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Preface
This work is based on the experiments I performed from October 2020 to March 2021 in Po-
litecnico di Torino, supported by Elisa Zanchi and headed and supervised by Prof. Federico
Smeacetto.

The thesis is a joint research among Politecnico di Torino, Gdansk University of Technol-
ogy. The samples production and the experimental characterizations were carried out by
at POLITO, afterwards characterizations were partially performed in Gdansk under the su-
pervision of Prof. Sebastian Molin. Transmission electron microscopy characterization was
conducted by Dr. Gregorz Cempura in the International Centre of Electron Microscopy for
Materials Science at University of Science and Technology – AGH in Krakow.

Further experiments could assess the long-term effects of EPD deposited protective coatings
on the overall efficiency.
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Abstract
The integration of renewable energy (RE) sources in the power system is a key strategy to re-
duce fossil fuel consumption and promote the transition towards a sustainable energy system.
To this purpose, hydrogen as energy vector will be a key instrument for meeting the EU Green
Deal objectives.

In this context, solid oxide cells (SOCs) are promising electrochemical devices for the con-
version of chemical energy into electrical energy and vice versa. Solid oxide cells devices are of
great interest for efficient and clean power generation and for highly efficient conversion of elec-
tricity to hydrogen, fuels and chemicals using high temperature electrolysis. High-performance
advanced ceramic materials are at the core of the technological innovations needed to reach a
sustainable and climate-neutral economy and society.

Due to working temperature between 650-850 °C, ferritic stainless steels are the most widely
used for interconnects (IC) in SOC technology. At high oxygen partial pressures and in the
presence of steam, volatile chromium species form, CrO2(OH)2 , thus poisoning the electro-
chemical activity with detrimental consequences on the SOC performance.
Manganese-cobalt based spinels are the widest commercial solution, used as a protective coat-
ing due to their thermomechanical compatibility with IC and high electric conductivity. These
ceramic-based coatings are used to protect metallic IC from oxidation and to limit chromium
release and poisoning of the oxygen electrode; both effects can compromise the durability and
the efficiency of the SOC stack. The doping of MnCo spinels with transition metals (Fe and
Cu) has been previously evaluated as an interesting approach to obtain modification of electric
and thermomechanical properties of the manganese cobaltite pure spinels.

This work focuses on iron and copper dopedMnCo based coatings, deposited by electrophoretic
deposition method. The steel considered is CROFER 22 APU. Samples of four different com-
positions were produced by electrophoretic co-deposition of Mn1,5Co1,5O4, Fe2O3 and CuO in
different amounts. As deposited samples were sintered in reductive and oxidizing atmosphere
in a two-step heat treatment, obtaining a dense and compact coating. After each step XRD
and SEM analyzes were carried out, in order to verify properties of each deposition. Oxidation
kinetics were tested on each coating by thermogravimetric test, at 750 °C for 1000 h. The
mass gain was monitored over time to assess the oxygen uptake caused by metal oxidation.
TEM-SAED characterization was carried out on 5Fe5CuMCO and 10Fe10CuMCO samples
at AGH Univesrity of Science and Technology, in Krakow. In parallel, pellets of different com-
positions of Cu and Fe doped MCO were produced by pressing pre-sintered powders, then
sintered again to obtain a dense and uniform material. Pellets were used for dilatometric
measurements, to investigate the effect of doping on the thermomechanical properties; doped
samples did not exhibit the cubic to tetragonal transition. High Cu concentration leads to a
higher CTE, while Fe has the opposite effect.

The research findings reported in the MSc thesis demonstrated the feasibility of achieving
a mixed spinel structure by a fast and low cost production method. Coatings obtained were
dense, stable and had shown compatible thermomechanical properties with CROFER 22 APU.
Thus, they were performant in reducing oxygen partial pressure on the scale. By properly bal-
ancing the microstructural, thermomechanical and electrical properties of Cu and Fe doped
spinels it will be possible to further optimize EPD deposited ceramic obtaining the proper
functional requirements.
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1 Introduction
In the last few years, record temperatures and extreme weather events are have been regis-
tered all over the world [46]. International Panel on Climate Change (IPCC) reports that
human activities have caused approximately 1 °C of global warming and temperatures are still
increasing at a rate of 0.2 °C per decade [47]. These changes result in severe alterations to hu-
man and natural systems, mainly affecting vulnerable populations and generating instability,
such as migration and poverty [47]. The actual warming relative to the pre-industrial level is
presented in Fig. 1.

