Preparation of Mn-Co and Mn-Cu-Fe single-layer, and novel Mn-Co/Mn-Cu-Fe 

dual-layer spinel protective coatings on complex-shaped metallic interconnects by 

EPD method 

This study examined the potential of electrophoretic deposition (EPD) technique for 

applying dual-layer oxide spinel coatings of MnCo2O4/ Mn1.7CuFe0.3O4 onto complex-shaped 

metallic interconnects. There has not been very limited research on complex-shaped metallic 

interconnects, which investigated the deposition of oxide spinel materials by EPD method. 

The study assessed various process parameters of EPD method aiming to achieve a coating 

that is uniform, dense, smooth, and crack-free on complex-shaped metallic interconnects. 

Two main reasons support the selection of a dual-layer oxide spinel coating for metallic 

interconnects. Firstly, the electrical conductivity of the Mn1.7CuFe0.3O4 spinel coating is 

higher than that of the MnCo2O4 spinel coating. Therefore, it serves as an optimal outer layer, 

facilitating electrical conductivity between adjacent cells. Secondly, the MnCo2O4 spinel 

coating exhibits significantly higher oxidation resistance compared to the Mn1.7CuFe0.3O4 

spinel coating. As a result, it functions effectively as an inner layer, mitigating oxidation rates 

and preventing the migration and evaporation of chromium from the interconnects to the 

oxygen electrodes. This research highlights the applicability of EPD method for dual-layer 

oxide spinel coating on complex-shaped metallic interconnects.  

The research highlighted are outlined as follows:  

➢ A uniform and crack-free coating applied onto complex-shaped interconnects using 

EPD method. 

➢ MnCo2O4/Mn1.7CuFe0.3O4 dual-layer coating is a promising candidate for protective 

coatings. 

➢ Dual-layer coating densification in reduction+ oxidation is higher than oxidation 

treatments. 

➢ Dual-layer coating provides higher protection against Cr diffusion than single-layer 

coating. 
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Supporting information 

 

Preparation of MnCo2O4 and Mn1.7CuFe0.3O4 single-layer, and novel MnCo2O4/ 

Mn1.7CuFe0.3O4 dual-layer spinel protective coatings on complex-shaped metallic 
interconnects by EPD method 

Omid Ekhlasiosgouei a, 1, Maciej Bikb, Sebastian Molina 

a Advanced Materials Center, Faculty of Electronics, Telecommunications and Informatics, Gdansk University 

of Technology, Gdansk, Poland 

b Faculty of Materials Science and Ceramics, AGH University of Krakow, Krakow, Poland 

 

Fig. SI1 shows SEM cross-section images and elemental maps of sintered S1 and S4 (Mn-Co 

single-layer oxide spinel coating), and S2 and S5 (Mn-Cu-Fe single-layer oxide spinel 

coating), in oxidation treatment (S1, and S2), and reduction + oxidation treatment (S4, and 

S5). The elemental maps reveal a clear chromium cations diffusion at the interface of sintered 

Mn-Co, and Mn-Cu-Fe single-layer oxide spinel coating and the substrate during oxidation, 

and reduction + oxidation treatments. Additionally, elemental maps for Fe, Co, Cu, and Mn 

show a consistent distribution of these elements after the sintering process. 

 
1 Corresponding author, Email address: omid.ekhlasiosgouei@pg.edu.pl  

https://www.researchgate.net/institution/Gdansk-University-of-Technology/department/Faculty-of-Electronics-Telecommunications-and-Informatics
https://www.researchgate.net/institution/Gdansk-University-of-Technology
https://www.researchgate.net/institution/Gdansk-University-of-Technology
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Fig. SI1. SEM cross-section images and EDS-X-ray elemental maps of sintered S1 and S4 (Mn-Co single-layer 

oxide spinel coating), and S2 and S5 (Mn-Cu-Fe single-layer oxide spinel coating) in oxidation treatment 

(S1, and S2), and reduction + oxidation treatment (S4, and S5). 

