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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 MnCo0204 (Mn-Co) and
Mni7CuFe0304 (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.

= Anovel 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.



= Anovel 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.

Keywords: Electrophoretic deposition, Complex-shaped metallic interconnect, stainless
steel, Spinel materials, Dual-layer coating, Hybrid coating, Electrical conductivity
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Abstrakt

W stosach tlenkowych ogniw (SOCs, ang. Solid Oxide Cells) metaliczny interkonektor
odgrywa kluczowa role w zapewnianiu potaczen elektrycznych pomiedzy poszczegdlnymi
ogniwami oraz we wspomaganiu dystrybucji reagentow gazowych. Ze wzgledu na wysoka
temperature pracy w SOC, interkonektory ze stali nierdzewnej napotykaja problemy, takie
jak zwiekszone utlenianie, obnizona przewodno$¢ elektryczna oraz nasilona dyfuzja
chromu, ktéra prowadzi do powstawania gestej warstwy tlenku chromu. Aby rozwigzac te
problemy, niezbedne sg ceramiczne powtoki ochronne na metalicznych interkonektorach,
poniewaz ograniczajg one szybko$¢ utleniania oraz hamujg migracje i parowanie chromu z
interkonektoréw do elektrod tlenowych. Ponadto ceramiczne powtoki ochronne odgrywaja
istotng role w redukcji degradacji i zwiekszeniu trwato$ci SOC w przypadku zastosowania
ich na stali nierdzewnej. Idealne materiaty ochronne powinny charakteryzowac sie wysoka
przewodnoscia elektryczng, niskim wspétczynnikiem rozszerzalnosci cieplnej (TEC) oraz

zdolnoScig do blokowania dyfuzji tlenu i chromu.

W niniejszej pracy wybrano metode osadzania elektroforetycznego (EPD, Electrophoretic
Deposition) do nanoszenia materiatéw spinelowych MnCo,0,4 (Mn-Co) i Mn1.7CuFe0.304 (Mn-
Cu-Fe) na metaliczne interkonektory ze stali nierdzewnej w celu zbadania przewodnosci
elektrycznej, dyfuzji chromu (Cr) oraz jakoSci naniesionej warstwy, obejmujacej
jednorodnos¢, gestosc i spekalnos¢. Warstwy naniesiono w roznych konfiguracjach, takich
jak warstwy dwuwarstwowe i hybrydowe. Poszczegodlne cze$ci pracy przedstawiaja sie

nastepujgco:

e W celu uzyskania jednorodnej, gestej i pozbawionej peknie¢ powtoki zbadano rozne
parametry zawiesiny, takie jak stabilno$¢, potencjat zeta, przewodnoS$¢ zawiesiny,
zmiane stezenia jodu, zmiane zawartos$ci fazy statej oraz zmiane rozpuszczalnikow.
Dodatkowo przeanalizowano parametry procesu, w tym przytozone napiecie i czas

osadzania.

e Zaproponowano nowa konfiguracje warstwy ochronnej dwuwarstwowej Mn-Co/Mn-
Cu-Fe, a takze powtoki jednowarstwowe Mn-Co i Mn-Cu-Fe, naniesione metoda EPD
na ztozonych ksztattach metalicznych intekonektoréw. Oceniono jako$¢ powtok, w

tym ich jednorodnos¢, gestosc¢ i spekalnos¢. Ponadto przeanalizowano zageszczanie



spieczonych powtok dwu- i jednowarstwowych w procesie utleniania, a takze w
procesie redukcji poprzedzajacym utlenianie. Dodatkowo niezidentyfikowany sktad
fazowy na granicy powtok Mn-Co/Mn-Cu-Fe oraz na granicy powtoka/podioze

zbadano za pomoca konfokalnej spektroskopii Ramana.

e Zaproponowano nowg hybrydowa powtoke Mn-Co:Mn-Cu-Fe o réznych proporcjach
wagowych (1:0, 1:3, 1:1, 3:1 oraz 0:1) osadzono na metalicznych interkonnectorach
metodg EPD. Zbadano jako$¢ spieczonych powtok hybrydowych w procesie
utleniania oraz redukcji poprzedzajgcej utlenianie. Przeanalizowano przewodno$¢
elektryczng mieszanin materialéw spinelowych tlenkéw oraz dyfuzje chromu (Cr) z
podioza do powtoki hybrydowej. Ponadto nowe fazy i ich sktad w materiatach
hybrydowych zbadano przy wuzyciu dyfrakcji rentgenowskiej (XRD) oraz

spektroskopii Ramana.

Stowa kluczowe: osadzanie elektroforetyczne, metaliczne interkonektory o zlozonych
ksztattach, stal nierdzewna, materiaty spinelowe, powloka dwuwarstwowa, powtoka
hybrydowa, przewodnictwo elektryczne



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.



» Molten carbonate fuel cell (MCF(C)

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 (CO.).
» 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].



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].

10



Disconnected
YSZ

0%

YSZ Electrolyte

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 Oz and conducting electrons. The
most common cathode material is Sr-doped LaMnOs (LSM). In addition, there are lots of
mixed ionic-electronic conductors, which can be used as cathode LaCaMnOs (LCM), (LaSr)
(CoFe)Os (LSMF), (LaSr) (Fe)Os (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
02 is first reduced to oxygen anions. In other words, oxygen gas reacts with electron to form

oxide ions according to:

¥ 02+ 2e —» 0% (1)

11



The oxide ions migrate through the electrolyte to combine with the fuel (Hz2) at the anode

electrode:
Hz + 02- —» H20+ 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 (COz) 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.

O? (Alr)
' Cathode reaction:

; 112 O+2e" - 0%

Cathode
®
electrolyte
e
anode Anode reactions:
r H, + 02 = H,0 + 2=
Fuel

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

12



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

YV V. .V V VYV V

Sufficient thermal conductivity

Interconnection

S Interconnection
Electrolyte
Cathode
Cathode

P} +— Electrolyte

£

Air flow /.f" T

= |nterconnection )
N
[

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

Anode

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 Cr203-scale growth at elevated

13



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 scalebut 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) +02(g) —» 2/b MaOp (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=AG+ RTLn (1/Po2) (4)

14



Where G is Gibbs free energy, AG? Gibbs free energy of formation, T the temperature, R the
gas constant, and Po2 the oxygen partial pressure. As equilibrium is reached, ¢ = 0 and then
the expression can be rewritten as equation 5:

LnPo2=AGO/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 Co30,/Lag.g55rg.15sMn03-s 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.
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Fig. 6. Mass gain of uncoated and spinel (iron and cupper doped MnCo204) 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 (Cr203) 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 CrOs and CrOz(OH)z are formed through the volatilization.
Thermodynamic stability of the perovskite cathodes is impacted by chromium poisoning.
The Cr203 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 Cr203 deposits at

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

[48]:
2Cr203 (s) + 302 «—»4Cr0s3 (g) (6)
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2Cr203 (s) + 302 + 4H20 «—» 4CrO2(0H)2 (s) (7)
Cr203 (s) + Oz + H20 «—» 2Cr02(OH)2 (g) (8)

When Cr203(s) comes in contact with dry air and high temperature over 500 °C, CrOs (g) is
easily formed on the surface of Cr203 (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 (CrOs3(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 etal. [52] examined a double-layer coating of Lay.gSo.,Mn0O3 and Mn,.5C04.50, 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 Cr203 oxide scale (inner), a NiO layer (middle), and an outer
NiFe204 layer. The results revealed that chromium diffused into the outer layer, leading to
the formation of a Cr203 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 MnCo1.7Fe0.304 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 Cr203
and possibly (Mn, Cr)30a4. The electrical conductivity of (Mn, Cr)304 is usually a little greater
than that of Cr203[53,56-58]. Sun et al. [59] examined the Mn1.8Cu0a4 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)304
interaction layer between the spinel coating and the Cr oxide scale. The electric conductivity

of Cr203 can be separated into two ranges of temperature:

1. At high temperature (>1000°C), Cr20s3 is an n-type intrinsic conductor independent
of oxygen partial pressure [60].
2. Atlow temperature (<1000°C), pure Cr203 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 Co304/Sm-doped CeO,/Co30, 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 MnCo204 spinel coating, while the inner layer
is a thin mutual-diffused (MnCoFe)304 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 mf2.cm? after 1500 h of oxidation. In contrast, the in-situ ASR measurement
indicated corrosion damage to the substrate, with the value reaching 35 m{2.cm? after 500 h
of oxidation. Wolff et al. [63] studied the MnCo1.9Fe0.104 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 mf2.cm? 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 Cr203 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 AB204 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
Co304, 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 Cr203 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 (AB204) and an

optimum cation ratio for the optimization of spinel coating performance [19,58,68-71].
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Fig. 9. Typical AB204 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 ABOs, 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
Q-cm?, 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].
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Fig. 10. Typical ABOs 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 Q-cm-2 [74].
Manganese cobalt oxide (Mn1.5C01.504) spinel coatings have been well researched due to
their effective chromium diffusion suppression properties, with excellent resistance to
chromium poisoning [77]. However, Mn2C0204 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
(Cu13Mn1.704) has also been reported to have a very low ASR value of 0.0063 Q-cm? after

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

Zhang et al. [79] investigated the electrophoretic deposition of (Mn,Co)304 spinel protective
coating on T 441 stainless-steel metallic interconnect. (Mn,Co0)304 spinel coating exhibited
stable, long-term performance in an H,/H,0 atmosphere, with the formation of a thin Cr
oxide scale. Additionally, ASR measurements indicated that the sintered spinel coating in the
H,/H,0 atmosphere had lower resistance compared to the coating sintered in air. The ASR
of (Mn,Co)304 spinel coating sintered in the H,/H,0 atmosphere was 59 m{).cm?after 500 h
of oxidation. Shaigan et al. [80] examined ASR values of bare and Co/LaCrOs-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/LaCrOs-
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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).

0.04

n‘nss R “ .........................................................
0.02

Uncoated AISI 430
0.025 -

0.02 |3
Powar failure

0.015 |
0.01 Hi

ASR (Qcm?)

ColLaCrO,-coated AISI 430
0.005 rFgd

n L i i A d L L i L

0 100 200 200 400 500 e00 700 200 S00 1000
Time (hours)

Fig. 11. ASR values for Co/LaCrOs-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-¢ 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 MnCo204 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 Co** 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 MnCo20a.
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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+Hz, or Ar+Hz2) 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
MnCo1.7Fe0304 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,
4.2x107** mg? cm* s°1. In addition, The oxidation rate for coating sintered in air (0900),
coating sintered in reduction followed by air (R900+0800), and coating sintered in reduction
followed by static air (R1100+0800) in an air atmosphere at 800 °C for and 5000 h were,
1.4x107*%, 1.3x107*%, and 0.34x107*' mg? cm* s, 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 MnCo204 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
m{-cm?, 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 MnCo,0, 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/cm?3. Under the same conditions, the ASR of the doped MnCo,0, spinel coating was
determined to be around 9.8 mQ-cm?. The research showed that the doping of rare earth
metals enhanced the oxidation resistance considerably, as compared to both uncoated
stainless steel and MnCo,0, spinel coatings without doping. In addition, the ASR of the
coating with co-doping was much lower when compared to SUS430 stainless steel and
MnCo,0, coatings. Zanchi et al. [94] investigated the oxidation performance of Fe-doped
Mn1.5C01504 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 Mn1.5C01.504 spinel
coating and uncoated stainless steel. Mazur et al. [95] studied Ni- and Fe-doped Mn1.7Cu1.304
coatings on metallic interconnects. Their findings revealed that the electrical conductivity of
Mn1.7Cu1.304 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 Mn1.7Cu1.304. 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).
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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,C0)304 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,C0)304 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)304 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)304 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)304 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 Mn15C01504 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 MnCo204 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 Mn1sCuO4 spinel coatings on low-cost porous stainless steel using EPD
method. They demonstrated that the MnisCuOs 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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2.2,

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?

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?

Hypotheses

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

PhD thesis.

2.3.

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

quality dual-layer coatings with well-defined interfaces.
Electrophoretic deposition enables controlled co-deposition of distinct spinel
materials, allowing the tailoring of their combined structural and functional

properties.

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 Mn1.7CuFeo0.304 spinel coating offers
superior electrical conductivity compared to the MnCo204 spinel coating, making it an ideal
outer layer to facilitate electrical conductivity between adjacent cells. Second, the MnCo0204
spinel coating demonstrates significantly higher oxidation resistance than Mn1.7CuFe0.304,
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. Manuscriptl

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.ijjhydene.2024.02.252.

3.2. ManuscriptlII

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. ManuscriptIII

Omid Ekhlasiosgouei, Maciej Bik, Federico Smeacetto, Piotr Jasinski, Sebastian Molin,
“Electrophoretic deposition of novel hybrid MnCo204: Mn1.7CuFeo.304 spinel protective

coating on stainless-steel metallic interconnects for SOFCs application,”.
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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 H20: 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 pm and a surface roughness of
0.75+0.5 pm. 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 pm.
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ARTICLE INFO ABSTRACT

Handling editor: Suleyman 1. Allakhverdiev Metallic interconnect coatings, consisting of MnCoy04 spinel, were effectively applied to Crofer 22 APU using the
electrophoretic deposition (EPD) method in both H0: ethanol and pure ethanol solvents. The primary goal of
this method was to prevent chromium migration, minimize evaporation, and control the oxidation rate. The
study aimed to assess the quality, adhesion, and thickness of the Mn-Co coating, with the objective of achieving a
consistent and uniform layer. The results indicated a preference for pure ethanol solvent over H;0: ethanol
(40:60 %Vol) for Mn-Co particles. Furthermore, the agglomeration of Mn-Co particles was notably lower
(approximately 7 times) in ethanol compared to HpO: ethanol. The morphology and surface roughness of the
sintered Mn-Co coating on the alloy were examined using scanning electron microscopy (SEM) and confocal
laser scanning microscopy (CLSM). A uniform and dense coating was successfully attained using pure ethanol
solvent at a solid concentration of 10 g/L, with 0.5 g/L of iodine serving as a disperser. The deposition process,
carried out at a voltage of 30V for 20 s, resulted in a coating with a thickness of 7.4 £ 0.3 pm and a surface
roughness of 0.75 + 0.5 pm.

Keywords:
Interconnect

EPD

Crofer 22 APU
Mn-Co spinel coating
Crack-free

1. Introduction

In solid oxide fuel cells (SOFCs), electrical energy is generated by
converting chemical energy from gases through an electrochemical re-
action involving fuel and oxygen. Metallic interconnects in SOFC stacks
physically separate the cathode air from the anode fuel and facilitate
energy transfer to an external circuit [1]. Various materials, including
ferritic stainless steel (FSS) [2,3], Ni-based superalloy [4], and Inconel
600 [5], serve as metallic interconnects due to their excellent chemical
stability, gas tightness, high thermal and electrical conductivity, dura-
bility, mechanical strength, and cost-effectiveness. Ferritic
stainless-steel alloys, in particular, are widely used as metallic in-
terconnects due to their suitable chromium content, affordability,
excellent corrosion resistance at 600-800 °C, low coefficient of thermal
expansion, and significant electrical conductivity [1,6]. However, when
stainless steel is employed as a metallic interconnect without
protective-conducting coatings, it may lead to chromium poisoning.
This occurs when chromium species diffuse to the cathode, causing a
decrease in electrical conductivity [7-9].

Interconnect degradation can be prevented by applying ceramic
coatings to metallic interconnects [5,6]. The deterioration of metallic

* Corresponding author.
E-mail address: omid.ckhlasiosgonei@pg.edipl (0. Ekhlasiosgouei).

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

interconnections poses a significant challenge to the durability of solid
oxide cells [7]. It is crucial to have protective-conductive coatings on
metallic interconnects to reduce corrosion, minimize chromium evapo-
ration, and control oxidation rates in solid oxide cells [9-12]. An ideal
protective-conductive coating for metallic interconnects should possess
high electronic conductivity, a low thermal expansion coefficient, and
the ability to block chromium and oxygen [1,15-16]. However,
thin-film coating on metallic interconnects plays a vital role. Various
methods are available for depositing ceramic protective materials onto
metallic interconnects, including screen printing [17.18], painting [19],
spray [20], dip coating [21], sputtering [22], electrophoretic deposition
(EPD) [23-33], electrolytic deposition (ELD) [34-39], sol-gel [40-43],
slurry [44,45], plasma spraying [416-49], physical vapor deposition
(PVD) [50]. Electrophoretic deposition (EPD) proves to be a highly
efficient technique for applying uniform and dense spinel coatings to
metallic interconnects. The EPD process relies on specific suspension
and process factors to achieve a uniform, dense, and crack-free coating.
These factors include parameters related to the suspension, such as
particle size, zeta potential, suspension stability, and suspension con-
ductivity. Additionally, process parameters, such as voltage, deposition
time, solid concentration, and substrate conductivity, also play a critical
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Table 1

mternarional Jowrnal of Hydrogen Energy 60 (2024) 1054-1067

Composition of spinel coating material, suspension, and process parameters for the electrophoretic deposition (EPD) process, along with sintering parameters for

spinel-coated metallic interconnects,

Composition (We.%4) Substrate Electrodes Suspension Condition EPD Condition Zeta Sintering Condition Year  Ref
Distance Potential {Temperature,/Time/
{1 (mv) Ammosphere)
solvent Solid L (gsl)  Voltage Time Stepl: Step 2:
Load ) Reduction Oxidation
(g/L) (air)
CuMn; 504 Crofer22APU 15 ErOH - = 20 10 min = 1000 “C 750 °C 2019 [21]
ACE 12h/2% 100h
Hy+Ar
My sC0; 504 Crofer224PU 10 Bl 37.5 50 208 - - 1000 °C- 2 2019 [8]
ErOH h
40H,0
MnCo,0y AIST 430 15 50 - 0.5 6l 608 = - 900 “C- 2h 2019 L[]
AIST 411 EtOH
Crofer 22 11 50
POH
My 5C07,504 Crofer 22 10 60 37.5 = 50 208 +13 00°C-2h/ 900 °C- 2h 2019 [571
Mi; 5Co; 505 (95) APU ELOH (MCO) 5% Ha+Ar
cuo (5) A0H,O +6 (Cn0)
Mr, 5C04 504 (20)
Cud (10)
Cilg My 4Coy 40y 430 SUS = 100 10 = 40-140 2-10 +22.5 800 “C2h/ 800°C-1h 2020 [24]
1IPOH min 14.21 5% Ha + Na
100 +41.4
ACAC
50
TPOH ¢
50
ACAC
M, 5C0; 504 Crofer 22 10 - 37.5 50 Gls 900°C-2h/  900°C2h 2021 [26]
APU 1% Hy + N,
My 5C0; 504 Crofer22APU 10 60 375 50 208 1000 °C 00 “C2h 2021 [58]
EtOH 2h/5% Ha
40H, 0 + Ar
CulNig oMn, 505 Porous 430 - ErOH/ - - +20V 15 min - 950°C-2h/  750°C-24h 2021 [59]
sus ACE pure Ha
(MNCo)g0y 55430 = 50 10 - 30-50V 208 - = 800 °C- 90 2021 [52]
EroH min
SO0
M1y 4C0q.504 AISI 430 10 EtOH 10 0.15 30V 5-7 min 800°C2h 2022 53]
My €03 500 404
Mny 200, 5Fe, 504
Mn 2001 5CUG 2Feq 204
City 35Mity gs04 460FC 10 EtOH 10 0.5-3.5  20-60V 30-120s 78 BODCC-2h/ 700 °C 2022 [56]
9% Hyp + Ng
CunzOy SUS430 15 25 1.5 1.09 20 5 min - 950°C-6h/ 750°C-24h 2022 [111]
Culip 2Mng 504 EtOH pure Hy
MnCoy0y 75 ACE 900 *C- 2h/
MnFeq 34C07 6604 pure Hy
MnCo,0, SUS445 15 50 13 0.5 50 30s = 1000 °C 800°C-5h 2023 [54]
EtOH 2h,/29% H,
50 ACE 1120 °C- BOO*C-5h
15min/ 3%
Hz
City 25Miny asNip 10y Nirosta 4016/ 10 25 10 1.5 6 Bl 1000 #C- 2023 [55]
1.4016 EtOH 6h/10%
75 ACE Hyt+ Ar