Figure 1: Present day warming (2018) [47]

The emission of greenhouse gases (GHGs) is a key driver of global warming, in particular
carbon dioxide has the largest contribution. CO2 concentration in atmosphere is continuously
increasing from pre-industrial period. In 2019 it has reached the level of 409.8 ppm, the highest
value in the past 800,000 years, at least [50].

Most of GHG emissions are caused by fossil fuels combustion for energy production; moreover,
advancements in economy and technologies are drastically increasing the energy requirements,
especially in emergent countries.

However, the general awareness of the climate change problem and the fossil fuels shortage
are increasing the interest in environmental protection and energy saving. Some strategies to
reduce the dependence on fossil resources are found to be either the reduction of the energy
demand or the increase of energy production efficiency and a wider use of renewable energy
sources (RES) [52].

Fig. 2 shows a clear overview of the global energy scenario of 2019. In electricity produc-
tion low-carbon sources (nuclear and renewable energy) amount is about 1/3 of the total,
while the remaining is produced with use of fossil fuels (oil, coal and gas). Taking into account
the heat production and the transportation sector, fossil fuels are even more relevant.
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Figure 2: Energy production by source (2018) [47]

According to the European Green Deal, one of the main goals of European Union is to be
climate neutral in 2050 [54]; this goal can be fulfilled by progressively reducing the greenhouse
gases emissions until reaching 0.

From this point of view, the low GHGs emissions and the renewable nature of the energy
sources make renewable energy technologies very promising.

However, one of the issues undermining a widespread development of renewable energy tech-
nologies is the lower economical competitiveness than traditional power plants due to inter-
mittency of energy production and the relatively high maintenance cost [52].

To deal with the discontinuity of production and the energy demand, advancement in energy
storage technology is necessary on different scales, from seasonal to hourly [55]. An example of
correlation between solar energy production and demand during the year is presented in Fig. 3.

Figure 3: Annual time series on weekly average that illustrate the seasonal relationship of electricity
demand and solar generation for Europe (normalized values) [55]
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When in excess, renewable energy can be stored if capacity is available; when in deficit,
reserve capacity has to be activated as alternative to the grid support from traditional power
plants.

In a daily perspective, closed batteries may be enough, but other technologies must be in-
vestigated for a long-term storage.

In this context, hydrogen technologies are some of the most promising solutions.

The Green Deal has presented “A Hydrogen Strategy for a climate neutral Europe” [56], in
which EU highlights the importance of hydrogen technologies in order to reduce the carbon
emissions and reach the climate neutrality. According to their programs, from 2030 out-
wards renewable hydrogen will be deployed at a large scale, thus hydrogen technologies will be
strongly promoted and developed.

Storage is only one of the possible applications: indeed, hydrogen is recognized for its potential
to revolutionize the energy value chain from generation and distribution to final application.
On industrial scale, hydrogen can be produced from fossil fuels and biomass via steam methane
reforming (SMR), partial oxidation (oil), gasification (coal), from water via electrolysis.

In particular, the interest is focused on the so called “green hydrogen”, obtained from the
conversion of renewable energy. Green hydrogen can be produced through the decomposition
of water using various processes, including electrolysis, photo-electrolysis and thermochemical
cycles [57].

However, nowadays the large majority of the hydrogen produced worldwide for different mar-
kets (i.e. petrol chemical, food, chemical) derives from reaction of methane of fossil origin
through processes such as steam methane reforming (SMR) with efficiencies that can reach
80%.

The production of hydrogen from solid and liquid fuels is even possible and consists in the
gassification of the fuel and in the enrichment in H2, but this process is more capital-intensive
and less efficient than SMR [57]. A comparison of some production technologies in energy
efficiency and selling price is contained in Fig. 4.

Actually, SMR is the most economically convenient technology, followed by coal gasification. In
the actual transition, the production from fossil fuels is important because of its affordability,
but the carbon emissions will limit the use of methane and coal in future.

3



Figure 4: Energy efficiencies and hydrogen selling prices of different production technologies [57]

Once produced, hydrogen can be stored or converted in a specific product for different ap-
plications. This is the power-to-X (PtX) concept. A simple scheme of a PtX plant is presented
in Fig. 5.