 

 

Fig. SI2 shows the EDX line scan of sintered Mn-Co, Mn-Cu-Fe single and Mn-Co/Mn-Cu-Fe 

dual-layer coatings in oxidation and reduction+ oxidation treatments. The elemental line 

scan confirms that the oxide scale layer between the sintered single and dual-layer coatings 

in reduction + oxidation treatments and the alloy is thinner than that sintered in oxidation 

treatment. Consequently, it is anticipated to serve as a protective barrier, preventing the 

outward diffusion of cations and the inward diffusion of oxygen ions. Furthermore, the 

migration of Cr cation towards the outer surface is ascribed to the creation of an inner layer 

between the oxide scale and the coatings. This phenomenon occurs due to the presence of 

transition metals and the formation of chromium oxide on the alloy's surface. The findings 



70 
 

reveal that the concentration of Cr in the upper region is lower compared to the coating-alloy 

interface, suggesting that the sintered Mn-Co, Mn-Cu-Fe, and dual-layer Mn-Co/Mn-Cu-Fe 

coatings in reduction + oxidation treatments effectively prevent Cr evaporation and cathode 

poisoning. 

 

Fig. SI2. EDX line scan of sintered Mn-Co and Mn-Cu-Fe single and Mn-Co/Mn-Cu-Fe dual-layer coatings in: 

a) oxidation treatment and b) reduction+ oxidation treatments. 

 

 

Fig. SI3 shows Raman spectra taken from cross section of MnCo2O4 layer on Crofer 22 APU 

steel using varying laser power. 
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Fig. SI3. Raman spectra taken from cross section of MnCo2O4 layer on Crofer 22APU steel using varying 
laser power. 
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3.3. Manuscript III 

Title: Electrophoretic deposition of novel hybrid MnCo2O4: Mn1.7CuFe0.3O4 spinel 

protective coating on stainless-steel metallic interconnects for SOFCs application 

This research investigated the potential of electrophoretic deposition (EPD) technique for 

applying hybrid spinel coatings of MnCo2O4: Mn1.7CuFe0.3O4 with different ratios onto 

metallic interconnects to achieve a coating that is uniform, dense, smooth, and crack-free. 

There are two reasons behind the choice of novel hybrid spinel protective coatings for 

metallic interconnects, and the obtained results confirmed these reasons. Firstly, the 

electrical conductivity of Mn1.7CuFe0.3O4 spinel coating is higher than that of MnCo2O4 spinel 

coating. Secondly, MnCo2O4 spinel coating exhibits lower Cr diffusion compared to the 

Mn1.7CuFe0.3O4 spinel coating. As a result, in the hybrid coating, Mn1.7CuFe0.3O4 spinel coating 

plays a crucial role in facilitating electrical conductivity between adjacent cells, and e 

MnCo2O4 spinel coating provides a protective layer to prevent the migration and evaporation 

of chromium from the interconnects to the oxygen electrodes. This highlights that the 

deposition of hybrid coatings presents a promising option for protective and conductive 

coatings on metallic interconnects. 

The research highlighted are outlined as follows:  

➢ A uniform, dense, and crack-free hybrid coating with different weight ratio applied 

onto stainless steel using EPD method. 

➢ MnCo2O4: Mn1.7CuFe0.3O4 hybrid coating is a promising candidate for protective 

coatings. 

➢ Hybrid coating densification in reduction+ oxidation treatment is higher than 

oxidation treatments. 

➢ Hybrid coating provides higher protection against Cr diffusion than Mn-Cu-Fe single-

layer coating, but lower protection than the Mn-Co single-layer coating. 

➢ The electrical conductivity of hybrid materials is higher than that of Mn-Co spinel 

material and lower than that of Mn-Cu-Fe spinel material. 
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4. Conclusion and future research directions 

In this thesis, the research hypotheses have been validated. In addition, the conclusions of 

this thesis, along with potential directions for future research, are detailed as follows: 

4.1. Conclusion  

Electrophoretic deposition proves to be an efficient technique for applying single-layer, dual-

layer, and hybrid coatings onto flat and complex-shaped stainless-steel surfaces, ensuring 

the formation of uniform, dense, and crack-free coatings. The detailed findings presented in 

this thesis are as follows: 

▪ The stability of Mn-Co particles in both ethanol and H₂O: ethanol solvents exhibited 

similar behavior over a 5 h period. In the H₂O: ethanol solvent, Mn-Co particles 

tended to agglomerate, whereas in ethanol, the particles maintained a similar size. 