role in the suecessful formation of the coating [51]. Table 1 provides a
summary of the composition of the spinel coating material, suspension
and process parameters used in the Electrophoretic Deposition (EPD)
process. It also includes the sintering parameters necessary for spinel
coating on metallic interconnects. During the EPD process for Mn-Co
and Mn-Cu spinel coatings on metallic interconnects, various solvents
such as ethanol, acetone, aqueous solutions, isopropanol, acetylacetone,
and mixtures of these solvents were employed with different solid and
iodine conecentrations [3,2,11,24,26,28,52-59], The EPD method offers
various benefits, including its swift and uncomplicated nature,
cost-effectiveness, high deposition rate, low-temperature processing,
uniform microstructure, capability to deposit on complex-shaped
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substrates, and ease of thickness control. However, drawbacks of this
method encompass substrate restrictions, limitations in achieving sub-
stantial coating thickness, and the intricacies involved in optimizing
parameters. The EPD method utilizes two categories of solvents:
aqueous and non-aqueous. Aqueous solvents offer benefits such as
affordability, eco-friendliness, and the application of low voltage.
Conversely, non-aqueous solvents present drawbacks, including
toxicity, higher cost, the requirement for elevated voltage, and flam-
mability [60-65]). A study by Zanchi et al. [10] explored the impact of
adding Cu and Fe to Mn-Co spinel coatings on metallic interconnects.
The findings highlighted the significance of carefully selecting doping
levels to achieve the desired properties. Doping with Cu and Fe had
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Fig. 1. The schematic illustration of the procedural steps in this research: a) electrostatic stabilization, b) EPD setup, and ¢) electrochemical coagulation mechanism.

significant effects on microstructural, thermo-mechanical, and corrosion
properties. The researchers observed that doping Fe and Cu in Mn—Co
spinel had different effects on the thermal expansion coefficient, with Fe
increasing it and Cu decreasing it. Additionally, they demonstrated that
doping Fe and Cu in Mn-Co spinel improved the densification and sta-
bilization of the MnCo,04 cubic phase. The study also revealed that Fe
and Cu doping enhanced the corrosion resistance of the coatings,
particularly at high temperatures of 750 °C. Another study conducted by
Zhu et al. [11] compared Cu-Mn and Mn-Co spinel coatings, deposited
by electrophoretic deposition, on a SUS 430 substrate. The researchers
examined phase stability, microstructural stability, and conductivity for
four spinel coatings: CuMn;04, CuNigoMn; 04, MnCoy04, and
MnFe 34C01.6604. The results indicated that the CuNig 3Mn) gO4 spinel
coating was the most suitable for use as a coating on the SUS 430 sub-
strate in intermediate temperature solid oxide cell interconnects. This
particular coating exhibited excellent sinterability, the highest conduc-
tivity, and the lowest area specific resistance (ASR). Furthermore, the
study found that doping Ni in Cu-Mn spinel increased the conductivity
of the spinel coating, while adding Fe in Mn-Co spinel decreased its
conductivity. In a study by Zhang et al. [12] researchers investigated the
effects of Ce doping on the oxidation behavior and electrical properties
of Ni-Mn spinel coatings deposited on a SUS 430 substrate using elec-
trophoretic deposition. The study focused on adding varying levels of Ce
content to NiMnyO, spinel powder and examining the resulting changes

in structure, crystallinity, grain size, oxidation resistance, and electrical
conductivity of the coatings. The findings revealed that adding Ce
content up to 0.05 mol/L resulted in Ce-doped NiMn,0, spinel powder
with a stable structure, high crystallinity, and fine grain size. Further-
more, Ce doping in Ni-Mn spinel coatings on metallic interconnects
improved oxidation resistance and electrical conductivity. Talic et al.
[66] conducted a study on the influence of coating density (MnCoj 7-
Fep 304 spinel coating) on the oxidation resistance and chromium
evaporation of the Crofer 22 APU alloy used as an interconnect. The
results showed that a two-step reduction and pre-oxidation heat treat-
ment resulted in higher coating density than an air-only heat treatment.
Furthermore, dense coatings exhibited lower oxidation rates and chro-
mium evaporation than porous coatings. Hua et al. [43] studied the
oxidation behavior (in air, at 800 °C for 200 h) and electrical condue-
tivity of NiCo,0, spinel coatings on SUS 430 ferritic stainless steel. The
presence of protective coatings improved alloy oxidation resistance and
electrical conductivity. This improvement can be attributed to pre-
venting the growth of the Cr,03 layer and the formation of spinel oxide
within the chromia layer by the protective coating.

Even though EPD has been used more extensively in recent times,
very limited studies concerning the selection of proper suspensions/
solvents have been conducted. The primary objective of this paper is to
investigate the influence of suspension parameters, including stability,
particle size distribution, zeta potential, and suspension conductivity, on
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MnCo,0, spinel powders in H,0: ethanol and pure ethanol solvents, and
their impact on coating quality. The study seeks to comprehend the role
of suspension parameters in achieving uniform and dense coatings on
the substrate. Additionally, the research explores the effects of electro-
phoretic deposition (EPD} process parameters such as solid concentra-
tion, voltage, and deposition time on deposition yield and the quality of
the Mn-Co layer. The goal is to determine the optimal EPD process
conditions that result in Mn—-Co coatings of the highest quality, char-
acterized by properties like high density and uniformity. This study not
only highlights the suitability of EPD for Mn—Co spinel coating on Crofer
22 APU alloy but also emphasizes the eritical 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 interconnect applications
requiring resistance to chromium migration and oxidation.

2. Experimental
2.1. Materials

In this study, Crofer 22 APU, a commercial ferritic stainless steel
(FSS), was selected as the substrate for deposition. Crofer 22 APU (VDM
Metals, Verdohl, Germany) consists of 22 wt% Cr, 0.45 wt% Mn, 0.1 wt
% La, 0.06 wt% Ti, and less than 0.05 wt% each of Si and Al, with the
balance being Fe. The sheets were cut into 20 x 20 mm? with a thickness
of 0.3 mm. Prior to coating, the substrate was cleaned by rinsing it in
acetone and ethanol (supplied by POCH, Gliwice, Poland) using an ul-
trasonic bath for 10 min to eliminate contaminants. For the deposition of
the conductive protective coating on the metallic interconnects, a
commercial MnCo404 spinel powder (supplied by Marion Technologie,
France) was employed. Ethanol and distilled water were utilized as
solvents, with iodine as a disperser, to prepare the Mn-Co suspension
intended for the electrophoretic deposition process.

2.2, Preparation of suspension

Stable Mn-Co suspensions were investigated using two different
solvents: EtOH: H,0 (60:40 %Vol) and pure ethanol, with a solid con-
centration of 10 g/L. lodine was added to the Mn-Co suspension to
enhance the surface charge. The stability of the Mn-Co suspension was
evaluated by pouring it into graduated cylinders and measuring the
volume of transparent liquid formed after 7 days. In Fig. 1a, a schematic
illustration depicts the stability mechanism through which Mn—Co par-
ticles are stabilized via electrostatic and van der Waals forces. In the
absence of iodine, Mn—Co particles cannot absorb the necessary H' ions
to remain stable in the suspension. However, the addition of iodine
enables the solvent to generate protons during ultrasonic treatment,
which the Mn-Co particles can absorb to create a diffuse-double layer on
their surface. Thig layer increases the electrostatic repulsion force and
promotes the stability of the particles in the suspension. The stability of
the Mn—Co suspension was further assessed by analyzing particle size
distribution and zeta potential in various solvents. A NanoZeta Malvern
Dynamic Light Scattering device (Zetasizer nano ZS, Malvern) was used
to measure the particle size and zeta potential of the Mn-Co suspension
in different solvents, while keeping the solid concentration constant at
10 g/L and varying the iodine concentration from 0.1 to 1.1 g/L. The
electrical conduetivity of H30: ethanol and pure ethanol solvents, with a
solid concentration of 10 g/L Mn-Co and iodine concentrations ranging
from 0.1 to 1.1 g/L, was also studied. The optimal solid concentration of
Mn-Co spinel in H;0: ethanol and pure ethanol solvents was determined
by varying the solid concentration from 5 to 40 g/L, while keeping the
iodine concentration constant at 0.5 g/L. After adding Mn-Co spinel
powders and iodine to the solvents, the suspension was homogenized
using an ultrasonic bath for 20 min.
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2.3. Electrophoretic deposition

To deposit Mn-Co spinel particles on the substrate, the Crofer 22
APU served as the cathode and anode, positioned vertically and in
parallel during the EPD process. The distance between the anode and
cathode in the cell was maintained at 1 em. The schematic of the cell
used for Mn—Co powder deposition is shown in Fig. 1b. The deposition
yield of the Mn-Co coating on the Crofer 22 APU was investigated at
different voltages and deposition times. Fig. 1C illustrates the mecha-
nism of electrochemical coagulation, examining the migration of posi-
tively charged particles toward the cathode within an EPD cell. After
coating, Mn-Co green layers were dried at room temperature for 24 h
and sintered at 800 °C for 2 h with a heating rate of 3 °C/min in an air
atmosphere.

2.4. Characterization

The surface and cross-sections of the Mn-Co coatings were analyzed
using a scanning electron microscope (SEM) with an acceleration
voltage of 20 kV. FTIR spectra of H,0: ethanol and ethanol solvents were
acquired using an FT-IR spectrometer (Spectrum 100, PerkinElmer),
covering the range of 750-4000 cm ', The instrument was equipped
with an attenuated total reflection (ATR) module, employing a diamond
with one reflection at a 45 angle. All measurements were performed at
room temperature. The confocal microscope (Olympus LEXT OLS4000)
was employed to examine the surface roughness and morphology of the
sintered Mn-Co spinel coating.

3. Results and discussion
3.1. Parameters related to the suspension

3.1.1. Stability of suspension

In Fig. Za, suspensions are observed over 7 days, tracking the volume
of supernatant liquid and sedimentation. The Mn-Co powders remain
stable in different solvents for up to 5 h. However, as time progresses,
the volume of supernatant liquid increases, indicating a larger portion of
liquid on top of the graduated cylinder. This suggests that the positively
charged surfaces of the Mn—Co suspended particles lose their charge,
leading to gravitational forces overpowering the repulsive forces be-
tween the particles. Consequently, sedimentation occurs after 5 h.
Fig. 2b presents a seven-day evaluation of the volume of supernatant
liquid in different suspensions. It was observed that the volume of su-
pernatant liquid in ethanol solvent is greater than that in H,0: ethanol
solvent. This difference can be attributed to the higher amount of
released H' ions in H,0: ethanol solvent.

Fig. 2c presents the particle size distribution of Mn—Co spinel pow-
ders in HyO: ethanol and ethanol solvents. The particle size distribution
varies depending on the solvent and disperser used, indicating the
presence of particle agglomeration in the suspension. In Hy0: ethanol
solvent, a bimodal distribution of Mn—Co particles suggests the existence
of agglomerated particles. Consequently, sedimentation occurs as the
gravitational force overcomes the repulsive force between the agglom-
erated Mn-Co particles. Furthermore, it is evident that the coating of the
agglomerated Mn-Co particles on the substrate is not uniform and
dense. In contrast, the narrow monomodal distribution of Mn-Co par-
ticles in pure ethanol solvent indicates that the particles in the suspen-
sion have similar sizes. The average particle size of Mn-Co suspended in
H30: ethanol and pure ethanol suspensions is 2.8 and 0.37 ym, respec-
tively. Consequently, to achieve a uniform and dense Mn-Co coating on
the substrate through EPD, it is crucial to prepare a well-dispersed
Mn-Co suspension to minimize shrinkage during the sintering process.
As a result, Mn—Co particles in pure ethanol solvent are better suited for
electrophoretic deposition.
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Fig. 3. SEM images of the surface of sintered Mn—Co spinel coatings subjected to oxidation treatment at 800 °C for 2 h with a solid concentration of 10 g/L in H,0:
ethanol and pure ethanol solvents, each at different iodine concentrations (0.1, 0.5, 0.7, and 1.1 g/L).

3.1.2. Zeta potential

Fig. 2d and e illustrate the zeta potential of Mn—Co particles and the
deposition yield in HyO: ethanol and pure ethanol solvents, respectively,
as a function of iodine concentration ranging from 0.1 to 1.1 g/L. Ac-
cording to Equations (1) and (2), the reaction of iodine with pure
ethanol and H,0: ethanol solvents produce H' ions in the suspension, as
outlined below:

C>HsOH + I, =C5Hs01 + 1 + H‘ 1)

(2)

Mn-Co particles in the solvent absorb protons produced by iodine,
leading to the formation of a positively charged surface around the
particles. In Fig. 2d and e, it is observed that as the iodine concentration
increases, the zeta potential rises due to the greater release of H-+ ions in
the Mn-Co suspension. The zeta potential of Mn—Co particles in the H,0:
ethanol solvent is lower due to the additional released H* ions in the
suspension, which reduce the thickness of the electrical double layer.
The zeta potential of Mn-Co particles in the H,O: ethanol solvent in-
creases from +0.76 to +3.9 mV as the iodine concentration in the sus-
pension rises from 0.1 to 0.9 g/L. However, at iodine concentrations
greater than 0.9 g/L, the zeta potential decreases from +3.9 to +3.2mV.
On the other hand, the zeta potential of Mn-Co particles in pure ethanol
increases from +27 to +34 mV with an increase in the iodine concen-
tration from 0.1 to 0.5 g/L. However, beyond 0.5 g/L of iodine, the zeta
potential decreases from +34 to +28 mV. It is observed that the zeta
potential tends to decrease when the quantity of released H' ions in the
suspension increases, resulting in the compression of the electrical
double layer. Furthermore, the amount of Mn-Co deposition yield in-
creases with an increase in the zeta potential. Moreover, the deposition
yield of Mn-Co particles in pure ethanol is significantly higher compared
to that in the H,0: ethanol solvent due to its higher zeta potential.

C,HsOH + H,0 + 1, =C,H501 + 1 +2H i

3.1.3. Conductivity of suspension

Fig. 2f presents the conductivity of Mn-Co particles in HO: ethanol
and pure ethanol solvents as a function of iodine concentration, ranging
from 0.1 to 1.1 g/L. With an increase in iodine concentration, the con-
ductivity of the Mn-Co suspension exhibits an almost linear increase,
attributed to the greater release of H" ions in the solvents. Furthermore,
the conductivity of Mn-Co particles in Hy0O: ethanol solvent is
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significantly higher compared to that in pure ethanol solvent. This dif-
ference can be explained by the excess amount of released H' and OH
ions in HyO: ethanol solvent. Consequently, it appears that as the
amount of free H' and OH™ ions in the suspension increases, the
deposition yield of Mn-Co particles on the substrate decreases. The
presence of free H' and OH ™ ions in the suspension carries electrical
charges. Since the mobility of H" and OH ™~ ions is considerably higher
than that of Mn-Co particles, the deposition yield is lower.

To further evaluate the additional presence of OH and H' ions in
H,0: ethanol solvent compared to pure ethanol, FTIR spectra were used.
Fig. 2g displays the FTIR spectra of Mn-Co particles in H,O: ethanol and
pure ethanol solvents. By comparing the FTIR-ATR spectra, the addition
of H,0 to the ethanol solvent results in an additional peak at 1642 ¢cm ',
attributed to the presence of OH  ions. This indicates that H20: ethanol
solvent contains more H' ions compared to pure ethanol solvent. The
presence of an OH ~ peak at 1642 cm ! provides evidence of greater H'
adsorption on Mn-Co particles, observed at 3364 cm ™' with signifi-
cantly higher intensity than the ethanol solvent spectrum. The wave
numbers 3364 cm ™!, 2968 ecm !, and 2877 cm™! correspond to the
stretching vibration of OH~ bonds. The wave number 1377 cm ! is
associated with the bending vibration of OH bonds, whereas the wave
numbers 1050 em ™" and 1091 em ™' are indicative of the stretching vi-
bration of G-O bonds. The wave number 874 cm ! is related to the
stretching vibration of C-H bonds. According to Equations (1) and (2),
the addition of HyO to the ethanol solvent leads to an increased con-
centration of H" and OH™ ions in the suspension, resulting in higher
conductivity of the H,O: ethanol suspension compared to pure ethanol
(as shown in Fig. 2f). The increased H' ions also decrease the thickness
of the diffuse double layer as Mn-Co particles in the suspension absorb
more H™. As a result, the zeta potential of Mn-Co particles in the H,0:
ethanol solvent is lower than that of Mn-Co particles in the ethanol
solvent (as shown in Fig. 2d and e). Additionally, the H,O: ethanol
solvent contains a significant amount of OH ™ ions, which are absorbed
by Mn-Co particles during the suspension preparation. This leads to the
deposition of Mn-Co particles on the surface of the anode electrode,
affecting the morphology of the Mn-Co coating on the cathode
electrode.
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Fig. 4. The windows in which uniform and non-uniform coatings can be obtained during the electrophoretic deposition (EPD) of Mn-Co suspension in H,0: ethanol
and pure ethanol solvents: a) no deposition zone, b) smooth and uniform deposition zone, and ¢) non-uniform deposition zone.