Due to the very low density (0.08409 kg/Nm3) at ambient conditions, hydrogen needs very
large storage. The best known option are salt caverns. Excess hydrogen can be fed into the
natural gas grid, but the maximum fraction of H2 allowed is actually restricted to the range
5-10 vol.%. Indeed a higher amount requires adaptations of turbines, compressors, pipelines
and other components [58].

Hydrogen can be utilized to produce other storable energy carriers such as methane, liquid
fuels, methanol and other chemicals, whose transport and storage is cheaper and easier com-
pared to both hydrogen and electricity [58].

This is possible with the integration of CO2 from carbon capture and sequestration (CCS).
This technology includes CO2 separation, its transportation and the final sequestration. The
most common separation processes are the post-combustion, the pre-combustion and the oxy-
fuel combustion carbon capture [59].
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Figure 5: General layout of a Power-to-X plant with inflows of water (H2O), electricity and carbon
dioxide (CO2), and outflows of PtX product, by-product oxygen (O2) and side products [58]

Although the first studies on fuel cells were carried out since the nineteenth century, the
first applications were seen in 1960 by NASA in the Gemini and Apollo space programs. Nowa-
days, they reached a commercialization phase spreading in many sectors, from transportation
with portable fuel cells to power production with stationary fuel cells [60]. Today, there are
many types of fuel cells in the market, commonly categorized by the electrolyte material. The
most considered are the Direct Methanol Fuel Cell (DMFC), the Alkalyne Fuel Cell (AFC),
the Proton Exchange Membrane Fuel Cell (PEMFC), the Phosphoric Acid Fuel Cell (PAFC),
the Molten Salts Fuel Cell (MSFC) and the Solid Oxide Fuel Cells (SOFC).

Among them, PEMFC and SOFC are the most promising devices.

PEMFC are very interesting for transport applications due to their high power density, low
weight, low operating temperature, fast start-up and high efficiency. However, only pure hy-
drogen can be used in these devices due to the Pt catalyst contained in the electrodes.

Both the Proton Exchange Membrane Cell (PEMC) and the Solid Oxide Cell (SOC) can
be used in reverse operation, as electrolyzers, without modifying the components and the lay-
out of the cell, giving the possibility to produce electric energy from a fuel or the contrary
according to the needs.
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1.1 Solid Oxide Cells

1.1 Solid Oxide Cells

Solid oxide cells (SOCs) devices are of great interest for efficient and clean power generation
and for highly efficient conversion of electricity to hydrogen, fuels and chemicals using high
temperature electrolysis.

SOCs are high temperature cells, with operating temperature between 650 °C and 850 °C.
They are characterized by very high efficiency, fuel flexibility and slow startup and load fol-
lowing. Thus, their best application is stationary.

A SOC may be operated either as a solid oxide electrolyzer cell (SOEC) or a solid oxide
fuel cell (SOFC) [61][62].

A schematic of the two options is presented in Fig. 6.

A SOC is composed by three main components: the fuel electrode, the electrolyte and the
oxygen electrode. In order to reach the required voltage and power, many cells are electrically
connected through an interconnect (IC) in a stack.

Figure 6: SOC layout and reactions [62]
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1.1 Solid Oxide Cells

SOFC

In SOFC mode the cell produces electricity and heat by the combination of air with a fuel such
as H2, natural gas, syngas and hydrocarbons [62].

In the hydrogen case, the overall reaction is:

H2 +
1

2
O2 
 H2O

The output voltage is given by:

Vfc = E − Vact − Vcon − Vohmic

where E is the Nernst voltage [V], Vact is the activation loss, Vcon is the concentration loss and
Vohmic is the ohmic loss.

The Nernst voltage is the open circuit voltage when the current is zero, the activation loss
is caused by the activation energy necessary to perform the reaction, the concentration loss
occur due to mass transfer resistance of reactants and products and ohmic loss is caused by
resistance to the flow of ions and electrons in the SOC [69]. Fig. 7 shows the polarization
curves and the effect of the losses.

Figure 7: Typical Polarization V-I Curve of SOFC [68]

Due to high temperature and materials properties, the SOFC losses are considerably re-
duced compared to other fuel cells, PEMFC included. The result is a very high efficiency,
beyond 60%.

7



1.1 Solid Oxide Cells

The fuel flexibility is an interesting feature of SOFCs. Although H2 shows the best perfor-
mances from the electro-chemical point of view, CH4 is better from a balance of plant (BOP,
considering auxiliary components) point of view.