The zeta potential of Mn-Co particles in ethanol was significantly higher than that of 

particles in the H₂O: ethanol solvent. In addition, the suspension conductivity of Mn-

Co particles was greater in the H₂O: ethanol solvent compared to ethanol. 

▪ A uniform and dense coating was successfully achieved using ethanol as a solvent 

with a solid concentration of 10 g/L and an iodine concentration of 0.5 g/L. The Mn-

Co coating was deposited at a voltage of 30 V for a duration of 20 s, resulting in a 

coating thickness of 7.4 ± 0.3 µm and a surface roughness of 0.75 ± 0.5 µm. 

▪ The analysis of particle size distribution and zeta potential reveals that the Mn-Co 

oxide spinel suspension exhibits slightly smaller particle sizes and higher zeta 

potential than the Mn-Cu-Fe oxide spinel suspension. Additionally, the Mn-Co oxide 

spinel particles display a more regular morphology compared to the Mn-Cu-Fe oxide 

spinel particles. 

▪ The results indicate that the thickness of the sintered MnCo2O4, Mn1.7CuFe0.3O4 

single-layer, and MnCo2O4/ Mn1.7CuFe0.3O4 dual-layer coatings in reduction + 

oxidation treatments is 46.2%, 28.2%, and 23.1% denser, respectively, compared to 

sintered in oxidation treatment. 

▪  The porosity of sintered MnCo2O4 and Mn1.7CuFe0.3O4 coatings subjected to a 

reduction treatment followed by oxidation is approximately 50% lower compared 

to coatings sintered only in an oxidation treatment.  
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▪ Raman spectroscopy and Energy Dispersive Spectroscopy (EDS) analysis revealed 

that the sintered dual-layer coatings subjected to a reduction treatment followed by 

oxidation demonstrated a much more effective interdiffusion process throughout 

the coating's thickness, leading to the formation of a mixed (Mn, Cu, Fe, Co)3O4 spinel. 

This was in contrast to dual-layer coatings that underwent only oxidation treatment. 

▪ Zeta potential and deposition yield were evaluated to confirm the uniform 

distribution of Mn-Co and Mn-Cu-Fe spinel powders. The results show that the zeta 

potential and deposition yield for both Mn-Co and Mn-Cu-Fe are nearly the same at 

an iodine concentration of 0.7 g/L. 

▪ The findings from cross-sectional analysis of sintered hybrid spinel coatings under 

both sintering treatments indicate that densification is greater in coatings subjected 

to reduction + oxidation treatments compared to those sintered solely under 

oxidation treatment.  

▪ The findings from cross-sectional analysis of sintered hybrid spinel coatings under 

both sintering treatments indicate that densification is greater in coatings subjected 

to reduction + oxidation treatments compared to those sintered solely under 

oxidation treatment.  

▪ EDS mapping analysis reveals that during EPD process, both Mn-Co and Mn-Cu-Fe 

spinel materials are uniformly deposited onto the substrate. 

▪ XRD result show that new phase in hybrid material was not detected.  

▪ Raman studies proved applied EPD procedure and thermal treatment to be very 

efficient in the formation of coating materials of a well-defined phase composition.  

▪ The electrical conductivity of the hybrid materials (1:1 wt.%) is higher than (45%) 

that of the MnCo2O4 spinel material but lower than (36%) that of the Mn1.7CuFe0.3O4 

spinel material at 600 °C. 

4.2. Future research directions 

The application of dual-layer and hybrid coatings offers a promising solution for providing 

both protective and conductive layers on metallic interconnects. To gain a deeper 

understanding of their long-term oxidation resistance, further research should focus on 

analyzing the microstructure of these coatings after oxidation, as well as evaluating the area-

specific resistance (ASR) both before and after oxidation. Such studies are essential for 
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assessing the durability and performance of dual-layer and hybrid oxide spinel protective 

coatings over extended periods. 
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