3.1.4. Effect of iodine concentration on the microstructure

Fig. 3 depicts SEM images of the surface of sintered Mn-Co spinel
coatings, deposited for 90 s at a voltage of 70V in H,O: ethanol and pure
ethanol solvents at different iodine concentrations. The results indicate
that at an iodine concentration of 0.1 g/L in H,O: ethanol solvent, the
Mn-Co particles do not fully cover the surface due to low zeta potential.
However, increasing the iodine concentration to 1.1 g/L results in the
appearance of cracks on the surface of the Mn-Co coating. This phe-
nomenon may be attributed to the agglomeration of Mn-Co particles in
the suspension, leading to a less homogeneous coating on the substrate.
At high iodine concentrations, many cracks appear on the coating's
surface due to the high deposition yield on the substrate. Nonetheless, at
an iodine concentration of 0.7 g/L, fewer cracks appear on the surface,
which could be due to the higher zeta potential, indicating a better
dispersion of the particles in the suspension. In pure ethanol solvent, a
uniform, smooth, and crack-free coating is obtained when using iodine
concentrations of 0.1 and 0.5 g/L. The Mn—Co particles are evenly
dispersed in the suspension, creating a uniform and dense coating on the
substrate. However, the zeta potential of Mn-Co particles is significantly
higher at an iodine concentration of 0.5 g/L compared to 0.1 g/L,
resulting in a denser coating. Thus, Mn-Co suspension with 0.5 g/L
iodine concentration is chosen to achieve a uniform and crack-free
coating on the substrate in this present study. Moreover, increasing
the iodine concentration from 0.5 to 1.1 g/L results in the formation of
cracks on the coating surface due to the high deposition rate.

3.2. Parameters related to the process

3.2.1. Quality of Mn—Co coating

Fig. 4 depicts a graph illustrating the variation of applied voltage
with deposition time for the uniform deposition of Mn—Co in HyO:
ethanol and pure ethanol solvents. This experiment aims to determine a
suitable range of voltage and deposition time parameters for depositing
uniform Mn-Co coatings. In both solvents, the behavior of Mn-Co
coatings varies significantly in three different zones. In zone a, there isa
lower limit below which no deposition occurs. It appears that when the
voltage is low, the motion of Mn-Co particles in the suspension is
inadequate to reach the opposite electrodes and deposit on the substrate.
Additionally, increasing the deposition time does not effectively pro-
mote the deposition of Mn-Co particles from the suspension onto the

1060

45

substrate, likely due to the insufficient mobility of the particles in the
suspension. Furthermore, the morphology of the coatings reveals that
the Mn-Co coatings are not entirely uniform on the substrate. In the
voltage and deposition time range of zone b, uniform and crack-free
Mn-Co coatings can be achieved in both suspensions. It appears that
Mn-Co particles possess enough mobility and time to uniformly and
smoothly deposit onto the substrate. The microstructure of coatings
shows that Mn-Co coatings are smooth, uniform, and crack-free on
substrates. In zone c, it is observed that deposits tend to be non-uniform
and contain cracks in both suspensions when the upper limit is exceeded.
Increasing the voltage and time results in thicker Mn-Co coatings on the
substrate. Subsequently, during solvent drying, nano-cracks develop on
the surface of Mn-Co coatings. These nano-cracks then grow and
transform into micro-cracks on the coating's surface after sintering at
800 “C for 2h in static air. When the deposition time is short, the range of
voltage is wider compared to longer deposition times in both suspen-
sions. This makes it easier to control the deposition yield and achieve
coatings that are uniform and free of cracks. As a result, voltage and
deposition time in the EPD process play a crucial role in obtaining
smooth, uniform, and crack-free coatings.

3.2.2. Effect of applied voltage and deposition time

3.2.2.1. Deposition yield. Fig. 5a shows the variation in deposition yield
versus deposition time from 30 to 180 s at different voltages (50, 70, and
90 V) in HyO: ethanol and pure ethanol solvents with a solid concen-
tration of 10 g/L Mn-Co and 0.5 g/L iodine. It appears that the depo-
sition yield variation versus deposition time in HyO: ethanol and pure
ethanol solvents is roughly linear up to 120 s, after which non-linear
variations are observed. This is likely due to the formation of an insu-
lating deposition layer on the substrate surface, hindering further
deposition. The deposition yield of the Mn-Co suspension in both sol-
vents increases with the deposition time and voltage. This is likely
because increasing the deposition time allows more Mn—-Co particles to
deposit onto the substrate, while increasing the voltage exerts more
force on the particles, enabling more particles to reach the electrode
simultaneously, resulting in a higher deposition yield.

3.2.2.2. Electrophoretic velocity. Electrophoretic velocity is measured to
understand and control the deposition process, and the deposition
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velocity (V) can be calculated by the following equation [67].

Mz M,
AAr

V. (3)
Where V is the deposition velocity (mg-min‘I em?), At (min) is the time
interval, A (cm?) is the deposition area, and M, and My; are the depo-
sition masses at t2 and t1, respectively. Fig. 5b shows the variation in
deposition velocity versus deposition time at different voltages in HyO:
ethanol and pure ethanol solvents. Regardless of the suspension media
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employed, the deposition velocity experiences a decline as time pro-
gresses at different voltages. This decrease is attributed to the growth of
an insulating layer, resulting in a reduction in the conductive surface
during the EPD process. A higher deposition velocity indicates a faster
accumulation rate of discharged particles on Crofer 22 APU. However, it
is observed that higher voltages result in reduced coating uniformity in
both suspensions. The suspension prepared using ethanol solvent dis-
plays a higher deposition velocity compared to the suspension prepared
with H,O: ethanol solvent due to its elevated zeta potential.
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Fig. 6. SEM images of the surface of sintered Mn-Co spinel coatings with an iodine concentration of 0.5 g/L in H;O: ethanol and pure ethanol solvents at various

solid concentrations (5, 10, 15, and 30 g/L. Mn-Co for each solvent).

Additionally, the deposition velocity in ethanol solvent at 90 V is greater
than at 50 V and 70 V. This is because, at higher voltages, the formation
of an insulating layer on the substrate occurs more rapidly.

3.2.2.3. Electrophoretic mobility. In order for particles to be effectively
deposited, their electrophoretic mobility needs to be strong enough to
overcome gravitational forces. The equation for determining the elec-
trophoretic mobility of particles, derived from the Sarkar and Nicholson
model, can be expressed as follows [68,69]:

o -4

=) (4)

I‘ =
Where }i is the electrophoretic mobility (cm?®s™ V'), L is the distance
between the anode and cathode (cm), A is the deposition area (em?), t is
the deposition time, my is the deposition mass at time t, and mo is the
initial deposition mass. Assuming that all particles reaching the elec-
trode are deposited on its surface, equation (4) holds true. Fig. 5c il-
lustrates the electrophoretic mobility of Mn-Co particles in H,0: ethanol
and pure ethanol solvents versus applied voltage for 1 min. When the
voltage between the anode and cathode is increased, it leads to a growth
in electrophoretic mobility. This happens because the increased voltage
exerts a stronger force on the charged particles, causing them to move
faster within the suspension. Comparing the electrophoretic mobility of
Mn—Co particles in different solvents reveals that the electrophoretic
mobility is higher for Mn-Co particles in pure ethanol solvent compared
to Hy0: ethanol solvent. This difference is attributed to the thicker
diffuse-double layer of Mn—Co particles in pure ethanol solvent. Addi-
tionally, at low voltages, the electrophoretic mobility of Mn—Co particles
in both solvents is similar, but as the voltage increases, a significant
difference between the two lines becomes apparent. At a voltage of 10 V
in pure ethanol solvent, the Mn-Co particles exhibit a slow electro-
phoretic mobility (0.29 x 10* em?s V1), resulting in incomplete
coverage of the substrate surface. However, by increasing the voltage to
20 V, the electrophoretic mobility of Mn-Co particles (1.04 x 10*
em”s™! V1) increases, allowing for a uniform coating of Mn-Co on the
substrate surface. In H20: ethanol solvent, even at a voltage of 20 V, the
substrate surface is not completely coated due to the relatively low
electrophoretic mobility of Mn-Co particles (0.68 x 10* em”s™' V).
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However, by further increasing the voltage to 30 V, the electrophoretic
mobility of Mn-Co particles in HyO: ethanol solvent increases (1.77 x
104 em”.s”! V1), allowing for a uniform coating to be achieved on the
substrate surface. Thus, to ensure complete coverage of the substrate
surface, a minimum voltage of 20 V is necessary for pure ethanol sol-
vent, while a minimum voltage of 30 V is required for H,O: ethanol
solvent.

3.2.2.4. Theoretical and experimental deposition yield. equation (5),
derived from the Hamaker model, is used for estimating the deposition
mass on the substrate in the EPD process and can be expressed as follows
[70]:

W=f f RESC,dt (5)

Where W is the deposition mass (g), f is the efficiency factor (f < 1;
assuming that all particles reaching the electrode are deposited on its
surface, then f = 1), p is the electrophoretic mobility (cm?. s . VY, Eis
the electrical field (V/cm), Cs is the solid concentration (g/cma), S is the
deposition area (em?), and t is the deposition time (s). By assuming that
i, E, C, and S remain constant over time, equation (5) is simplified as
follows [62].

W = uESCs t O]

Fig. 5d displays the deposition yields of Mn-Co particles in ethanol
and Hy0: ethanol solvents, as determined through both theoretical
calculations and experimental measurements. In terms of theoretical
and experimental findings, the deposition rate in both solvents is high
between 10 V and 20 V because there is no insulating layer present on
the substrate. Additionally, at voltage levels of 10 V and 20 V in ethanol
and H,0: ethanol solvents, respectively (as shown in Fig. 5¢), the Mn-Co
particles do not cover the entire substrate surface. This is because there
isn’t enough voltage to move the particles to the opposite electrode for
deposition on the substrate. However, as the voltage is increased from
20 V to 90 V, the deposition rate decreases due to the formation of an
insulating layer on the substrate. Beyond the voltage of 50 V, there is a
substantial disparity in the deposition yield, as indicated by both theo-
retical and experimental data. This difference can be attributed to the
rapid formation of an insulating layer at higher voltage levels.
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Fig. 7. SEM images of the Mn-Co sintered coating surface and cross-section at different voltages and deposition times in the H,0: ethanol solvent.

Nevertheless, in the voltage range of 20 V-50 V, the deposition yield
demonstrates negligible fluctuations, aligning with both theoretical
predictions and experimental results. Consequently, it is feasible to
calculate the deposition yield within this range.

3.2.3. Concentration of solid and morphology of deposit

Fig. 5e demonstrates the effect of solid concentration on the depo-
sition yield of Mn—Co particles on a substrate in HyO: ethanol and pure
ethanol solvents. The results show that increasing the solid concentra-
tion from 5 g/L to 40 g/L of Mn-Co leads to an increase in deposition
yield in both solvent systems. However, it is observed that the amount of
deposition vield is much higher in pure ethanol compared to the H,O:
ethanol solvent. Furthermore, the quality of the coating in both solvent
systems decreases as the solid concentration increases beyond 10 g/L
and 15 g/L in H,0: ethanol and pure ethanol solvents, respectively. The
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increased solid concentration of Mn-Co particles can lead to agglom-
eration in both H,0: ethanol and pure ethanol solvents, resulting in
thicker and non-uniform coatings. Similarly, in the pure ethanol solvent,
the increased solid concentration can lead to the formation of cracks in
the coating, contributing to the non-uniformity of the coating. These
factors together can result in reduced coating density and quality. The
deposition rate of Mn-Co particles is higher at higher concentrations,
promoting particle agglomeration and reducing coating density. On the
other hand, if the concentration is too low, below 5 g/L, the deposition
rate may be very low, resulting in inadequate coating formation.
Therefore, in this study, a concentration of 10 g/L. Mn-Co particles is
chosen as it provides a sufficient deposition rate while minimizing the
risk of particle agglomeration and ensuring the formation of dense and
uniform Mn-Co coatings on the substrate. Fig. 6 displays SEM images of
the surface of sintered Mn-Co spinel coatings deposited using HyO:
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Fig. 8. SEM images of the Mn-Co sintered coating surface and cross-section at different voltages and deposition times in pure ethanol solvent.

ethanol solvent and compared to pure ethanol solvent at various solid
concentrations. The results show that when using H,0: ethanol as a
solvent at a low solid concentration (5 g/L), there is a low deposition
yield, leading to incomplete coverage of the substrate by Mn-Co parti-
cles in the suspension. Increasing the solid concentration (from 5 up to
40 g/L) leads to particle agglomeration, resulting in cracks on the
coating surface and preventing the formation of a dense coating. During
solvent drying, some nano cracks form on the coating, which later grow
into larger micro-cracks during sintering at 800 °C for 2 h in static air.
The solid concentration of the ethanol solvent appears to have a sig-
nificant effect on the quality of the Mn-Co coating on the substrate. Ata
low solid concentration of 5 g/L, the coating is not dense, and there are
small cracks on the surface. However, at higher solid concentrations of
10 g/L and 15 g/L, a uniform coating is formed on the substrate. Based
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on the results, the optimum solid concentration for achieving a sufficient
deposition rate and a uniform and dense coating on the substrate is 10 g/
L. At this concentration, the deposition yield is reasonable, and the
quality of the coating is acceptable. It is also worth noting that
increasing the solid concentration beyond 15 g/L leads to a higher
deposition yield but results in cracks on the surface of the coating. This
suggests that there is an upper limit for the ethanol solvent's solid
concentration that can be used for depositing a high-quality Mn-Co
coating on the substrate.

3.2.4. Morphology of Mn-Co coating

To prevent the formation of cracks on the Mn—Co coating surface, it is
necessary to reduce both the applied voltage and the deposition time.
This reduction results in a decrease in the thickness of the Mn-Co layer,
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microscopy images of sintered Mn-Co coatings.

ultimately leading to the achievement of a uniform coating with no
cracks on the substrate. SEM images in F'igs. 7 and 8 depict surface and
cross-sectional views of sintered Mn-Co spinel coatings deposited at
various voltages and deposition times in H,O: ethanol and pure ethanol
solvents. A comparison of Figs. 7 and 8 reveals that when using H,0:
ethanol solvent at 30V for 10s, the Mn-Co particles fail to cover the
entire substrate due to insufficient time for complete surface coating. In
both solvents, an increase in voltage from 30 to 40V enhances the
mobility of Mn-Co particles in the solvent, resulting in an increased
thickness of the Mn-Co coating on the substrate within the same
deposition time. Similarly, extending the deposition time from 20 to 60s,
while maintaining the same applied voltage, provides more opportu-
nities for Mn—Co particles to deposit onto Crofer 22 APU. Consequently,
the thickness of the Mn-Co coating on the substrate increases, leading to
the presence of cracks in the Mn-Co coating layer. However, uniform
Mn-Co coatings with strong adhesion between the coating and Crofer 22
APU are successfully achieved at various voltages and deposition times.
Based on the observed coating thickness on the substrate, it can be
concluded that applying voltages of 30V and 40V for a deposition time of
10s and 20s is appropriate for creating a protective layer on Crofer 22
APU in both H30: ethanol and pure ethanol solvents.

3.2.5. Surface roughness of Mn-Co coating

Fig. 9 illustrates the surface roughness and 3D and 2D confocal mi-
croscopy images of Mn-Co coatings at different voltages and deposition
times in both solvents. The results indicate that the surface roughness of
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the Mn-Co coating is higher when deposited in the H,0: ethanol solvent
compared to the pure ethanol solvent at the same voltage and deposition
time (as shown in Fig. 9d and e). This difference can be attributed to the
agglomeration of Mn-Co powders in the H,O: ethanol solvent, as
depicted in Fig. 2e. In both solvents, extending the deposition time leads
to an increase in the surface roughness of the Mn-Co coating. This
phenomenon is explained by the fact that, at longer deposition times,
Mn-Co particles in the suspension tend to deposit in specific preferred
areas. Additionally, coarser and agglomerated particles have a higher
chance of being deposited, resulting in an elevation of the surface
roughness of the Mn-Co coating (as indicated in Fig. 9c and e). In H,O:
ethanol solvents, the surface roughness of the Mn—Co spinel coating
becomes more pronounced when the voltage is raised from 30 to 40V at
a shorter deposition time. This is attributed to the tendency of Mn-Co
particles to agglomerate in the HyO: ethanol solvent, making even a
slight voltage difference have a significant impact on the surface
roughness [24,71]. On the other hand, in pure ethanol solvent, the
surface roughness of the Mn-Co coatings remains relatively unchanged
with an increase in voltage, taking into account the standard deviation.
The results of the 3D topography and surface roughness of the Mn-Co
coating demonstrate that when using pure ethanol solvent, consistent
and smooth layers are achieved. Furthermore, with a shorter deposition
time, there is an increased likelihood of the Mn-Co particles in ethanol
solvent forming a more homogeneous coating on the substrate.



O, Ekhlasiosgouet et al

4, Conclusion

In this study, electrophoretic deposition (EPD) proved to be a
promising method for depositing the Mn-Co spinel coating on the sur-
face of the Crofer 22 APU alloy. Suspension and process parameters were
systematically evaluated to achieve a coating that is uniform, dense,
smooth, and free of cracks. The analysis of particle size distribution,
suspension stability, zeta potential, and suspension conductivity
revealed that Mn—Co particles dispersed in pure ethanol solvent were
well-suited for the deposition process. The stability behavior of Mn-Co
particles in both HyO: ethanol and ethanol suspensions appeared similar
for a duration of 5 h. However, the results indicated that Mn-Co powders
exhibited significantly greater agglomeration (approximately 7 times)
when suspended in the H;0: ethanol solvent compared to pure ethanol
solvent. Additionally, the deposition yield was considerably higher in
ethanol solvent than in H50: ethanol solvent, attributed to its elevated
zeta potential. The conductivity of the HpO: ethanol suspension was
reported to be higher than that of pure ethanol, attributed to the addi-
tional presence of H' and OH  ions in the suspension. Smooth and
uniform Mn-Co spinel coatings in pure ethanol solvent were achieved at
solid concentrations of 10 and 15 g/L. Microstructure and quality
analysis of sintered Mn-Co coatings during oxidation treatment at
800 °C for 2 h showed that the coatings exhibited a uniform, smooth,
and crack-free surface with high density. These desirable characteristics
were obtained by depositing the coatings using pure ethanol as the
solvent at applied voltages of 30 and 40V for 20 s, with a solid con-
centration of 10 g/L of Mn-Co particles and 0.5 g/L of iodine. The
thickness and surface roughness of sintered Mn—Co coatings at applied
voltages of 30 for 20 s in pure ethanol solvent were measured to be 7.4
+ 0.3 pm and 0.75 + 0.5 ym, respectively.
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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 MnCo0204/ Mn1.7CuFeo0.304 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 Mn1.7CuFe0304 spinel coating is
higher than that of the MnCo0204 spinel coating. Therefore, it serves as an optimal outer layer,
facilitating electrical conductivity between adjacent cells. Secondly, the MnCo0204 spinel
coating exhibits significantly higher oxidation resistance compared to the Mn1.7CuFe0.304
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.