When CH4 is used as fuel, 4 reactions occur:

• Electro-oxidation of the methane: CH4 + 4O2 → 2H2O + CO2 + 8e−

• Steam methane reforming (SMR): CH4 + CO2 → 3H2 + CO

• Dry methane reforming (DMR): CH4 + CO2 → 2H2 + 2CO

• Water gas shift (WGS): CO +H2O → H2 + CO

Once the first reaction occurs, H2O and CO2 start to be produced. The contemporary presence
of CH4, H2O and CO2 in operational conditions result in the occurrence of SMR and DMR.

As CO is produced, it starts reacting with H2O in the WGS reaction.

Since SMR is endothermic, the occurrence of such a reaction acts like a thermal sink. Gener-
ally, the excess heat produced by the SOFC is removed with an excess of air (λair=4-6) driven
by a blower. Thus, SMR can give a contribution to reduce the auxiliaries load and save energy.

The drawback of using carbonaceous fuel is the degradation by carbon deposition, that occurs
by methane cracking and Bodouard reaction. As a consequence, solid carbon deposits all over
the anode surface causing the pore blocking and possible ruptures in the electrolyte.
The best way to solve this issue is to add H2O together with the fuel by recirculation from the
fuel electrode; this cause the occurrence of SMR and avoid the carbon deposition.

There are many applications of SOFCs in the power production.
Besides the stand-alone production, it can be used for industrial CHP systems with the aim
of producing both electrical and thermal energy. An after-burner is foreseen to recover the
remaining chemical energy in the SOFC exhaust.
Another application is hybridization with a gas turbine (GT). In this case the SOFC substi-
tutes the conventional burner. A scheme of a layout is shown in Fig. 8, in this case the SOFC
is connected to the gas cycle by a heat exchanger [73].

Figure 8: Schematic combined gas turbine power plant with SOFC [70]
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1.1 Solid Oxide Cells

SOEC

In SOEC mode, the cell produces chemicals by electrolysis of H20 and/or CO2. If both H2O
and CO2 take part to the electrolysis, then it is called co-electrolysis.

Due to the high operating temperature, efficiency of SOECs is higher compared to both proton
exchange membrane and alkaline electrolyzers. Fig. 9 shows the behavior of the polarization
curves for the three options. The open circuit voltage (OCV) is lower in the SOEC case due
to the effect of high temperatures, furthermore the ohmic and activation losses are reduced.
For a given current of operation, a SOEC requires a lower voltage.

In co-electrolysis, a SOEC is able to produce a mixture of H2 and CO, called syngas, which
is the starting point for the production of chemicals, such as synthetic methane by methanation:

3H2 + CO 
 CH4 +H2O

Figure 9: Comparison of typical electrolyzer polarization curve ranges [63]

The overall reversible reactions of co-electrolysis are shown below:

H2O 
 H2 +
1

2

CO2 
 CO +
1

2
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1.1 Solid Oxide Cells

In the co-electrolysis case, H2 reacts with CO2 to produce CO via reverse water gas shift :

H2 + CO2 
 H2O + CO2

Ideally, a SOEC can work at efficiency of 100% if it works in thermoneutrality voltage.
With respect to the heat demand, the thermoneutral voltage, is the voltage at which neither
heating nor cooling takes place.

Usually, the operating point is often above the thermoneutrality in order to produce some
extra heat to compensate the heat losses and feed the auxiliaries [71].

The following sub-sections are focused on the materials used for the components of the SOC.
An example is shown in Fig. 10.

Figure 10: Artificially colored SEM micrograph of cross-section of a DTU-manufactured anode sup-
ported SOC of 350 µm [64]

There are three options to provide mechanical support to the SOC:

• anode-supported cell

• electrolyte-supported cell

• cathode-supported cell

Anode-supported cell is the best solution because offers high triple phase boundary (TPB: the
interface among fuel, ions and electrons, where the reaction occur) and involves thin layer of
electrolyte which means low ohmic drop.
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1.1 Solid Oxide Cells

1.1.1 Electrolyte

The electrolyte must have high ionic conductivity, sufficiently low electric conductivity; it must
be fully dense and stable in both reducing and oxidizing environments [64]. Its performances
are mainly influenced by the operating temperature, the thickness and the material’s choiche.