» MnCo0204/Mn1.7CuFe0304 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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ARTICLE INFO ABSTRACT

Handling Editor: Ramazan Solmaz. Ceramic protective coatings applied to metallic interconneets play a vital role in solid oxide cells (SOCs) pre-
venting interconnect degradation. In this study, uniform, dense, and crack-free single-layer coatings of MnCo,04,
Mn; 7CuFeq 304, and dual-layer coatings of MnCo,0.4/Mn; 7CuFeg 304 spinel are deposited onto complex-shaped
metallic interconnect using electrophoretic deposition (EPD) method. The porosity of sintered MnCoy04 and
Mn; ;CuFep 304 coatings in reduction treatment (1000 °C for 2h in Hj), followed by subsequent oxidation
treatment (900 °C for 2h in air) is approximately 50% less than that of these coatings sintered in oxidation
treatment (900 °C for 4h in air). The results indicate that the thickness of the sintered MnCoy04, Mny 7CtiFeq 304
single-layer, and MnCo,04/Mn; 7CuFeg 304 dual-layer coatings in reduction + oxidation trearments is 46.2%,
28.2%, and 23.1% denser, respeclively, compared to sintered in oxidation treatment. Raman spectroscopy and
Energy Dispersive Spectroscopy (EDS) analysis showed that in sintered dual-layer coatings subjected to reduction
treatment followed by a subsequent oxidation treatment, exhibit a much more efficient interdiffusion processes
throughout the thickness of the coating yielding the formation of a mixed (Mn, Cu, Fe, Co)304 spinel, comparing
to dual-layer coatings undergoing only oxidation treatment. The dual-layer spinel coatings of MnCoy0,/

Keywords:

Electrophoretic deposition
Complex-shaped metallic interconnect
Spinel

Dual-layer coating

Protective coating

Mn; 7CuFeg 304 present promising candidate for protective coatings on metallic interconnects.

1. Introduction

The interconnects play a crucial role in ensuring the reliable and
continuous operation of the solid oxide cells (SOCs), providing electrical
connections between individual cells and assisting in the distribution of
reactant gases and thermal management [1-3]. In the context of SOCs
applications, interconnects must possess specific properties to meet the
demands of the operating environment: high electrical conductivity,
chemical stability, thermal compatibility, and mechanical strength
[4-7]. Commonly used interconnect materials include ferritic stainless
steels, known for their high-temperature stability, corrosion resistance,
and relatively low cost. Ferritic stainless steels, in particular, offer
excellent mechanical properties and improved thermal expansion
matched with the other cell components [6-10]. However, ongoing
research focuses on the development of materials, such as protective
coatings, to further improve interconnect performance and longevity
[6]. The geometry of metallic interconnects in SOCs plays a significant

* Corresponding author.
E-mail address: omid.ckhlasiosgonei@pg.edupl (0. Ekhlasiosgouei).
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role in ensuring the efficient and reliable operation of the fuel cell stack.
The geometric design of these interconnects is carefully considered to
optimize factors such as electrical performance, thermal management,
gas distribution, and overall system integration [11,12]. Research fo-
cuses on improving electrical conductivity and addressing thermal
compatibility issues. Furthermore, advancements are being made in
interconnect fabrication techniques, including precision manufacturing
processes and coatings, to optimize the overall performance and effi-
ciency of SOC systems [9,10,13].

Coating of metallic interconnects is an essential aspect of SOC
technology, aimed at improving the performance, durability, and reli-
ability of these critical components [14-16]. Metallic interconnects
require specialized coatings to address challenges such as oxidation,
corrosion, and area-specific resistance (ASR) [17]. Coatings act as pro-
tective barriers, enhancing the interconnect’s ability to withstand the
harsh operating conditions of the fuel cell environment and improving
its long-term performance [18,19]. Oxidation can lead to the formation
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Fig. 1. The schematic illustration of a) complex-shaped metallic interconnects, b) electrostatic stabilization, ¢) EPD setup, d) Mn-Co, Mn-Cu-Fe single layer oxide
spinel, and Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coating on the complex-shaped interconnect, and e) sintering conditions in both oxidation treatment and

reduction treatment, followed by & subsequent oxidation treatment.

Table 1

Spinel coating materials, suspension and process parameters of EPD method and sintering parameters for spinel coating on metallic interconnect.

Oxide spinel Substrate Suspension condition EPD condition Sintering condition
Goating mAtesial Solvent  Solid Iy Voltage Time (s) Electrode’s Sample  Step 1: Step 2: Oxidation
load 4%} distance Reduction treatment (Static air)
treatment (Pure
Hy)
Mn Co single Crofer 22 APU Ethanol 10 g/L 0.5 10 60 10 mm S1: 900 °C- 4h
layer coating (Complex-shaped) ¢/L S4: 1000 °C- 2h 900 “C- 2h
Mn-Cu-Fe single- 60 420 S2: - 900 °C- 4h
layer coating S5: 1000 °C- 2h 900 °C- 2h
Mn-Co/Mn-Cu-Fe First layer:  First layer: S3: - 900 “C- 4h
dual-layer 40 15
coating Second Second Se: 1000 °C- 2h 900 “C- 2h
layer:60 layer:90

of oxide scales on the surface of the interconnect, compromising its
electrical conductivity and causing performance degradation [20].
Coatings play a vital role in reducing electrical resistance at the in-
terfaces between the interconnect and adjacent fuel cell components.
Coatings with high electrical conductivity can enhance the in-
terconnect’s performance by improving the electrical contact with the
cell electrodes, leading to improved overall cell efficiency [14,21-23].
Various coating technologies for metallic interconnects in SOCs include
electrophoretic deposition (EPD) [24-32], electrolytic deposition (ELD)
[33-35], dip coating [36-38], plasma spraying [16,39-42], screen
printing [43,44], spin coating [45,46], and sputtering [20,47 49].
Advanced ceramic materials, such as Mn-Co or Mn-Cu oxide spinel
materials, are commonly used as coating materials due to their excellent
thermal and chemical stability, electrical conductivity, and compati-
bility with the fuel cell environment [5,15,50-53].

Though many studies regarding protective coatings have been

5
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presented, only a very limited number of works have been carried out on
complex-shaped interconnects. Zanchi et al. [54] indicated that elec-
trophoretic deposition is a successful technique for applying MnCoy04
spinel materials onto complex-shaped metallic interconnects. Further-
more, the samples coated with Mn-Co oxide spinel demonstrated a
reduced degradation rate of area-specific resistance (1.2 m2 cm?/kh)
and effectively limited the outward diffusion of chromium. Talic et al.
[55] investigated the fabrication of Mn; ;Coy 504 coating using the
electrophoretic deposition method on Crofer 22H steel grid. The results
showed that the sintered Mn-Co oxide spinel coating exhibited cracks on
concave surfaces, while convex surfaces remained crack-free. These
cracks can be attributed to the intricate interaction between factors such
as the thickness of the coating, the sintering process, and the radius of
curvature of the substrate. Additionally, the application of Mn-Co oxide
spinel coating resulted in a reduced oxidation rate for the Crofer 22H
grid exposed at 750 °C to an air atmosphere. Furthermore, the sintered
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Fig. 2. SEM images, particle size distribution, and suspension properties (average particle size, zeta potential, and suspension conductivity) of both Mn-Co and Mn-
Cu-Fe oxide spinel powders.

Mn-Co oxide spinel coating, subjected to reduction treatment, followed
by a subsequent oxidation treatment exhibited increased density and a
diminished propensity for crack formation compared to the coating
sintered in oxidation treatment. Sun et al. [56] conducted research on a
CuMn; g0, spinel coating, applying it to metallic flat plates and meshes
through electrophoretic deposition. The results demonstrated superb
coverage of the spinel coating on the mesh surface. However, it was
observed that the coating thickness was greater at sharp corners
compared to other areas, attributed to the increased local electrical field
in those regions. Furthermore, upon comparing the coating morphology
on flat surfaces and meshes, a similar structure was observed, except for
the sharp corners.

Ignaczak et al. [57] conducted a study involving Mn-Co and
Mn-Cu-Fe oxide spinel coatings on Crofer 22 APU using the EPD method.
Their investigation focused on the impact of Fe addition on the struc-
tural and protective properties, including area-specific resistance (ASR)
and oxidation rate, of these coatings. Results indicated that Mn-Cu-Fe
oxide spinel exhibited higher electrical conductivity at 800 “C and
600 “C (20 S/cm and 40 S/cm, respectively) compared to Mn-Co oxide
spinel. Additionally, the Mn-Cu-Fe oxide spinel coating showed a lower
increase in ASR values during oxidation compared to the Mn-Co oxide
spinel coating.

This study delves into the promising application of electrophoretic
deposition (EPD) as a method for coating single and dual-layer config-
urations on complex-shaped metallic interconnects with MnCo,0,4 and
Mn; yCuFeq 304 spinel. There has not been very limited research on
complex-shaped metallic interconnects, which investigated the deposi-
tion of oxide spinel materials by EPD method. Additionally, to achieve
both satisfactory electrical conductivity and oxidation resistance
simultaneously, we chose to employ novel dual-layer of MnCo,0,4/
Mn, ;CuFey 30, spinel coatings. The main objective is to attain uniform,
smooth, dense, and craclk-free spinel coatings on complex-shaped
interconnects.

Zeta Potential (mV)
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—b— Mn-Co partides
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Number (%)

Particle szie (nm)

Suspension Conductivity (uS/cm)

16.5+0.53 2.86+£0.71

7.05+0.28 6.01 £ 0.42

2. Experimental
2.1. Materials

In this research, a complex-shaped metallic interconnect was chosen
as the substrate for applying a spinel coating using the EPD technique, as
shown in Fig. la. The complex-shaped metallic interconnect (Cellcon-
nex, Fiaxell, Switzerland) based on Crofer 22 APU stainless steel, con-
sists of ~23 wt% Cr, ~0.5 wt% Mn, and the balance is Fe with minor
alloying additions (La, Ti, Si, and Al). The interconnect sheets were cut
with a laser into squares measuring 22 mm by 20 mm. Before applying
the coating, the substrate underwent a cleaning process by immersing it
in acetone and then ethanol (provided by OCH, Gliwice, Poland) using
an ultrasonic bath for 30 min. Two types of spinel materials, namely
commercial MnCo,04 (labelled as “Mn-Co oxide spinel” material, sup-
plied by Marion Technologies, France) and synthesized Mn; yCuFeq 304
(labelled as “Mn-Cu-Fe oxide spinel” material), were employed to de-
posit a conductive protective coating on the complex-shaped metallic
interconnects. The Mn, 7CuFe; 304 spinel material was synthesized
using a modified Pechini method. This process involved mixing hy-
drated nitrate salts of manganese, copper, and iron with chelating agents
and ethylene glycol, followed by heating and ealeination. The resulting
powders were ground and caleined again before being used for further
studies. Additional information regarding the preparation of the syn-
thesized Mn; 7CuFe; 504 can be found in a preceding publication [34].
Ethanol served as the solvent, and iodine was used as a dispersing agent
to create suspensions of Mn-Co and Mn-Cu-Fe oxide spinel materials for
the EPD process.

2.2. Preparation of Mn-Co and Mn-Cu-Fe oxide spinel suspensions

The suspensions of Mn-Co and Mn-Cu-Fe oxide spinel materials, with
solid concentrations of 10 g/L and 0.5 g/L iodine, were stabilized in
ethanol solvent. Homogenization of Mn-Co and Mn-Cu-Fe oxide spinel
powders in organic ethanol solvent was achieved through stirring and
ultrasonic bath treatments for 45 min. Prior to EPD, these suspensions
underwent an additional bath ultrasonie treatment for 5 min. The
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Fig. 3. The microstructure of coatings prepared under non-optimized EPD conditions (resulting in non-uniform and cracked coatings on complex-shaped substrates):
a) surface and eross-section SEM images of sintered Mn-Co, Mn-Cu-Fe single-layer oxide spinel, and Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings in oxidation
treatment and reduction treatment, followed by a subsequent oxidation treatment. b) Spinel coating materials, suspension, and process parameters of the EPD
method, along with sintering parameters for spinel coating on complex-shaped metallic interconneets.

composition of spinel coating materials and suspension parameters for
spinel coating on the complex-shaped metallic interconnect are pre-
sented in Table 1. Additionally, a schematic representation of stable Mn-
Co and Mn-Cu-Fe oxide spinel powders in ethanol solvent is depicted in
Fig. 1b.

2.3. DC electrophoretic deposition (EPD) process
To apply coatings of Mn-Co and Mn-Cu-Fe oxide spinel materials

onto the substrate, the complex-shaped metallic interconnect served as
the cathode, while Crofer 22 APU stainless steel functioned as the anode.

566
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The two electrodes were held in a vertical and parallel orientation
during EPD process, with a fixed distance of 10 mm between them in the
EPD cell. The process parameters for spinel single-layer and dual-layer
coatings are detailed in Table 1. Additionally, a schematic representa-
tion of the EPD cell for single-layer and dual-layer coatings is illustrated
in Fig. lec. Additional information about the preparation of the suspen-
sion and the EPD process is available in a previous publication [58].

2.4. Sintering of single layer and dual-layer coatings

The single-layer oxide spinel coatings of Mn-Co, Mn-Cu-Fe, and the
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a) Mn-Co single-layer Mn-Cu-Fe single-layer Mn-Co/Mn-Cu-Fe dual-layer
coatin

Fig. 4. OM, and SEM images of sintered Mn-Co, Mn-Cu-Fe single-layer coatings, and b) Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings: a) in oxidation treatment,
and b) reduction treatment, followed by a subsequent oxidation treatment.
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Fig. 5. a) Schematic of the sintering mechanism of particles with various shapes (Mn-Co and Mn-Cu-Fe oxide spinel particles), and b) surface SEM images of coatings

at different magnifications.

dual-layer Mn-Co/Mn-Cu-Fe oxide spinel coating on the substrate, were
dried at room temperature for 24 h. Following this, the coatings un-
derwent sintering at different temperatures and durations in various
atmospheres, as detailed in Table 1 and shown schematically in Fig. Te.
As shown in Fig. le, after applying Mn-Co, Mn-Cu-Fe single layer oxide
spinel and Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings, the sam-
ples underwent heat treatment using two distinct procedures. The initial
group of samples underwent a single-step sintering process at 900 °C for
4 h in static air (oxidation treatment). The second set of samples un-
derwent a two-step sintering process, involving an initial reduction
treatment at 1000 °C for 2 h in flowing pure Hy gas, followed by a
subsequent oxidation treatment at 900 “C for 2 h in static air. The rate of
heating and cooling in both the single-step sintering process and the
two-step process was 3 “C/min.

2.5. Characterization

A Malvern Dynamic Light Scattering instrument (Zetasizer nano ZS,
Malvern), was used to assess the particle size distribution, zeta potential,
and suspension conductivity of Mn-Co and Mn-Cu-Fe oxide spinel par-
ticles in ethanol solvent. The surface and cross-sectional microstructure
of the Mn-Co, Mn-Cu-Fe single layer oxide spinel, and Mn-Co/Mn-Cu-Fe
dual-layer oxide spinel coatings were investigated using SEM with
energy-dispersive X-ray spectroscopy (EDX) at an acceleration voltage of
20 kV. For cross-sectional analysis, the samples were embedded in epoxy
resin under cold vacuum conditions, followed by grinding with SiC pa-
pers and polishing with 1 pm diamond slurry. Additionally, the confocal
optical microscope (Olympus LEXT OLS4000) was employed to examine
the surface microstructure of the sintered Mn-Co, Mn-Cu-Fe single layer
oxide spinel, and Mn-Co/Mn-Cu-Fe dual-layer spinel oxide spinel coat-
ings. The porosity of single-layer and dual-layer oxide spinel coatings
was measured by ImageJ software. Phase composition was examined
with Raman spectroscopy (namely Raman Confocal imaging) using a
WITec alpha 300 M+ spectrometer, 785 nm excitation wavelength, with
a laser spot of approximately 1064 nm in diameter, a spectral resolution
of approximately 3 cm™', and a grating of 300 gr/mm. The technical data
concerning measurements and their post-processing can be found in
Ref. [59], as the measurements were conducted on pre-prepared cross
sections in the same manner. The areas of constant width (3 pm) were

tested, and their height (ranging from 36 to 38 pm) depended on the
scale/coating thickness. The lateral resolution was 500 nm. The spectral
range extracted during post-processing was equal to 112 + 1000 em™". In
the case of a single MnCo,0, protective layer, measured as a reference
for dual coatings, point measurements were carried out using three
different levels of laser power and 8 scans with a 20 s integration time.

3. Results and discussion

Fig. 2 illustrates SEM images, particle size distribution, and suspen-
sion characteristics of Mn-Co and Mn-Cu-Fe oxide spinel powders. As
evident in the SEM images, the particle size of Mn-Cu-Fe oxide spinel
powder is slightly greater than that of Mn-Co oxide spinel powder.
Additionally, the morphology of Mn-Cu-Fe oxide spinel powders appears
more disordered compared to Mn-Co oxide spinel powders. Moreover,
both Mn-Co and Mn-Cu-Fe oxide spinel powders exhibit no agglomera-
tion. According to the particle size distribution of Mn-Co and Mn-Cu-Fe
oxide spinel powders in ethanol solvent, the narrow and monomodal
distribution of spinel powders indicates that the particles in the sus-
pension have similar sizes, implying an absence of agglomeration.
Consequently, both Mn-Co and Mn-Cu-Fe oxide spinel powders
demonstrate increased stability within the suspension. Additionally, the
absence of particle agglomeration ensures a uniform and dense coating
on the substrate. The average particle size of Mn-Co and Mn-Cu-Fe oxide
spinel suspended in ethanol solvent measures 0.4 pm and 0.59 pm,
respectively. Comparing SEM images and particle size averages reveals
that the particle size average of Mn-Co oxide spinel powder is slightly
smaller than that of Mn-Cu-Fe oxide spinel powder. To enhance the
stability of powders in the solvent, iodine is introduced into the sus-
pension to release H' ions. Subsequently, the powder surface absorbs
these H' ions, leading to an increase in the thickness of the electrical
double layer, or in other words, an increase in the zeta potential. Under
identical suspension conditions, the zeta potential for Mn-Co and Mn-
Cu-Fe oxide spinel particles in ethanol solvent is measured at 16.5 +
0.53 and 7.05 + 0.28 mV, respectively. Consequently, the stability of
Mn-Co oxide spinel particles in ethanol solvent is higher compared to
that of Mn-Cu-Fe oxide spinel particles because of their higher zeta
potential. Elevating the suspension conductivity facilitates the move-
ment of particles toward the opposite electrode, making it easier to
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Fig. 6. SEM cross-section images sintered Mn-Co single-layer (S1), Mn-Cu-Fe single-layer (S2), and Mn-Co/Mn-Cu-Fe dual-layer (S3) oxide spinel coatings in
oxidation treatment, EDX maps of Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coating (from SEM cross-section of image C).

achieve a uniform and dense coating.