The most common SOC electrolyte is yttria-stabilized zirconia, that consists of (Y2O3)0.08(ZrO2)0.92
called 8YSZ. Zirconia presents stable cubic fluorite or tetragonal structure [64] .

This material has optimal properties at high temperature, it is quite cheap and available,
stable and non-toxic; however it shows performance limitations at intermediate temperatures
in ionic conductivity, since it is a thermally activated process [62]. That means that they have
to be operated at higher temperatures (750 - 900 °C) to achieve a good performance.

Indeed, YSZ is not fully phase stable at temperatures below 800 °C, because tetragonal zirconia
with lower yttria content tends to precipitate at the grain boundaries. Tetragonal zirconia has
a considerably lower conductivity than cubic zirconia [64]. Many other solutions were studied,
such as other Zirconia-based, LaGaO3-based, ceria-based and proton conduction electrolytes.
The best ionic conductivity for intermediate temperature applications was found to be scandia-
stabilized zirconia. This electrolyte shows two main drawbacks: it presents a degradation of
ionic conductivity over time at high temperature due to the formation of a Sc scale and it is
quite expensive [62].

1.1.2 Fuel electrode

The fuel electrode must be both an electrical and ionic conductor. Moreover, it must be higly
porous in order to allow the diffusion of the fuel and have an high catalytic activity. Further-
more, thermos-physical and thermomechanical properties must be compatible with those of
the electrolyte.

The most used solution material is the Ni-YSZ cermet, a composite of a metallic nickel and a
ceramic yttria stabilized zirconia. The metal provides the necessary electric conductivity while
the ceramic the ionic conductivity.

The cermet is obtained by sintering NiO-YSZ with high densification and by reducing the
NiO to Ni in order to reach the required porosity (22%). In this way the longest possible TPB
is obtained [64].

Ni-YSZ suffers of degradation mainly due to adsorbed impurities, such as the presence of
Zr-oxide that reduce the TPB and poison the electrode. This degradation effect is higher in
SOEC than in SOFC mode. Other drawbacks are carbon deposition and sulfur poisoning [62].

In order to completely solve these issues many other studies are being carried out. Recent
promising electrodes are 10 mol.% Gd-doped Ceria (CGO10) and the perovskite structured
strontium iron molybdenum oxide (SFM), but more long-term studies are necessary to deter-
mine their validity [64].

1.1.3 Oxygen electrode

As seen for the fuel electrode, the oxygen electrode must be characterized by high electronic
conductivity, high electric conductivity, high porosity and high catalytic activity [64].

11



1.1 Solid Oxide Cells

The most widespread material was La1-xSrxMnO3-delta (LSM) thanks to its high electric
conductivity and the compatible thermomechanical properties with YSZ [64].

The main degradation phenomena of oxygen electrode are the electrode delamination at the
interface with the electrolyte due to high oxygen partial pressure in the electrolyte and poi-
soning by chromium, strontium and silica [62].

Research is focusing on other types of perovskites such as (La0.6SSr0.4)0.98CoO3 (LSC) and
(La0.6Sr0.4)0,98CoO3 (LSCF). Due to the reactions that occur at the interface of LSC and
YSZ electrolyte, a barrier layer of Ce0.9Gd0.1O1.95 (CGO) is commonly placed between them
[64].

Despite the high performances registered by LSC, this material is categorized as carcinogenic
due to the Co contained. For this reason, new solutions without Co will be investigated [64].

1.1.4 Interconnect

The IC has two main functions: to establish an electrical connection between the fuel electrode
and the oxygen electrode of two different cells and to separate the reducing and oxidizing at-
mospheres.

The main requirements of an interconnect are listed in [66] and include:

• excellent electrical conductivity with area specific resistance below 0,1 ohm cm2 [67];

• adequate stability in dimension, chemistry and microstructure at operating temperatures;

• low permeability to fuels and oxygen;

• compatible coefficient of thermal expansion;

• chemical compatibility to avoid reactions between the IC and the electrodes;

• high thermal conductivity;

• excellent oxidation resistance;

• low cost fabrication;

• high temperature strength and creep resistance.

Traditionally, ceramics such as LaCrO3 were widely used as interconnects in SOCs due to the
strong chemical stability and the high electric conductivity at temperature near to 1000 °C.
However, their production was expensive since obtaining a dense ceramic is a complex process.

Progresses of the electrolyte materials allowed to reduce the temperature enhancing the effi-
ciency of SOCs, introducing the possibility to use ferritic stainless steels (FSSs) as interconnect.
Nowadays, metallic interconnects are preferred because of their excellent electrical conductiv-
ity, high strength, simple manufacturability, low cost, and excellent mechanical property in
SOC working conditions [65][37].
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1.2 Work Overview

1.2.1 The interconnect corrosion problem

Ferritic stainless steels (FSSs) used as interconnects in SOC applications face the issue of fast
degradation when subjected to stack operating conditions.

FSSs form a protective Cr2O3 scale on the surface, offering a good compromise between elec-
tronic conductivity and corrosion protection [17]. However, the oxide scale grows during the
SOC stack lifetime causing the loss of electrical conductivity. Moreover, additional degradation
is caused by the cathode poisoning. Volatile chromium species can form at the IC surface be-
cause water vapor and oxygen react with the chromia scale. According to different studies, the
most abundant volatile specie produced is CrO2(OH)2 [19][20][21]. The reaction that occurs is:

Cr2O3 (s) + 2H2O (g) + 1, 5O2 (g) −→ 2CrO2(OH)2 (g)

Volatile chromium species can reach the TPB, causing the electrochemical degradation of the
electrode [18]. Cr evaporation has a low activation energy and will therefore continue to be a
challenge even if the operating temperature of SOFC is further reduced [16].

Specific FSS with high concentration of manganese have been developed to reduce these degra-
dation phenomena. They form an adherent (Cr,Mn)3O4 spinel top layer above the Cr2O3-layer
at about 800 °C that considerably reduces the Cr evaporation [17] [18].

Research is focusing in the development of barrier coatings to further reduce the Cr evap-
oration and the growth of Cr2O3 scale [17]. In particularMn1.5Co1.5O4 (MCO) spinel is one of
the most promising coating materials due to its high electrical conductivity, good CTE match
with the stainless steel substrate and an excellent chromium retention capability [12].

The doping of MCO spinels with transition metals (Fe and Cu) has recently previously eval-
uated as an interesting approach to obtain modification of electric and thermomechanical
properties of the manganese cobaltite pure spinels [14][45][43].

1.2.2 Thesis outline

This work focuses on the synthesis and characterization of Fe and Cu doped Mn-Co spinel
coatings obtained by electrophoretic co-deposition of Mn1.5Co1.5O4, Fe2O3 and CuO.

Electrophoretic deposition (EPD) is used because it has many advantages compared to other
methods, such as low costs and short deposition time.

Preliminary samples were produced in different compositions: the Fe and Cu doping level
were tuned varying the precursors content in four different EPD suspensions. The morphology
and microstructure of the preliminary samples was studied by X-ray diffractometry (XRD)
and scanning electron microscopy (SEM) at Politecnico di Torino and by transmission electro
microscopy (TEM) at AGH in Krakow, as it will be discussed in the following sections.

Then, optimized coatings were deposited and tested. In particular, the oxidation behavior
at 750°C and the area specific resistance (ASR) were analyzed at Gdansk University of Tech-
nology for both as-sintered and 1000 h aged samples.
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In both cases the substrate was CROFER 22 APU, a ferritic stainless steel developed for
SOC interconnects.

Moreover, spinel pellets of the same compositions of the coatings were produced and tested
to study the thermomechanical behavior by evaluating of the coefficient of thermal expansion
(CTE).

The following scheme [Fig. 11] summarizes the contents of the thesis.

Figure 11: Thesis overview

The following part of Chapter 1 contains considerations about the methods applied for the
production and characterization of samples.

Chapter 2 is dedicated to the description of all the experimental procedures carried out during
the thesis.

Chapter 3 reports the results obtained from each analysis performed. Thermomechanical
properties, microstructure, morphology, oxidation kinetics and electrical performances are dis-
cussed and compared.

Conclusions are proposed in Chapter 4, where the most significant results are summarized
and future perspectives are pointed out.
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1.3 Experimental methods

In this section, the methods of samples production and characterization are discussed relying
on literature.

1.3.1 Electrophoretic deposition

Electrophoretic deposition (EPD) is defined as a colloidal process in which charged particles
suspended in a liquid medium are deposited on a conductive substrate under the effect of an
applied electric field. Advantages of the process are:

• fast deposition;

• apparatus simplicity;

• little restriction of the shape of substrate;

• cost-effectiveness;

• good uniformity.