In our previous research, we deposited Mn-Co oxide spinel on flat
Crofer 22 APU plates, describing the optimized deposition parameters.
Unfortunately, the direct application of the process parameters devel-
oped for flat samples was not effective in the case of complex-shaped
samples. This is an important but often overlooked problem in the use
of EPD for larger-scale practical samples [58]. Using the parameters
found previously led to low-quality samples in this investigation for
complex-shaped metallic interconnects. Fig. 3a exhibits SEM images
illustrating the surface and cross-sectional views of sintered Mn-Co,
Mn-Cu-Fe single-layer oxide spinel, and Mn-Co/Mn-Cu-Fe dual-layer
oxide spinel coatings subjected to oxidation and reduction treatment,
followed by a subsequent oxidation treatment. Fig. 3b illustrates the
characteristics of the suspension, process parameters, and sintering
conditions employed in applying Mn-Co, Mn-Cu-Fe single-layer oxide
spinel, and Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings onto
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complex-shaped metallic interconnects through the EPD method. As
indicated in Fig. 3a, the surface SEM images of sintered Mn-Co single--
layer oxide spinel and Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings
exhibit cracks and a non-uniform coating on the substrate during
oxidation treatment, likely attributed to a higher deposition yield on the
substrate. Moreover, the size of cracks observed in the reduction treat-
ment, followed by a subsequent oxidation treatment is greater than that
in the oxidation treatment, a trend possibly associated with the varied
thermal expansion coefficients of elements during the oxidation treat-
ment. Cross-section SEM images of the sintered Mn-Co single-layer and
Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings in both sintering
treatments reveal increased thickness due to higher applied voltages and
deposition time, along with weak adhesion between the coating and
substrate. Additionally, the deposition is non-uniform not only across
the flat surface but also on edge and internal surfaces. The surface SEM
images of sintered Mn-Cu-Fe single-layer coatings display a non-uniform
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Fig. 7. SEM cross-section images sintered Mn-Co single-layer (S4), Mn-Cu-Fe single-layer (S5), and Mn-Co/Mn-Cu-Fe dual-layer (S6) oxide spinel coatings in
reduction treatment, followed by a subsequent oxidation treatment, EDX maps of Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coating (from SEM cross-section of

image F).

coating on the substrate in both sintering treatments, attributed to a
lower deposition yield. In other words, the chosen applied voltage and
deposition time appear inadequate for achieving a uniform and dense
coating on the metallic interconnects, as evident in the cross-section
SEM images of the sintered Mn-Cu-Fe oxide spinel coating in both sin
tering treatments. To achieve a uniform and dense single-layer and
dual-layer coating on complex-shaped metallic interconnects, the pro-
cess parameters of the EPD method are optimized, as detailed in Table 1.

Evaluation based on OM images (Fig. 4a) indicates the successful
deposition of a uniformly coated layer without cracks on complex-
shaped metallic interconnects. Additionally, by appropriately selecting
deposition time and applied voltage, the Mn-Co and Mn-Cu-Fe oxide
spinel particles in the ethanol solvent effectively cover the entire sub-
strate. According to the SEM images (Fiz. 4a and b), the Mn-Co single-
layer oxide spinel coating demonstrates higher uniformity and density
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compared to the Mn-Cu-Fe oxide single-layer spinel coating after sin-
tering in both treatments. Conversely, both the Mn-Cu-Fe single-layer
and Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings do not display the
same level of uniformity and density. This difference can be attributed to
the shape of the synthesized Mn-Cu-Fe oxide spinel particles, as shown
in Fig. 2. EPD proves to be an efficient technique for applying spinel
materials onto complex-shaped metallic interconnects, both in the
context of single-layer and double-layer configurations.

displays a schematic of the sintering mechanism of Mn-Co and
Mn-Cu-Fe oxide spinel particles with disordered shapes and different
sintering onsets, along with surface SEM images of Mn-Co and Mn-Cu-Fe
single-layer oxide spinel coatings on the substrate at different magnifi-
cation. According to Fig. 5a, the schematic illustrates the pores on the
surface of both Mn-Co and Mn-Cu-Fe oxide spinel coatings before and
after sintering. Following sintering, there is a reduction in the porosity of

Fig
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Table 2

Point EDS analysis of sintered single and dual-layer coatings in oxidation and
reduetion trearment, followed by a subsequent oxidation trearment at specifie
locations.

Samples Atomiic concentration (AL %)
Point  Cr Mn Co Cu Fe
Oxidation Mn-Co Al 0.17 13.44 2541

treatinent oxide A2 0.25 12.37 24.01
spinel A3 501 15.54 25.86 - -
coating
Mn-Cu-Fe Bl 0.34 19.02 - 9.92 3.87
oxide B2 286 18.07 - 9.47 3.67
spinel B3 4.95 16.08 - T0.02 1.74
coating
Mn-Co/ 1 0.25 1656 1.51 6.47 3.00
Mn-Cu-Fe c2 (.84 11.93 3.92 4.749 2.27
oxide Cc3 2.61 11.90 491 3.98 4.9]
spinel
coating

Reduction + Mn-Co D1 0.21 13.20 2488

oxidation oxide D2 0.29 12.30 2310 - -

Trearments spinel D3 38 1197 1910 - -
coating
Mn-Cu-Fe E1l 0.24  23.02 12.08  4.66
oxide E2 0.31 2]1.31 e 12.26 4.63
spinel E3 284 16.82 - 9.70 8.47
coating
Mn-Co/ F1 o2 20.73 217 12.48 4.23
Mn-Cu-Fe F2 017 21.97 355 12.87 3.86
oxide F3 1.84 17.48 4.24 8,37 8.30
spinel
coating

both coatings. However, the porosity of the Mn-Cu-Fe oxide spinel
coating is higher and consists of larger pores compared to the Mn-Co
oxide spinel coating. This difference is likely attributed to the particle
shape. In Mn-Co oxide spinel powder, the particles exhibit a regular
shape, whereas in Mn-Cu-Fe oxide spinel powder, the particle shape is
more disordered, as demonstrated in Fig. 2. Consequently, after sinter-
ing, the Mn-Cu-Fe oxide spinel coating exhibits higher porosity
compared to the Mn-Co oxide spinel coating. In accordance with Fig. 5b,
surface SEM images of Mn-Co and Mn-Cu-Fe oxide spinel coatings reveal
that the Mn-Cu-Fe oxide spinel coating exhibits greater porosity than the
Mn-Co oxide spinel coating, attributable to the morphology of the Mn-
Cu-Fe oxide spinel powder. Additionally, it is evident that there are no
cracks on the surface of the Mn-Cu-Fe oxide spinel coating. Furthermore,
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surface SEM images of both Mn-Cu-Fe single-layer and Mn-Co/Mn-Cu-Fe
dual-layer oxide spinel coatings in Fiz. 4a and b indicate an absence of
cracks. However, this observation may be linked to the higher and larger
porosity of the Mn-Cu-Fe oxide spinel coating.

Based on the SEM cross-section images of sintered coatings in
oxidation and reduction treatment, followed by a subsequent oxidation
treatment (as shown in Figs. 6 and 7, respectively), the results indieate
uniform, smooth, and crack-free deposition across the complex-shaped
metallic interconnect surface, including flat, edge, and internal sur-
faces. Good adhesion is observed between both single and dual-layer
coatings and the complex-shaped metallic interconnect. The analysis
of cross-sectional images reveals that the density of single and dual-layer
coatings significantly increases (porosity decreases) when subjected to
reduction treatment, followed by a subsequent oxidation treatment
compared to oxidation alone. The porosity percentages for sintered Mn-
Co, Mn-Cu-Fe single-layer oxide spinel coatings, and Mn-Co/Mn-Cu-Fe
dual-layer oxide spinel coatings in oxidation treatments are 56%,
23%, and 30%, respectively. Conversely, the porosity percentages for
sintered Mn-Co, Mn-Cu-Fe single-layer oxide spinel coatings, and Mn-
Co/Mn-Cu-Fe dual-layer oxide spinel coatings in reduction treatment,
followed by a subsequent oxidation treatment are 25%, 20%, and 16%,
respectively. This difference can be explained by increased diffusion of
the Co elements in the metallic state followed by re-oxidation and
densification [60]. The superior densification observed in the Mn-Cu-Fe
oxide spinel coating compared to the Mn-Co oxide spinel coating can be
attributed to the enhanced reactivity among its constituent elements
(Mn, Cu, Fe). Additionally, EDX maps of dual-layer oxide spinel coatings
are presented to provide a comprehensive understanding of the element
distribution and elements diffusion processes. The elemental maps
reveal a clear observation of chromium cation diffusion at the interface
of sintered Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings and the
substrate during oxidation, and reduction treatment, followed by a
subsequent oxidation treatment. Additionally, elemental maps for Fe,
Co, Cu, and Mn show a consistent distribution of these elements after the
sintering process. Elemental maps of sintered S1 and S4 (Mn-Co
single-layer oxide spinel), 2 and 85 (Mn-Cu-Fe single-layer oxide
spinel) in oxidation treatment (S1. and S2), and reduction treatment,
followed by a subsequent oxidation treatment (54, and 85) are presented
in Fig. 511 (supplementary materials).

To examine the distribution of elements within single and dual-layer
coating and the diffusion of Cr element, the cross-section of the sample is
analyzed using point analysis (Table 2). The results of the point analysis

a) p)  Cathode  Anode
. s10mm
40 ZoneA*
s Mn-Co single layer o
- m Mn-Cu-Fe single layer Zone B"
5 ME=ES Mn-Co/Mn-Cu-Fe dual-layer
e
&0 Z
| Electrical _
3 field lines
E )
P [
E el 1
= ? Region 1 1
= z iRegion 2
= g i
=} 1
= i
3 :
Oxidation Reduction + oxidation E‘ i
treatment treatments

Deposition time

Fig. 8. a) thickness measurements of Mn-Co, Mn-Cu-Fe single-layer, and Mn-Co/Mn-Cu-Fe dual-layer oxide spinel eoatings in Zone A and Zone B, b) scheme of
coating on complex-shaped metallic interconnect in Zone A and Zone B, and ¢) graph depicting deposition yield versus deposition time.,
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Fig. 9. Raman Confocal imaging of the cross section of as-coated Crofer 22APU steel with dual-layer oxide spinel coating sintered in oxidation environment. The
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indicate that, all types of coatings in reduction treatment, followed by a
subsequent oxidation treatment exhibit lower values of Cr at the inter-
action layer between the coating and substrate compared to those sin-
tered under oxidation treatment. This is evidenced by the comparison of
points D3 vs. A3, E3 vs. B3, and F3 vs. C3 (as shown in Figs. 6 and 7).
Based on point analysis conducted on both sintered single and dual-layer
coatings in both sintering treatments, the Cr content is lower in the outer
region compared to the inner region, as evidenced by the comparison of
points Al vs. A3, for example (as shown in Figs. 6 and 7). EDX line scan
of sintered Mn-Co, Mn-Cu-Fe single-layer and Mn-Co/Mn-Cu-Fe dual-
layer oxide spinel coatings in oxidation and reduction treatment, fol-
lowed by a subsequent oxidation treatment are presented in Fig. SI2
(supplementary materials).

Fig. Oa presents measurements of the thickness of all coatings within
Zone A (the flat part) and Zone B (the convex part). According to Fig. 8a,
the thickness of all coatings is reduced in the case of reduction treat-
ment, followed by a subsequent oxidation treatment compared to
oxidation treatment. In addition, the differences in thickness between
Mn-Co and Mn-Cu-Fe single-layer oxide spinel coatings under identical
sintering conditions are influenced by the process parameters of EPD,
such as applied voltage and deposition time. Achieving a uniformly
coated Mn-Cu-Fe across the entire sample area requires higher voltage
and deposition time compared to Mn-Co oxide spinel coating. According
to Fig. &b, the difference in coating thickness between Zone A and Zone
B can be attributed to the non-uniform distribution of the electrical field
and the varying distances between the anode and cathode. According to
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Fig. 8a and b, the thicknesses of the Mn-Co, Mn-Cu-Fe single-layer, and
Mn-Co/Mn-Cu-Fe dual-layer oxide spinel coatings in Zone A are 6%,
24%, and 21% higher compared to Zone B at the same condition of EPD
parameters. Furthermore, initially the coating builds up with higher
deposition rate (region 1), whereas after the formation of certain
thickness, which acts as an insulating layer on the substrate, the depo-
sition yield remains constant (region 2). According to Fig. Sc, the vari-
ation in deposition yield as a function of deposition time in region 1 is
much higher than in region 2. Consequently, in Zone A, the deposition
yield remains constant after the formation of an insulating layer, even
with an increase in deposition time. On the other hand, in Zone B, the
deposition yield increases until the formation of an insulating layer
across the entire substrate. Furthermore, the variation in coating
thickness between both zones is not substantial, as shown in Fig. 8a.
Since Raman spectroscopy has already been proven by the authors to
unravel many uncertainties in similar systems [59], herein Raman im-
aging revealed the presence of six different phases for dual-layer pro-
tective coatings (Fig. 9). Starting from the steel/coating interface, two
phases forming thin interlayers, typical for Crofer 22APU steel, can be
seen - Cry03, based on the presence of bands at approximately 351 and
554 em™! (the most characteristic) [61], as well as (Mn,Cr)z04 spinel
with a characteristic mode at approximately 680 em™! [62]. Above them,
one can observe a distinctive layer in the confocal image that is built
from MnCo,0;, (the first coating component), based on assigned bands at
around 193 and 635 cm™!. The position of the latter one, being at the
same time the most characteristic mode, is noticeably shifted towards
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Fig. 10. Raman Confocal imaging of the cross section of as-coated Crofer 22APU steel with dual-layer coating sintered in reduction treatment, followed by a
subsequent oxidation treatment environment (for CryO5; and Mn-Cr spinel one spectrum corresponds to both phases — underlined values refer to spinel phase).

lower Raman shift values compared to literature works [63,64]. It may
result from the thermally-induced Jahn-Taller effect, typical for this
spinel, which was also described by the authors in Ref. [59]. The
dependence of the Raman spectrum of solely deposited MnCoy04 on the
laser power is illustrated in Fig. SI3 (supplementary materials). Another
two layers that were revealed in distribution images (Fig. 9) are
composed mainly of Mn-Cu-Fe spinel of different degrees of ordering.
The inner, less ordered layer (labelled as **1") is illustrated with broad
bands, with one distinctive, most intense mode at around 525 em™ [65],
whereas the outer, more ordered layer (labelled as “27), is illustrated
with well-defined, narrower bands at approximately 128, 431 (the most
characteristic), 536, and 582 cm™' [65,66]. It is highly likely that such
differences stem from mutual diffusion processes occurring during
thermal treatment, resulting from Cu, Fe, and Co gradients in both
coating components. Based on EDX mappings (Fig. 6), such interdiffu-
sion occurs along the entire thickness of coating, however with the
increased concentration of Co on spinals’ interface. Therefore, the
structure of the inner Mn-Cu-Fe layer (“1”) may be altered by migrating
cations from the MnCo,04 spinel more severely, whereas the outer layer
is less affected, hence more ordered and equilibrated. Moreover, the
corresponding spectrum of MnCoy0Qy4 is also dominated by the broad
bands coming from the less ordered Mn-Cu-Fe spinel, indicating the
formation of a reaction layer. Finally, an additional band at approxi-
mately 655 em™! increases in intensity locally within the outer layer
(“Mn-Cu-Fe — 2”). This band originates from a higher share of Mn cations
(highly probable Mot - labelled as “[Mn>"04]") present within the
octahedral sites of the Mn-Cu-Fe spinel [66,67] or in the form of Mny03
(bixbyite — labelled as “Mny05") [62].

When using alternative treatment (reduction, followed by a
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subsequent oxidation), similar findings were reported (Fig. 10), but with
some noteworthy differences. The most relevant one concern a much
higher share of reacted (Mn, Cu, Fe, C0)304 spinel in favor of both
MnCo;04 and disordered Mn-Cu-Fe spinel, probably resulting from the
reducing atmosphere during one step of the coating’s sintering, leading
to more pronounced diffusion processes. This is in very good agreement
with EDS mapping analyses demonstrating a considerably smaller area
of increased Co concentration in favor of Cu and Fe for reduction
treatment, followed by a subsequent oxidation treatment (Fig. 7, S6
sample). Furthermore, bands assigned to the more ordered Mn-Cu-Fe
spinel are even narrower and much better defined compared to speci-
mens treated only in an oxidizing atmosphere that only further proves a
higher efficiency of reduction treatment, followed by a subsequent
oxidation treatment.

Fig. 11 depicts a schematic representation of the diffusion of ele-
ments and the formation of a chromium oxide, as well as (Mn,Cr),04
layers and reaction layer at the interface of stainless steel and coating.
This occurs in the sintered Mn-Co/Mn-Cu-Fe dual-layer oxide spinel
coating during oxidation treatment, and reduction treatment, followed
by a subsequent oxidation treatment. According to Fig. 11, Cr elements
diffuse from the substrate to the interface and react with oxygen to form
the chromium oxide layer. Mn elements from the coating (high con-
centration of Mn element) migrate towards the Cr,04 layer and undergo
a reaction with Cr elements, resulting in the formation of the (Mn,
Cr)304 reaction layer between the coating and the chromium oxide layer
during both sintering treatments. For both types of treatments, the
diffusion of Co, Mn, Cu, and Fe elements between the Mn-Co and Mn-Cu-
Fe spinel coatings occurs along the entire thickness. However, during
oxidation treatment, this process is especially enhanced at the interface
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Appendix A. Supplementary data

Supplementary data to this article can be found online at htips:/ /doi.
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Supporting information

Preparation of MnCo0204 and Mn1.7CuFeo.304 single-layer, and novel MnCo0204/
Mn1.7CuFeo0.304 dual-layer spinel protective coatings on complex-shaped metallic
interconnects by EPD method

Omid Ekhlasiosgouei® 1, Maciej Bik?, Sebastian Molin2

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 (5S4, 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.
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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. SI2Z 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
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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.
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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 MnCo204 layer on Crofer 22 APU
steel using varying laser power.
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Fig. SI3. Raman spectra taken from cross section of MnCo204 layer on Crofer 22APU steel using varying
laser power.
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3.3. Manuscript I1I

Title: Electrophoretic deposition of novel hybrid MnCo204: Mni1.7CuFeo0.304 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 MnCo204: Mni17CuFe0304 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 Mni1.7CuFeo.304 spinel coating is higher than that of MnCo0204 spinel
coating. Secondly, MnCo0204 spinel coating exhibits lower Cr diffusion compared to the
Mn1.7CuFeo.304 spinel coating. As a result, in the hybrid coating, Mn1.7CuFeo.304 spinel coating
plays a crucial role in facilitating electrical conductivity between adjacent cells, and e
MnCo204 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.