Thickness and morphology can be controlled adjusting the deposition parameters. [1][2]
The first studies of the correlation between the amount of particles deposited and other de-
position parameters were carried out by Hamaker and were summerized in the Hamaker’s law
[3]:

m = CsEµSt

where m(g) is the deposit weight, Cs(g/cm
3) is the particle concentration, E(V/cm) is the

electric field strength, µ(cm2/sV ) is the electrophoretic mobility of the particles, S(cm2) is the
deposition area and t(s) is the deposition time.

A similar equation was then introduced by Hirata et al. using Faraday Law [4]:

m = 2Csε0εrξEt/3η

where Cs(g/cm) is the particle concentration, ε0(F/m) is the permittivity of vacuum, εr(F/m)
is the relative permittivity of the solvent, ξ(V ) is the zeta potential of the particles, η(Pa s) is
the viscosity of the solvent, E(V/m) is the electric field strength and t(s) is the deposition time.

As it is visible from previous equations, deposited mass depends on several variables that
concern both the suspension and the deposition process.

As far as the suspension is concerned, the dispersion of particles into the liquid medium is
of fundamental importance. Large particles tend to settle at the bottom of the container,
resulting in inhomogeneous deposition. Even if a general rule is not fixed, optimal depositions
of a wide variety of ceramic films occur for particles size in the range 1-20 µm. [5][1]

In general, the deposition rate increases with the particles concentration [6]. Particle con-
centration is directly related to the mass deposited. This aspect is particularly interesting for
multi-component EPD because composition of the final film can be controlled. [2]
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Surface charge is one of the driving factors of EPD process. It influences the intensity of
repulsive forces among particles, thus the suspension stability and particles agglomeration.
Indeed, stability is dependent on electrostatic and Van der Waals forces among particles.
Surface charge can be increased by adding charging agents such as bases and acids to the
suspension[1][2].

Properties of liquid medium determine the success of a good deposition. Dielectric constant
must not be too high because the particles mobility is reduced. On the contrary, too low di-
electric constant means insufficient dissociative power. According to Powers, the best range is
12-25 [8]. Even the conductivity of the liquid must be in the correct range; it can be increased
adding dispersants and raising the temperature [1].

Moving to the deposition parameters, the first key factor is the applied voltage; it influences
the driving force applied on suspended particles. At high voltages the driving force grows, as
a consequence the deposition rate increases.
However, high voltage leads to a strong production of bubbles due to electrochemical reactions
in some cases (e.g. electrolysis of water) and gas development at the electrodes [2]. More-
over, high deposition rate caused by high voltage reduces the film quality and thickness due to
turbulence in the suspension. Basu et al. report that the best range for deposition is 25-100
V/cm, while over 100 V/cm worse performances are reached [9].

An example of the influence of voltage on the deposition of BCY10 is shown in Figure 12.

Figure 12: Linear dependence of the BCY10 film thickness in 1 min as a function of the EPD voltage
(30–60 V) [10]

The coating thickness is dependent on the deposition time. Basu et al. study shows how the
thickness grows increasing the deposition time at fixed applied field until it reaches a plateau
[9]. This behavior for ZnO is shown in Figure 13.

Keeping a constant voltage, the electric field decreases with deposition time because of the
formation of a more and more thick insulating ceramic layer on the substrate surface. This
phenomenon causes the reduction of the deposition rate over time [1].
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Figure 13: Relationship between deposit thickness and time of deposition for ZnO coatings on copper
electrode at different applied potential [11]

EPD is collecting interest in SOC applications. Studies were carried out for the fabrication
of electrodes, electrolytes, function layer, barrier layer [7]. The area of application of interest
for this work is the deposition of spinel coatings onto metallic interconnects coatings.

The co-deposition of Manganese cobalt oxide (MCO), Fe2O3 and CuO was found to be ca-
thodic. As discussed in [12] and [13], both MCO and CuO have positive zeta potential in
EtOH/H2O, thus they are attracted by the negative electrode. Instead, E. Zanchi et al. [14]
show that Fe2O3 in EtOH/H2O develop a negative surface charge. However, due to differences
in size, concentration and charge, Fe2O3 associate with MCO particles and the deposition is
still cathodic.

This part will be discussed in more details in section 2.1.