» MnCo204: Mn17CuFeo0304 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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ARTICLE INFO ABSTRACT

An innovative hybrid spinel coating, composed of MnCo,04; and Mn, ;CuFe; ;O spinel materials in varying
ratios (1:0, 1:3, 1:1, 3:1, and 0:1 wt*), is applied on AISI 441 stainless-steel interconnects by elecuophoretic

Handling Editor: Dr C O Colpan

Keywonds: deposition method, to improve electrical conductivity, and inhibit the migration and evaporation of chromium.
:‘Y‘md spinel costing Stainless steel have been coated with dense, uniform, and crack-free coatings using EPD method. The cross-
nterconnect

sectional analysis reveals that the densification of hybrid coatings (1:1 wt%) sintered under reduction treat-
ment (1000 “C for 2 h in Ho), followed by a subsequent oxidation treatment (900 “C for 2 hin air) is greater (29
%) than those sintered solely under oxidation treatment (900 °C for 4 h in air). What is more, Raman and XRD
study suggests that the applied procedure provides a precise conuol over the phase composition of the hybrid
coating materials. The electrical conductivity of the hybrid materials (1:1 wt%) is higher (45 %) than that of the
MnCo-04 spinel material but lower (36 %) than that of the Mn;.~CuFeq 304 spinel material at 600 “C. The novel
hybrid spinel coating presents a promising candidate for protective coating on metallic interconnects, due to its

Electrophoretic deposition
Electrical conductivity
441 stainless steels

higher electrical conductivity, and higher sinterability as compared to Mn-Co spinel coating.

1. Introduction

Solid oxide cells (SOCs) possess the ability to generate electrical
energy directly through the conversion of chemical energy and represent
a noteworthy presence in the expanding energy market of today, being
both environmentally friendly and efficient. They offer the capability to
significantly reduce emissions of CO, and NOy [1-4].

The ferritic stainless steels (FSSs), such as 430, 441 and Crofer 22
APU [1,4,5], are employed as metallic interconnects in intermediate
temperature (600-800 °C) applications. Metallic interconnects act as
links between individual cell, connecting the electrodes of one cell to the
electrodes of an adjacent cell. They are designed to withstand aggressive
conditions during solid oxide fuel cell (SOFC) and electrolysis (SOEC)
operation and ensure electrical current flow through the entire fuel cell
stack [1 6]. 441 stainless steel stands out as a promising choice for
high-temperature applications due to its corrosion and oxidarion resis-
tance compared to other stainless steels. This enhanced resistance is

* Conresponding author.
E-mail address: omid. ekhlasiosgouei@pg.edu.pl (O. Ekhlasiosgouei).

hitps: //doL.org/10.1016/).1jhydenc.2025.1 50569

crucial for ensuring long-term reliability and enduring service. The
presence of Nb in the chemical composition of 441 stainless steel, along
with the reduction of chromium carbides and intergranular corrosion,
contributes positively to its exceptional resistance to high-temperature
comrosion.  Moreover, the alloy demonstrates remarkable
high-temperature strength and matched thermal expansion coefficient
(TEC) and high thermal conductivity within the fuel cell stack [2,3,6].
The metallic interconnects have drawnresearchers’ focus due to two key
drawbacks, prompting efforts to extend the lifespan of SOCs: firstly, the
presence of Cr may lead to fast Cro03 formation at high temperatures,
and secondly, the evaporation of Cr-containing components such as
CrO,(0OH);, can significantly decrease power output. Applying protective
spinel coatings, such as Mn-Co [7-9], Mn-Cu [10-12], Ni-Co [13],
Mn-Ni [14] and others, onto the surface of metallic interconnects can
vield beneficial effects on their stability, thermal compatibility, elec-
trical conduetivity, and corrosion resistance at elevated tempearatures.
Indeed, these protective coatings play a crucial role in enhancing the

Received 10 April 2025; Received in revised form 14 July 2025; Accepted 17 July 2025

Available online 19 July 2025
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lifespan of merallic interconneets and SOCs [2,3,5]. Additionally, to
further improve electrical and corrosion properties of oxide spinel,
transition metals such as Cu, Ni, and Fe are doped into Mn—Co and
Mn—Cu oxide spinel materials [11,14-191.

Several significant benefits of employing spinel ceramic protective
coatings on the surface of ferritic stainless-steel interconnects include
their reliable stability across various temperatures, maintenance of the
original properties of the coated surface, effective barrier capabilities
against gas molecules and corrosion-inducing agents, superior thermal
stability, and resistance to chemical and physical degradation. Most
importantly, their excellent electrical conductivity serves to prevent the
formation of underlying oxide scales on the metallic interconnect sur-
face, thus reducing elecuical conductivity and mitigating chromium
evaporation, a phenomenon known as chromium poisoning [2,3,7,
20-24]. There are several deposition methods for creating spinel pro-
tective coatings on the surface of metallic interconnects, including
electrophoretic deposirion (EPD) [3, 15,15,25,26], magnetron sputtering
[27], plasma spraying [25-31], electrolyte deposition [32-35], spin
coating [13] and so on. EPD stands out as a cost-effective, environ-
mentally friendly, efficient, and highly contiollable method for gener-
ating uniform, dense, and adherent spinel protective coatings with
desired thickness and chemical composition at room temperature within
a short timeframe [36,37]. In the process of EPD, particles with positive
charges within a stabilized suspension move towards the cathode under
the influence of an applied electrical field, leading to the deposition of a
dense and adherent ceramic coating on the cathode surface. The depo-
sition yield can be controlled by adjusting the electrical field, deposition
time, and suspension properties. Additionally, the EPD technique en-
ables the deposition of multiple layers and gradient structures [36,
28-40]. In recent years, researchers have investigated the quality of
doped and undoped spinel coatngs (such as uniformity, densification,
and crack-free) on stainless steel metallic inrerconnects using electro-
phoretic deposition method. In addition, the corrosion and electrical
properties of undoped and doped coated stainless steel have been
investigated. Sun et al. [41] applied CuMny 3O, spinel coatings to flat
and mesh metallic interconnects using the electrophoretic method. Their
findings indicated that the coating layer consisted of a mixture of Mnz04
and the cubic spinel phase at room temperature, while it transformed
into a pure cubic spinel phase when heated to 750-850 °C. These coated
interconnects effectively functioned as Cr getters, successfully prevent-
ing Cr poisoning of the cathode. In addition, the ASR of the CuMn, .504
spinel coating on stainless steel metallic interconnects is approximately
17 mQ em” after 100 h of oxidation at 850 °C. Wang et al. [27] applied
Mn-Co thin films onto the surface of Crofer22H to reduce electrical
resistance and enhance corrosion resistance. Their findings demon-
strated thar the formation of Mn-Co spinel coatings along with a thin
chromium layer led to improved electrical conductivity and anti-
oxidation properties. The K, values for uncoated stainless steel, Mn-Co,
and 0.03 Cr/Mn-Co after 1000 h of oxidation at 800 °C in static air are
6.1 x107'%,3.25 x 1074, and 3.08 x 10 '* g e * 57!, respectively.
Also, the ASR values of Mn—-Co and 0.03 Cr/Mn—Co after 65 h at 800 °C
are approximately 26 and 17 mQ cm?, respectively. Saeidpour etal. [13]
observed that the application of Fe-Ni-Co spinel oxides/Y203 coatings
as a bartier layer significantly reduced the oxidation rate of Crofer22-
APU and enhanced the electrical conductivity of the surface scale
compared to the bare steel. The weight gain of uncoated, Fe-Ni-Co, and
Fe-Ni-Co/Y>0; coatings on stainless steel after 500 h of oxidation at
800 °C in static air is approximately 0.3, 0.5, and 0.6 mg cm 2
respectively. In addition, the electrical conductivity of uncoated,
Fe-Ni-Co, and Fe-Ni-Co/Y,05 coatings on stainless steel at 800 “C is
60.5, 165.5, and 215S cm ', respectively. It was suggested that Mn-Co
spinel coatings with lower manganese content exhibit excellent chro-
mium barrier ability by reducing the outward diffusion channels for
chromium [22]. Oh et al. [25] investigated the formation of
Cuy 35Miiy 6504 spinel coatings on the surface of 460FC metallic in-
terconnects. The deposited spinel coating resulted in a notable decrease
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in chromium poisoning and oxidation rate. The ASR value of uncoared
stainless steel (460 FC) is around 170 mQ em ? after 100 h of oxidation
at 700 °C in air. In addition, the ASR value of Cu; 35Mn; ¢sO4-coated
stainless steel, prepared by EPD method at a voltage of 40 V for a
deposition time of 60 s, is around 14 m& cm? after 1000 h at 700 “C.
Aznam et al [16] found that the application of deposited
(Cu-Mn-Co)30s spinel coatings significantly reduced the oxidation rate
of SUS430 steel and suppressed the chromium diffusion from the
stainless steel intermetallic towards the cathode. Additionally, the
deposited spinel coatings maintained stable electrical conductivity
constant throughout a 200-h oxidation process. The weight gain of un-
coated SUS430 stainless steel and (Cu,Mn,Co)z04 spinel-coated stainless
steel is around 0.8 and 0.1 mg em ?, respectively, after 200 h of
oxidation at 800 “C in air. Sabato et al. [13] reported that the corrosion
resistance of deposited Cu-doped Mn; 5Co, 50, on Crofer22APU was
approximately ten times greater than thar of uncoated Crofer224PU.
Their results showed that the K, values for uncoated stainless sreel,
MnCo, 5Cu-MnCo, and 10Cu-MnCo spinel coatings on Crofer 22 APU
stainless steel after 3000 b of oxidation in air at 800 “Care 6.11 x 10~ ',
0.53 x 10 '%,0.71 x 10 %, and 0.62 x 10" "* g7 cm *5" ', respectively.
In addition, the ASR values of uncoated stainless steel and 5Cu-MnCo
are around 30 and 12 m@ cm?, respectively. Zhang et al. [42] demon-
strated that electrophoretically deposited (Mn-Co);0, spinel coatings,
sintered in an Hy/H,O atmosphere, exhibited a more enduring and
stable performance due to the formation of a very thin chromia sub-scale
and the inhibition of chromium diffusion, resulting in a reduetion of
area-specific resistance (ASR). The ASR values of sintered (Mn,Co);04
spinel coating in air and H,/H,0 atmosphere, coated at a voltage of 400
V by EPD method, are around 17 and 40 m2 em?, respectively. Zanchi
et al. [7] studied the effect of simultneous co-deposition of
Mn, 5Co, 504, Fe;03 and CuO on the performance of Crofer 22 APU
metallic  interconnects.  Their  findings  revealed  that
M 26CO; ogFeq15CUg 2004 spinel exhibited the most favorable corro-
sion resistance. The K, values of uncoated Crofer 22 APU, MnCo,
5Fe-MnCo, and 10Fe-MnCo after 2000h of oxidation at 750 °C in air are
26.9x10"%,14.5x10 "%, and 6.6 x 107", and 6.6 x 107'° g em .
s ', respectively, Furthermore, the presence of Cuand Fe resulted in an
increase and decrease, respectively, in the coefficient of thermal
expansion. Zhu etal. [43] conducted a comparison of the performance of
various Cu-Mn and Mn-Co spinel coatings, including CuMn,Oy,
Cl.LNio,zMD]-sO‘q. MnCo;0y4, and MnFeg.34C01.660, deposited on the sur-
face of metallic interconnects. Their findings proposed that
CuNig.,Mn; 5O, spinel coating showed the highest electrical conduc-
tivity, the lowest ASR, and the highest resistance against the diffusion of
Cr and O elements at intermediate temperatures. The ASR values of
MnFeg.5:C01.6604, MNCoy0., CuMn,0,, and CuNig,Mn; O4 spinel
coatings on stainless steel after 100 h of oxidartion at 800 “C in static air
are around 18, 16, 12, and 9 m2 em? Ajdys et al. [44] found that by
increasing the fine powder fractions leading to the higher density of the
Mmy 5Coy 504 spinel layer, ASR was reduced by 65 % and the oxidation
rate of metallic interconnects was decreased. Shirani Bidabadi et al. [45]
examined the influence of Cu and Fe dopants on the performance of
Mn-Co spinel coatings. Their results proposed that Cu-doped layers
exhibited superior performance in terms of oxidation rate and chromium
evaporation rate compared to Fe-doped layers. The K, values of un-
coated stainless steel (24h of oxidation }, Mn—Co (Mn; 45Co; 7504, 24h of
oxidation), 0.3 Cu-doped Mn-Co (24h of oxidation), 0.3 Fe-doped
Mn-Co (504h of oxidation), and 0.1Cu-0.2Fe-doped Mn-Co (504h of
oxidation) spinel coatings on AISI 430 stainless steel after oxidaton in
0,5 9%H,0 atmosphere at 800 “C are 20.7 x 10 '*, 4.8 x 10 ', 4.3 «
10 %7610 " and6.5 % 10 ' g em 's 7, respectively. Masietal.
[46] investigated the effect of Fe, Cu, and simultaneous Fe and Cu
doping on the high temperature properties of Mn—-Co spinel materials.
Their findings proposed that Cu doping had a more beneficial effect on
the thermal stability and densification of spinel materials compared to
Fe doping. Additionally, Mu-Co spinel materials doped with Fe



O. Ekhlasosgouer et al.

exhibited greater thermal stability than those doped with Cu. Ma et al.
[47] reported that dual doping of Cu and Y significantly increased the
sintering properties, electrical conduetivity and oxidation resistance of
Crofer ferritic alloy as a metallic interconnect. Cu-Y dual-doped
(Mn—Co};04 spinel coating demonstrated substandally lower ASR
compared to coatings doped solely with Cu or Y. The K, values of un-
coated stainless steel, MnCo (Co,MnOy), 0.03 Cu-doped MnCo, 0.01
Y-doped MnCo, and 0.02Cu-0.02Y-doped MnCo spinel coaring at 500 h
of oxidation time are4.6 x 10” '*,35 x 10" ',3.4x 10" '*,5 x 10" '®,
4 %10 ® g em™ *s !, respectively. Mazur et al. [11] studied the
influence of Ni and Fe doping on the high temperature behavior of
Mn-Cu spinel coatings. Their finding indicated that higher levels of Ni
doping increased electrical conductivity, while higher levels of Fe
doping had the opposite effect.

The MnCo0, spinel coating exhibits reduced electrical conductivity
at elevated temperatures compared to the Mn;;CuFen 304 spinel
coating. However, it showcases superior oxidation resistance under
similar high-temperature conditions [4&]. The utilization of innovative
hybrid MnCo,04: Mn; ;CuFeq ;0,4 spinel materials offers the potential to
enhance both elecuical conductivity and oxidation resistance simulta-
neously. This study investigates the microstructure of a novel hybrid
MnCo,04: Mn; 7CuFey.30: spinel coating, incorporating varying ratios
of these spinel materials, applied to AISI 44] stainless-steel metallic
interconnects by EPD method. The main objective is to examine the
similar electrophoretic mobility of Mn-Co and Mn-Cu-Fe in an ethanol
suspension stabilized by iodine, aiming to achieve a uniform disttibution
of individual components of MnCo»04 ad Mn).7CuFeq.304 across the
entire substrate. The secondary goal is to achieve uniform, smooth,
dense, and crack-free hybrid spinel coatings on stainless steel in-
terconnects. The third aim is to investigate the electrical conductivity
and Cr diffusion of hybrid spinel coatings as compared to Mn-Co and
Mri-Cu-Fe oxide spinel coatings.

2. Experimental
2.1. Materials

Metallic interconnects with a flat side were selected as substrates for
applying a hybrid spinel coating using the EPD technique. The chemical
composition of the examined AISI 441 stainless steels consists of
17.5-18.5 wi% Cr, 1 wt% Mn, Nb, and Si, 0.1-0.6 wt% Ti, 0.03 wt% C,
0.04 wt% P, and 0.02 wt% S, with the balance being Fe. The stainless-
steel sheets were cut into 20 x 20 mm® with a thickness of 0.3 mm.
Before applying the hybrid spinel coating, the substrates underwent a
cleaning process involving immersion in acetone and then ethanol
(provided by OCH, Gliwice, Poland) using an ultrasonic bath for 30 min
to eliminare any conraminants. Two types of spinel materials were uti-
lized: commercial MnCo20: (labelled as “Mn—Co oxide spinel” material)
from Marion Technologie, France, and synthesized Mn;.7CuFen.304
(labelled as “Mn-Cu-Fe oxide spinel” material), serving as a conductive
protective coating on stainless-steel interconnects. Further details about
the preparation of the synthesized Mn;.,CuFe;3;0, can be found else-
where [49]. Ethanol (absolute, 99.9 %) acted as the solvent, and iodine
(provided by Chempur, mass molar: 253.81 g/mol, CAS: 7553-56-2) was
employed as a dispersing agent to form suspensions of Mn-Co and
Mn-Cu-Fe for the EPD process.

2.2. Preparation of Mn-Co/Mn-Cu-Fe suspension

The suspension, comprised of Mn-Co and Min-Cu-Fe powders in
different weight ratio (1:0, 0:1, 1:3, 1:1, and 3:1), with solid concen-
trations fixed at 10 g/L of spinel powder and 0.7 g/L iodine in ethanol as
the solvent, was stabilized. Achieving uniformity of Mn Co and
Mn-Cu-Fe powders within the ethanol solvent involved subjecting them
to a 45 min bath ultrasonic trearment. Before initiating the EPD process,
an additional 5 min bath ultrasonic treatment was applied to enhance
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suspension stability. A detailed description of the proportions of spinel
coating materials and suspension parameters for the hybrid spinel
coating on the substrate is outlined in Table 1.

2.3. EPD process for hybrid spinel materials

In the deposition of Mn-Co, Mn Cu-Fe, and hybrid coatings
comprising Mn-Co and Mn-Cu-Fe spinel materials onto the substrate,
AlS1 44] srainless-steel interconnects were selected as a eathode, while
two stainless steels were employed as the anode. The three electrodes
were maintained in a vertical and parallel orientation throughout EPD
process, with a fixed separation distance of 1 em within EPD cell. The
details regarding the process parameters for hybrid spinel coatings can
be found in Table 1. Additionally, Fig 1a provides a schematic repre-
sentation of EPD cell designed for spinel coatings. Mn-Co, and
Mn-Cu-Fe, and the hybrid spinel coatings applied to the substrates.
Then, the spinel coatings were dried at room temperature for 24 h.
Subsequently, these coatings underwent sintering at varied tempera-
tures and durations in various atmospheres, as outlined in Table |. The
initial set of samples underwent a single-step sintering process at 900 “C
for 4 I in a static air atmosphere (oxidation treatment). In contiast, the
second set of samples underwent a two-step process, starting with an
initial heat treatment at 1000 °C for 2 h in flowing pure H; gas
(reduction treatment), followed by a subsequent treatment at 900 “C for
2 h in sraric air (oxidation rreatment). The hearing and cooling rate for
both the single-step sintering process and the two-step process was set at
3 °C/min.

2.4. Preparation of spinel pellets

To investigate the structure, as well as the electrical conductivity of
coating materials, pellets were formed out of powders of Mn-Co,
Mn-Cu-Fe, and Mn-Co/Mn-Cu-Fe with varying ratios (1:3, 1:1, and 3:1
wt%), which were mixed in ethanol using a magnetic stirver. The mixed
powders underwent a 24 h drying process at 80 “C. Carboxymethyl
cellulose (CMC) served as a binder for powder granulation, ensuring the
formation of dense pellets. The powder was subjected to a uniaxial hy-
draulic press within a 13 mm (intemal diameter) steel die. Following
pressing, the pellets were dried for an additdonal 24 h at 80 °C before
being sintered at 900 “C for 4 h in an air atmosphere, with a heating and
cooling rate of 3 “C/min. Fig. 1b presents the schematic illustration of
the preparation of the pellet sample.

2.5. Characterization

The evaluation of particle size distribution, zeta potential, and sus-
pension conductivity of Mn—-Co and Mn-Cu-Fe particles in an ethanol
solvent was conducted using a Dynamic Light Seartering instrument
(Zetasizer nano ZS, Malvern). X-1ay diffraction was utilized to investi-
gate the phase composition and crystal structure of the crushed pellets.
The analysis was carried out at room temperature using a Bruker D2
phaser instrument with Cu-Ka radiation (1.5404 “A). Measurements
were taken on rotaring samplesin a 26 range from 10 to 80°, employing
a step size of 0.01°, and with an accounting time of 0.2 s for each step.
The phase composition of pellets was also examined with Raman spec-
troscopy using WITec alpha 300 M| spectrometer, 785 nm excitation
wavelength (laser spot of ca. 1064 nm in diameter), 3 em ' spectral
resolution, grating 300 gr/mm. Each pellet was measured in five
different, random spots across the pellets— for each point, 10 scans with
20 s integration time were used. WITec Pioject 5.3.1 software was used
torecord the spectra within 0 + 3500 cm ™!, and OPUS 7.2. software was
used to post-process them. Post-processing included averaging each five
spectra of a particular pellet, cutting the resultant spectra within 60 +
800 em ' region (no important bands occurred within the remaining
part), baseline correction using the polynomial function, as well as
deconvolution  using the Handke method [50], and
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Table 1
Ratio of spinel coating materials, suspension and process parameters of EPD method and different sintering treatments for spinel coating on metallic interconnect.

The ratio of spinel coating Sub Susp diti EPD condition Sintering condition
material (Mn-Co: Mn-Cu-Fe) A = . . i G
Solvent  Solid lodine  Voltage Time Electrode’s Step 1: Reduction Step 2: Oxidation
load (4%] (s) distance treatment (Pure Hy) treatment (Static air)
1:0 AISI 441 Ethanol 10 g/L 07 g/ 40 50 10 mm - 900 “C- 4h
L 1000 °C- 2h 900 ‘C- 2h
1:3 - 900 "C- 4h
1000 “C- 2h 900 "C- 2h
1:1 - 900 "C- 5h
1000 “C- 2h 900 "C- 2h
3:1 - 900 "C- 4h
1000 °C- 2h 900 “C- 2h
0:1 - 900 "C- 4h
1000 °C- 2h 900 ‘C- 2h
a)  Mn-Co powders

e —

Initial suspension

Suspended particles

Microstructure

Fe
\._,____/‘

\,

.
~

-

Sacse

Mixed Powders e
Binder ® """" o8

. N\
3
Granulation E
r\ /

/

d

/

Fig. 1. a) the schematic illustration of initial suspension, electrostatic stabilization, and EPD set up, b) the schematic depiction of the procedure for preparing

pellet samples.

Levenberg-Marquardt algorithm. A set of Gaussian-Lorentzian bands
was used with an RMS error of ca. 0.05. The Peak Picking function was
used to estimate the positions of all bands before and after the decon-
volution process. The van der Pauw method was employed to examine
the electrical conductivity of pellets made from spinel materials. The
assessment of electrical conductivity was conducted in an air atmo-
sphere over a temperature range from 800 °C to 200 “C, with decre-
ments/steps of 50 “C. The electrical conductivity of pellets has an
inverse relationship with pellet porosity. Consequently, the electrical
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conductivity data for different pellets were adjusted accordingly. The
results regarding electrical conductivity are detailed, integrating cor-
rections for porosity using the Bruggeman asymmetric modal equation
[48]:

Where ¢ (S/cm) is corrected electrical conductivity, 6, (S/cm) is
measured electrical conductivity, and p is a sample-pore fraction. The
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pellet's porosity was determined using Archimedes’ principle (ASTM
B 13 standard).

The activation energy (E,) for electrical conductivity can be deter-
mined using the Arrhenius equation.

LnaT—;—j_“ | Inay

Where E, (eV) is activation energy o (S/cam) is electrical conduetiv-
ity, T (K) is temperature, 6, is pre-exponential factor, and K
(8.617*10 > eV/K) is Boltzmann's constant. The examination of the
surface and cross-sectional microstructure of the hybrid spinel coatings
subjected to both sintering treatments was investigated using Scanning
Electron Microscopy [SEM) coupled with energy-dispersive X-ray spec-
troscopy (EDX) at an acceleration voltage of 15 kV. ThermoFisher
Phenom XL microscope with backseatter detector (BSE) was used for all
SEM/EDS analyses. For the cross-sectional analysis, the samples were
embedded in epoxy resin under cold vacuum conditions, followed by a
process involving grinding with SiC papers and polishing with 1 um
diamond slurry.

3. Results and discussion
3.1. Suspension and process parameters of EPD method

Fig. 2 ilustrates the variations in zeta potential, suspension con-
ductivity, and average particle size for Mn-Co and Mn-Cu-Fe suspen-
sions in relation to iodine concentration (ranging from 0.1 to 1.1 g/L)
and a solid concentration of 10 g/L. To maintain the stability of the
powders in the ethanol solvent, iodine is added to release H' ions.
Consequently, the particle surfaces absorb these ions, resulting in sta-
bility within the solvent. The absorption of H' ions around the particle
surfaces, creating a positively charged surface, leads to the formation of
a diffuse double layer (as shown in Fig. 1a). Fig. 2a depicts that, with an
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increase in iodine concentration from 0.1 to 0.9 g/L, the zeta potential
initially rises and then declines in both suspensions. This is attributed to
the extra amount of released H' ions in ethanol solvent, leading to a
reduction in the thickness of the electrical double layer and, conse-
quently, a decrease in the zeta potential. The objective is to achieve a
homogeneous distribution of individual components of Mn-Co and
Mn-Cu-Fe particles across the entire substrate by maintaining identical
electrophoretic mobility for both in the ethanol suspension. The zeta
potential results indicate that Mn-Co and Mn-Cu-Fe particles exhibit an
identical zeta potential at an iodine concentration of 0.7 g/L, ensuring a
homogeneous distribution of individual components on the substrate.
Gonsequently, the deposition yield for Mn-Co, Mn-Cu-Fe, and Mn—Co:
Mn-Cu-Fe (1:3, 1:1, and 3:1 wit26) suspensions is approximately at the
same level, as depicted in Fig. 2d. Fig. 2b exhibits the conductivity of
Mn-Co and Mn-Cu-Fe suspensions about iodine concentration, ranging
from 0.1 to 1.1 g/L. As the iodine concentration increases in both sus-
pensions, there is a corresponding rise in suspension conductivity,
attributed to the elevated iodine concentration in the ethanol solvent.
Fig. 2¢ depicts the average particle size of Mn-Co and Mn-Cu-Fe in
ethanol solvent concerning iodine concentration (ranging from 0.1 to
1.1 g/L). The presence of particle agglomeration in the suspension can
be associated with the solvent and disperser. As indicated in Fig Ze¢, an
increase in iodine concentration in both suspensions does not influence
the average particle size; Mn-Co and Mn-Cu-Fe particles in the sus-
pension exhibit similar sizes. Moreover, the average particle size of
Mn-Cu-Fe is slightly higher than that of Mn-Co. Consequently, well-
dispersed Mn-Co and Mn-Cu-Fe particles play a crucial role in
achieving a uniform and dense coating on the substrate. Therefore,
Mn-Co and Mn-Cu-—Fe spinel particles in ethanol solvent at an iodine
concenuation of 0.7 g/L with a solid concentration of 10 g/L are suitable
for obtaining a uniform, smooth, and crack-free hybrid coating on the
stainless-steel substrate.

23
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Fig. 2. a)zeta potential, b) suspension conductivity, ¢) average particle size of Mn-Co and Mn-Cu-Fe suspension versus iodine concentration, and d) deposition yield

of Mn-Co, Mn-Cu-Fe, and Mn-Co: Mn-Cu-Fe (1:3, 1:1, and 3:1 wt%) suspensions.
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3.2, Microstructure of hybrid coating on stainless-steel substrate

3.2.1. Surface microstruciure

Fig. 3 illustrates SEM images of the surfaces of sintered spinel coat-
ings containing Mn-Co: Mn-Cu-Fe at various weight ratios (1:0, 0:1,
1:3, 1:1, and 3:1) subjected to different sintering procedures. These
treatments include oxidation treatment (in static air) and reduction
(using pure Hyp), followed by oxidation treatments (as outlined in
Toble 1). Comparing Fig. 3a and b reveals that the morphology of
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coatings subjected to reduction | oxidation treatments is denser
compared to those treated only with oxidation. Furthermore, grain
boundaries are more visible in coatings sintered with reduction +
oxidation treatments. In essence, the compactness of coatings in
reduction + oxidation treatments are higher than in oxidation treat-
ments. Dense coatings subsequently prevent the diffusion of oxygen,
thereby inhibiting the growth of a chromia layer between the coating
and the substrate. The chemical composition and erystal structure are
pivotal factors influencing the densification of spinel materials. The
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Fig. 3. SEM images of the surfaces of sintered coatings composed of Mn—Co and Mn-Cu-Fe at various weight percentages (1:0, 0:1, 1:3, 1:1, and 3:1) under different
sintering conditions: a) oxidation treatment (in static air), and b) reduction (pure H,) followed by oxidation treatment, and EDS-X-ray elemental maps showing the
distribution of NIn, Cu, Co, and Fe for the sinterad Mn-Co: Mn-Cu-Fe coating with a 1:1 weight ratio, both in oxidation and reduction — oxidation trearments.
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higher densification of the Mn-Cu-Fe spinel coating compared to the
Mn-Co spinel coating is attributed to the doping of Fe in the Mn-Cu
oxide spinel strucrure, which lowers the sinrering temperature and im-
proves coating densification due to enhanced grain boundary diffusion.
In addition, transition metals promote liquid-phase sintering and mass
transport. The doping of transition metals in the spinel structure, due to
differences in ionic radii and valence states, causes lattice strain and
cation vacancies, which increase the diffusion rate, thereby improving
densification through easier atomic movement. Moreover, increasing
the ratio of Mn-Co spinel material leads to reduced densification of the
hybrid material, attributable to the presence of Mn—Co spinel coating. In
both sintering treatments, the densification of the Mn-Co: Mn-Cu-Fe
(1:3 wt%) hybrid spinel coating is higher than that of Mn-Co and
Mn-Cu-Fe, as well as other ratios of hybrid spinel coatings, due to the
varying particle size distribution of the Mn—Co and Mn-Cu-Fe spinel
materials. Particle size distribution plays a crucial role in achieving
dense coatings. As indicated by Fig. 2¢, the particle size distribution of
the Mn-Cu-Fe spinel material is larger than that of the Mn-Co spinel
material. During the EPD process, Mn-Co particles disperse among the
Mn-Cu-Fe particles. As a result, during the sintering process, the higher
sinterability of the Mn—Cu—Fe oxide spinel compared to the Mn—Co oxide
spinel, along with the better distribution of both oxide spinel powders in
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the coating, leads to a decrease in the porosity of the hybrid coatings.
“ig. 2a and b displays EDS-X-ray elemental maps illustrating the distri-
bution of Mn, Cu, Co, and Fe for the sintered Mn—Co: Mn-Cu-Fe coating
with a 1:1 weight ratio, in both oxidation and reduction + oxidation
treatments. Based on Fiz. 2d, the deposition yield of hybrid spinel
coatings at various weight ratios of Mn-Co and Mn-Cu-Fe remains
consistent due to their identical zeta potential. Consequently, the
deposition yield of mixed particles exhibits a uniform distribution across
all sinface coatings. As indicated by the EDS-X-ray elemenral map in
both sintering treatments, the Mn-Co and Mn-Cu-Fe spinel materials
are evenly distiibuted across the surface coatings during the EPD
process.

3.2.2. Cross-section microstructure

Fig. 4 displays SEM images of the cross-sections of sintered Mn—Co:
Mn-Cu-Fespinel coatings at various weight ratios (1:0, 0:1, 1:3, 1:1, and
3:1) subjected to different sintering treatments. The results indicate that
Mn-Co, Mn-Cu-Fe, and the hybrid spinel coatings with various ratios
exhibit uniform, smooth, and crack-free on AISI 441 stainless steel in-
terconnects in both sintering treatments. Comparing Fig. 4a and b re-
veals that the Mn—Cu—Fe spinel coating is denser than the Mn-Co spinel
coating, and increasing the ratio of Mn—Co particles in the hybrid
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Fig. 4. Cross-section SEM images of sintered Mn-Co: Mn-Cu-Fe spinel coatings (at weightratios of 1:0, 0:1, 1:3, 1:1, and 3:1) under different sintering treatments: a)
oxidation and b) reduction + oxidation treatments, cross-section EDS-X-ray elemental maps of Mn-Co: Mn-Cu-Fe (at a 1:1 weight ratio) for both sinter-

ing treatments.
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coating leads to decreased coating density. Additionally, the densifica-
tion of Mn-Co, Mn-Cu-Fe, and the hybrid spinel coatings in reduction +
oxidation treatments are higher than that in oxidation treatment
Comparison of coaring thickness in both sintering wrearments reveals
approximately 16 %, 40 %, 50 %, 29 %, and 44 % shrinkage in the
thickness direction for Mn-Co: Mn-Cu-Fe coatings at weight ratios of
1:0, 0:1, 1:3, 1:1, and 3:1, respectively. In essence, under the same EPD
conditions, coating thickness in reduction | oxidation treatments are
significantly lower than in oxidation trearment. Moreover, the densifi-
cation of the hybrid coating (at a 1:3 wt% 1atio) is higher than that of
Mn-Co, Mn-Cu-Fe, and other ratios of hybrid spinel coatings due to the
varying particle size distribution. Consequently, sintered coarings in
reduction | oxidation treatments inhibit the formation of a chromia
layer on the substrate. Fig. 4 depicts cross-section EDS-X-ray elemental
maps of Mn-Co: Mn—Cu-Fe (at a 1:1 weight ratio) for both sintering
treatments. The results indicate that the elements of hybrid spinel
coarings ata 1:1 weight ratio in borh sintering rreatmenrs are uniformly
distributed across the entire deposited area during EPD process. Addi-
tionally, in both sintering treatments, chromium diffuses from the sub-
strate to the interface of the coating and substiate, where it reacts with
oxygen to form a chromia layer. Further analysis of the thickness of the
chromia layer and element diffusion will be condueted using line scan
and point analysis techniques.

3.2.3. Energy dispersive X-ray spectroscopy analysis

Fig. 5a and b shows the EDS point analysis results from samples
cross-section for the outer (coating surface) and inner (interface of
coating and substrate) regions of sintered Mu-Co coatings at various
ratios in both sintering treatments. According to Fig. 5a and b, the
findings reveal that the atomie concentrarion of the Cr element in the
reduction + oxidation treatments is lower in both the outer and inner

Oxidation treatment

—

5 J| ™= Coating surface
m |nterface of coating and substrate

+ Rato  Crone Cinetund Cructucn

C'-mn

P
3
1
3
2 o1

0.51
02
078
c.&7
151

061
0B3
in
3100
345

8t}
361
222
345
228

Atomic concentration of Cr (At. %) @
“w

International Journal of Hydrogen Encrgy 158 (2025) 150569

regions compared to the oxidation treatment. This is artributed to the
inaeased densification of the coatings. Hence, this implies a slight
occurrence of Cr diffusion during the reduetion | oxidation treatments.
Increasing the ratio of Mn—Cu-Fe oxide spinel marerial in mixed spinel
materials leads to greater Cr diffusion at the interface between the
coating and substrate under both sintering conditions. This can be
attributed to the higher reactivity of Mn-Cu—Fe oxide spinel particles,
which react with chromia more readily, forming a reaction layer.
Additionally, when comparing Mn-Co and Mn-Cu-Fe oxide spinel
coatings on stainless steel under both sintering conditions, the atomic
concentration of Cr at the interface is lower in Mn-Co oxide spinel
coating than in Mn-Cu-Fe oxide spinel coaring. Point analysis results
indicate that Mn-Co: Mn-Cu—Fe (3:1 and 1:1 wt%) oxide spinel coatings
are effective candidates for preventing Cr diffusion from steel.

Fig. 5c and d illustrates the EDX line scan performed on sintered
samples of Mn-Co, Mn-Cu-Fe, and Mn-Co: Mn-Cu-Fe (with a 1:1
weighr ratio) subjected ro oxidarion treatment and reduction + oxida-
tion treatments. Comparing Fig. 5¢ and d reveal that the chromia layer
thickness for sintered spinel coatings of Mn-Co, Mn-Cu-Fe, and Mn-Co:
Mu-Cu-Fe (1:1 wt%) in reduction + oxidation weatments are slightly
lower than for those sintered in oxidation treatments, owing to the
higher densification of coatings. Furthermore, the chromia layer thick-
ness of sintered Mn-Co is lower than that of sintered Mn-Cu-Fe. Addi-
tionally, the chromia layer thickness of sintered Mn-Co: Mn-Cu-Fe
spinel coatings, with a 1:1 weight ratio, is less than that of sintered
Mn-Cu-Fe spinel coatings and greater than that of sintered Mn-Co
spinel coatings. This disparity can be attributed to the differing shapes of
Mi-Co and Mn-Cu-Fe spinel particles. The shape of commercial Mn-Co
spinel powder is spherical, while the synthesized Mn-Cu-Fe spinel
powder is non-spherieal (as shown in Fig 1a). When the powders are
spherical (Mn-Co powder), they promote better packing and higher
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and c) under oxidation treatment, and b, and d) under reduction | oxidation treatments.
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densification during sintering. On the other hand, Mn-Cu-Fe has higher
sinrerability compared o Mn-Co spinel materials. Accordingly, after
sintering, the Mn-Cu-Fe coating contains more pores, through which Cr
can diffuse to the surface of the coating.

3.3. Study of hybrid materials

3.3.1. Microstructural SEM/EDS analysis

The uniform distribution of Mn-Co and Mn-Cu-Fe spinel materials
was examined using EDS-X-ray elemental mapping. Fig. 6 depicts the
surface SEM images and the EDS-X ray elemental mapping performed on
pellets conraining Mn-Co: Mn-Cu-Fe (with weighr ratios of 1:1) spinel
materials. Through the comparison of SEM images, it is apparent that
Mn-Co spinel particles are dispersed among Mn-Cu-Fe spinel particles
within hybrid pellets. Additionally, EDS-X-ray elemental mapping
analysis aimed to verify the uniform distribution of particles throughout
the entire pellet area after mixing. As shown in Fig. 1b, the Mn—Co and
Mu-Cu-Fe spinel materials were mixed in ethanol solvent using a
magnetic stirrer. The results show that the homogeneous dispersion of
Mn, Co, Cu, and Fe elements from the Mn-Co and Mn-Cu-Fe spinel
powders indicates that the mixing process was successful.

3.3.2. Phase structure

Fig. 7 illustrates X-ray diffraction (XRD) patterns for spinel materials,
including Mn—Co, Mn-Cu-Fe oxide spinel materials, and a combination
of Mn-Co: Mn-Cu-Fe with weight ratios of 1:3, 1:1, and 3:1. These
samples underwent sintering at 900 “C for 4 h in a static air environ-
ment. According ro XRD pattern of Mn-Co spinel marerial, only single
phase of MnCo0,0, was identified (by X'Pert HighScore Plus Software)
with erystal structure of cubic within the Fd-3m (227) space group
(Reference code: 01-084-0482). Based on the XRD analysis of the
Mn-Cu-Fe oxide spinel material, a dual-phase composition was detec-
ted. The first phase identified was MnyCuOy, exhibiting a cubic erystal
structure within the Fd-3n1 (227) space group (Reference code: 01-076-
2296) and a tetragonal crystal structure within the 141/amd (141) space
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group (Reference code: 01-071-1142). The peaks slightly shifted due to
the interdiffusion of Fe?*/** in both the cubic and tetragonal crystal
structures, which most likely caused distortion of the erystal structure.
The second phase identified was Mn,O;, displaying a tetragonal erystal
structure (Reference code: 00-006-0540). In addition, three peaks were
not detected in Mn-Cu-Fe oxide spinel materials. The XRD analysis of
Mn-Co: Mn-Cu-Fe spinel materials with varying weight ratios of 3:1,
1:1, and 1:3 wt% revealed no additional phases upen combining the two
oxide spinel materials. In a weight ratio of 1:3 wt% (Mn-Co: Mn-Cu-Fe
oxide spinel material), and Mn,03; was identified, similar to Mn-Cu-Fe
oxide spinel materials. Based on the XRD patterns for the compositions
of both materials at different ratios (3:1, 1:1, and 1:3 wt%), the peaks in
the composition of spinel materials overlap with those of MnCo,0, and
Mn, ;CuFe, ;0,4 spinel materials. The peaks for the compositions of both
spinel materials indicate a single phase of MnCo,04 with a cubic crystal
structure and MnyCuO. with both cubic and tetragonal crystal struc-
tures. Comparing the XRD patterns of the spinel compositions at
different ratios with those of Mn-Co and Mn-Cu-Fe spinel materials
reveals a slight shift in the peaks toward lower diffraction angles. This
demonstrates that Mn, Fe, Cu, and Co cations occupy octahedral and
tetrahedral positions, and the distortion of the erystal structure is due to
interdiffusion between the two spinel materials. Fig. 7 shows the XRD
pattern of different composition ratios of Mn-Co: Mn-Cu-Fe oxide
spinel materials (1:0, 3:1, 1:1,1:3, 0:1 wt%) at specific diffraction angles
(P1, P2, P3, P4, P5, and P6). When comparing the diffraction angles
across various composition ratios of Mn-Co: Mn-Cu-Fe oxide spinel
materials, it is evident that for Mn-Co: Mn—Cu-Fe (1:1 wt%) ratio, the
diffraction angle of the mixed spinel materials is lower than that of
Mn-Co: Mn-Cu-Fe (3:1 and 1:3 wt%b) and Mn-Co and Mn-Cu-Fe oxide
spinel materials. According to Bragg's equation, decreasing the
diffraction angle increases the interplanar distance and lattice parame-
ters. This can be atributed to the higher interdiffusion of Mn, Fe, Cu,
and Co cations in Mn-Co: Mn-Cu-Fe {1:1 wt¥) spinel materials
compared to that in Mn-Co: Mn-Cu-Fe (1:0, 3:1, 1:3, and 0:1) spinel
materials. For more details on the composition of spinel materials and

Fig. 6. The surface SEM images of pellets consisring of Mn—-Co: Mn—Cu-Fe with various weight ratios (1:0, 0:1, 1:3, 1:1, and 3:1) sintered under oxidation treatment,
alongside the EDS-X ray elemental maps illustrating the composition of pellets with weight ratios of 1:1.
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Fig. 7. The X-ray diffraction patterns of spinel materials, mcluding Mn-Co, Mn-Cu-Fe, and Mn-Co: Mn-Cu-Fe with weight ratios of 1:3, 1:1, and 3:1 wt%, after

undergoing the sintering process in an air atmosphere.

undetectable peaks in Mn-Cu-Fe oxide spinel material, Raman spec-
troscopy was used to further investigate the uncertain phase
composition.

3.3.3. Raman spectroscopy characterization

Fig. & shows that Raman spectroscopy was used to qualitatively and
quantitatively describe the investigated pellets in terms of their struc-
ture and volume ratios. Starting from the pellet made out of a single
spinel, bands ca. 188, 475, 503, 590 and 663 em ! (the most charae-
teristic) can be assigned to MnCo,04 spinel phase [51,52]. The position
of the most intense A, is slightly shifted towards lower Raman shift
values when compared to other literature works [53,541, probably due
to a thermally-induced Jahn-Taller effect typical for this spinel [55]. As
for Mn, ;CuFe; ;04 specimen ten bands were recognized, but some of
them 207, 304 (the most characteristic), 640 and 697 cn' can be
assigned to Mn,Oj; [56]. The others 93, 125, 441, 470, 538 and 584
cem ! (the most characteristic) come from Mn; ;CuFey 304 [57,58], In
the case of Mn-Co: Mn—Cu-Fe (1:3 wt%), one can observe that addi-
tional bands coming from Mn-Co oxide spinel appeared compared to the
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spectrum of pure Mn-Cu-Fe spinel, bur modes assigned to Mn-Cu-Fe
spinel still dominate. What is more, bands ca. 300 and 640 cm !
attributed to Mn,0; are still visible, which is in a very good agreement
with XRD patterns. Fora 1:1 ratio, the expected increase in the intensity
of a particular band assigned to Mn-Co spinel can be noticed, especially
bands ea 500 and 660 em ' comparing to band ca. 585 em .
Furthermore, no Raman modes coming from Mn oxide are present,
similarly to no peaks in XRD patterns. Such observations are highlighted
much better for 3:1 ratio, as expected. Bands ca. 190, 500 and 660 cm 1
increased considerably in intensity, whereas Mn-Cu-Fe spinel modes
can be barely noticed as single bands or even shoulders. However, to
provide more accurate, quantitative appmach, spectra deconvolution
was provided within the most important 400 -+ 700 em ! spectral re-
gion. In next step, Iyyco/Ivncare rario for all five cases was caleulated,
where Inmco and Iyincure stand for the sum of integral intensities of bands
coming from Mn-Co and Mn-Cu-Fe oxide spinel, respectively. The ob-
tained results (0.25, 0.44 and 0.71) suggest that Mn-Co: Mn-Cu-Fe
ratios given in previous sections as 1:3, 1:1 and 3:1, respectively, were
either exactly as expected, or very close to the presumed values. It
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Fig. 8. Raman spectra of the investigated pallets. Arrows in the left image indicate the changes in the intensity of the particular bands. Right image illustrates the

deconvoluted spectra with assignments of specific Raman modes,

indicates that procedures used in this work provide a very good conwrol
over the phase composition.

3.3.4. Shrinkage and porosity of hybrid materials

Fig. 9a displays the liner shrinkage percentage of pellets with varying
ratios of Mn-Co to Mn-Cu-Fe spinel materials (1:0, 1:3, 1:1, 3:1, and 0:1
wit) following sintering in static air at 900 “C for 4 h. The shiinkage
percentage of Mn-Co spinel pellets is lower than that of Mn-Cu-Fe
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spinel pellets. Moreover, when comparing the different ratios of Mn-Co
to Mn-Cu-Fe spinel pellets with pure Mu-Co and Mn-Cu-Fe spinel
pellets, an increase in the proportion of Mn-Co spinel within the
Mn-Cu-Fe spinel pellet led to a decrease in the shrinkage percentage.
Fig. 9b displays the porosity and bulk density of various spinel ma-
terial ratios after sintering in a static air atmosphere at 900 “C for 4 h.
The porosity of Mn—Co spinel pellets is higher than that of Mn-Cu-Fe
spinel pellets. Additionally, increasing the ratio of Mn-Co spinel
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Fig. 9. a) Variation in pellet shrinkage with different proportions of spinel marerials, b) Variation in the porosity and bulk density of pellets to different proportions
of spinel materials, ¢) Electrical conductivity of pellets in correlation with temperature across various spinel material ratios, excluding porosity effects, d) Modifying
the electrical conductivity of pellets with temperatute, considering the influence of porosity, ) Arrhenius diagram depicting the relationship between pellet electrical
conductivity and temperature for various ratios of spinel materials, and f) Electrical conductivity of pellets at ditferent spinel material ratios at 400 “C and 600 “C.

material within Mn-Cu-Fe spinel pellets inaeases porosity. It is influ-
enced by densification behavior and chemical composition. Mn-Cu-Fe
pellets may achieve a higher level of densification under similar sin-
tering conditdons compared to Mn-Co pellets, resulting in reduced
porosity. Moreover, Mn-Co coating exhibits enhanced densification
dwing reduction + oxidation treatments compared o sintering in
oxidation treatment (as depicted in Fig. 4a and b). This enhancement
can be attribured to improved comparibility among its constituent ele-
ments (Mn, Cu, Fe). Additionally, there exists an inverse relationship
between porosity and bulk density. As porosity increases, bulk density
decreases, and vice versa. Comparing Fig. 9a and b reveals that the
porosity percentage of Mn-Co spinel pellets is higher than that of
Mn-Cu-Fe spinel pellets. Moreover, the densification of Mn-Co pelletsis
not notably significant. Consequently, the shrinkage percentage of
Mn-Co spinel pellets does not exceed that of Mn-Cu-Fe spinel pellets.

3.3.5. Electrical conductivity of hybrid materials
The measurement of electrical conductivity is undertaken to gain
insights into the electrical properties of spinel materials. The van der
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Pauw method was utilized to examine the electrical conductivity of
spinel pellets. Fig. Oc illustrates the correlation between the electrical
conductivity (o) of pellets and remperature (200-800 °C) across
different ratios of Mn—Co: Mn-Cu—Fe spinel materials (1:0, 1:3, 1:1, 3:1,
and 0:1 wt%), excluding the influence of porosity. The results indicate
that the elecuical conductivity of Mn-Co spinel pellets is lower than that
of Mn-Cu-Fe spinel pellets. Furthermore, the addition of Mn-Co spinel
marerial ro Mn-Cu-Fe spinel material results in a decrease in electrical
conductivity. The electrical conductivity of Mn-Co, Mn-Co: Mn-Cu-Fe
(3:1, 1:1, 1:3 wt¥%), and Mn-Cu-Fe oxide spinel materials at temperature
of 600 “C is 17.96, 26.94, 32.40, 37.01, and 44.16 S/cm, respectively.
Fig. 9d illustrates the modification of pellet electrical conductivity
with temperature across various rarios of Mn-Co: Mn-Cu-Fe spinel
materials (1:0, 1:3, 1:1, 3:1, and 0:1 wt%) while considering the influ-
ence of porosity. After adjusting the electrical conductivity, the results
indicate an increase in the electrical conductivity of pellets across
different ratios. Additionally, the electrical conductivity of Mn-Co
spinel material is lower than that of Mn—Cu—Fe spinel material. More-
over, increasing the ratio of Mn—Cu—Fe results in an increase in electrical
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conductivity. It may be attributed to the presence of Fe dopant ions in
Mn-Cu spinel material, which could increase its electrical conductivity
by aiding the movement of charge carmriers. Furthermore, the ion
mobility within the erystal lattice of Mn-Cu-Fe spinel material may
exceed that of Mn-Co spinel material, resulting in enhanced electrical
conduction.

Fig. 9e illustrates an Arrthenius plot that depicts the correlation be-
tween pellet electrical conductivity and temperature across different
ratios of spinel materials. The activation energy and pre-exponential
factor were calculated for two temperatures, ranging 200-350 “G and
400-800 “C, and are detailed in Table 2.

The findings indicate that the activation energy of Mn-Cu-Fe spinel
material decreases with higher temperatures. This is because elevated
temperatures can increase the mobility of charge camriers within the
Mn-Cu-Fe spinel material, making it easier for them to move and
thereby lowering the activation energy needed for electrical conduc-
tivity. The activation energy of the Mn-Cu-Fe oxide spinel in this
research is aligned with that of other studies [49,59]. Whereas the
activation energy of Mn—Co spinel material decreses with lower tem-
perature. At lower temperatures, this phenomenon is associated with a
decrease in the motion of ions within the material. This diminished
mobility restricts their capacity to surpass energy barriers, consequently
leading to an increase in activation energy. The activation energy of the
Mrn-Co oxide spinel in this research is consistent with that reported in
other study [49]. Furthermore, the addition of Mn-Co spinel material to
Mn-Cu-Fe spinel material results in no significant disparity in activation
energy between low and high temperatures.

Fig. of illustrates the electrical conductivity of pellets with varying
ratios of spinel marerials at 400 °C and 600 "C. At 800 °C, there are no
significant differences observed among the different spinel material ra-
tios (as shown in Fig 9d). However, at 400 “C and 600 “C, significant
variations are evident among the samples and temperatures. Conse-
quently, Mn-Co and Mn-Co:M-Cu-Fe (3:1 wt%) spinel materials are
recommended for inrermediate temperature protective coartings,
whereas Mn-Cu-Fe and Mn-Co:M-Cu-Fe (1:3 and 1:1 wt2) spinel ma-
terials are suitable for high temperature protective coatings.

4. Conclusions

The electrophoretic deposition (EPD) method proves to be highly
effective for applying hybrid spinel materials onto metallic in-
terconnects. These hybrid protective coatings play a critical role in
preventing chromium migration, enhancing electrical conductivity
compared to coatings made solely of Mn-Co or Mn-Cu-Fe spinel ma-
terials. Zeta potenrial and deposition yield are assessed to ensure the
uniform distribution of Mn-Co and Mn-Cu-Fe spinel powders. Results
indicate that the zeta potential and deposition yield of Mn-Co and
Mn-Cu-Fe are approximarely equal ar 0.7 g/L iodine concentration.
Consequently, hybrid spinel materials in varying ratios are uniformly
deposited onto the metallic interconnect. The findings from a cross-
sectional analysis of sintered hybrid spinel coatings under both sinter-
ing treatments indicate that densification is greater in coatings subjected
to reduction + oxidation treatments compared o those sintered solely
under oxidation treatment. In addition, mixing both oxide spinel pow-
ders in different ratios increased the sinterability, resulting in a highly
densified coating compared ro Mn-Co, and Mn-Cu-Fe oxide spinel
coating. Furthermore, EDS mapping analysis reveals that during the EPD
process, both Mn-Co and Mn-Cu-Fe spinel materials are uniformly
deposited onto the substrate. The line scan analysis results indicate that
the chromium diffusion from the substrate to the coating in hybiid
spinel coatings is lower than in Mn-Cu-Fe spinel coatings and higher
than in Mn—Co spinel coatings, for both sintering treatments. What is
more, Raman studies proved applied EPD procedure and thermal
trearment to be very efficient in the formation of coating materials of a
well-defined phase composition. Furthermore, the electrical conductiv-
ity results demonstrate that the electrical conductivity of hybrid spinel
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Table 2
The activation energy and pre-exponential factor for different 1atios of spinel
material at two temperatures.

Spinel materials Ratio (wt.%) Temperature (°C) EfeV) Laag
Mn-Co: Mn-Cu-Fe 1:0 400-800 0.48 16.34
200-350 0.33 13.49
1:3 400-800 0.27 14.28
200350 0.34 14.40
L1 400-800 0.25 13.94
200-350 0.29 14.59
31 400-800 0.29 14.35
200-350 0.26 13.61
0:1 400-800 0.22 13.62
200-350 0.31 15.64

materials is between that of Mn-Co and Mn-Cu-Fe oxide spinel mate-
rial. The hybrid spinel coatings show promise for exhibiting high elec-
trical conduectivity, and increased sinterability compared to Mn-Co
spinel material and low Cr diffusion compared to Mn-Cu-Fe spinel
material. Therefore, Mn-Co: Mn-Cu-Fe (3:1, and 1:1 %) novel hybrid
spinel coating emerges as a promising option for serving as a protective
layer for stainless steels, and it will be explored further in upcoming
studies.
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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 H,0: ethanol solvents exhibited
similar behavior over a 5 h period. In the H,0: 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 H,0: ethanol solvent. In addition, the suspension conductivity of Mn-
Co particles was greater in the H,0: 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 um and a surface roughness of 0.75 = 0.5 um.

= 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 MnCo204, Mni1.7CuFeo304
single-layer, and MnCo0204/ Mn1.7CuFeo0304 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 MnCo204 and Mni17CuFeo304 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)304 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 MnCo204 spinel material but lower than (36%) that of the Mn1.7CuFe0.304

spinel material at 600 °C.

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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