1.3.2 Sintering

Sintering is a key process for the production of spinel coatings deposited by electrophoretic
method. Heat treatment parameters must be optimized to obtain a dense and homogeneous
film.

A first possible way is to perform a single-step sinter. It consists of a heat treatment in
air in the range 900 – 1100 °C.
Bobruk et al. [15] shows how single step sinter of MCO at 900 °C and 1000 °C led to a dif-
fuse open porosity and poor densification. On the other hand, coatings reduced at 1100 °C
exhibited a good densification, but cracks at the chromia/spinel interface were identified after
the re-oxidation step; moreover, the reduction treatment at higher temperature caused the
development of a significantly thicker oxide scale.

Due to these issues a two-step sinter is preferred. The first heat treatment is performed
in reducing atmosphere, while the second one in air (re-oxidation).
For pure MCO spinel, after the reduction step MnO and metallic Co are obtained. The re-
oxidation leads to the formation of a new spinel phase. The densification effect was found to
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be caused by the coarsening of metallic Co during the reducing step [15].

E. Zanchi et al. [14] showed how the reduction phase in case of co-deposition of MCO and
Fe2O3 had led to the decomposition in MnO and metallic Co as seen above and an additional
cobalt and iron alloy. The re-oxidation allowed to obtain a Fe-doped MCO spinel.

Fig. 14 shows the differences among the heat treatments in densification and chromia scale
development of MnCo1.7F0.3O4. It is clearly visible that the highest coating densification is
reached with higher temperature of the reducing step and a subsequent oxidation. However,
higher reduction temperatures also brings to the development of a thicker oxide scale.

Figure 14: SEM backscatter electron images of MnCo1.7F0.3O4 coated Crofer 22 APU after sintering
heat treatments [16]

In [15][14] the best sintering procedure was found to be a reduction treatment in H2/Ar at
1000 °C for 2 hours and a re-oxidation in air at 900 °C for 2 hours; no cracks and very good
density were observed.

1.3.3 Thermogravimetric test

In section 1.2.1 the corrosion problem had been presented. In the following part the oxidation
theory from both thermodynamic and kinetics point of view is reported.

When in ambient conditions most metals are thermodinamically unstable and react with gases
[22][23]. The general reaction that occurs between a metal (M) and oxygen is:

aM (s) +

(
b

2

)
O2 (g) −→MaOb (s)
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If the Gibbs energy is less than 0, then the reaction is spontaneous. Gibbs energy is defined
as follows:

∆G = ∆G0 +RTln

(
aMaOb

aaM + a
(b/2)
O2

)

where ∆G0 represents the change in free energy when all species are in their standard state, R
is the universal gas constant, T is the temperature and a is the activity of each component [24].

The Ellingham-Richardson diagram (Fig. 15) relates the standard Gibbs free energy and the
dissociation pressure to temperature. Practically, it allows to verify if there is the possibility
of oxidation of a specific metal.

Figure 15: Ellingham Diagram for metal oxides [25]
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The example of interest for this work is the oxidation of Cr to Cr2O2. The diagram points
out that at 800°C and with oxygen partial pressure of about 10−20 atm the oxidation occurs.

Kinetics of oxidation is necessary to study the long-term behavior of the interconnects.

Phases of oxidation are shown in Fig. 16, the oxygen adsorption and the oxide nucleation
are fast at high temperatures, while the oxide scale growth depends on the densification and
protection of the oxide scale itself [24].

Figure 16: Oxide scale formation phases, adapted from [22]

If the oxide scale is dense and protective, the growth rate will decrease with time due to
the increasing length of the diffusion paths. Thus, the resulting oxide scale growth is parabolic
[26]. The thickness behavior can be expressed as:

dx

dt
= kp,t ·

1

x

x2 = 2k
′

p,t · t+ C

where x[cm] is the oxide scale thickness, t[s] is the exposure time and k
′
p,t [cm2s−1] is the

parabolic oxidation rate constant.

In general, the initial stages of oxidation (0-250 h) do not follow a parabolic behavior [22].

In case of porous and non-protective oxide scale the growth follows a linear behavior [24].

dx

dt
= kl,t

x = k
′

l,t · t+ C

where k′

l,t is the linear oxidation rate constant.

One of the practical methods applied in the evaluation of the oxidation process of both bare
and coated steel is the measurement of the mass change over time at operating temperature.

20



1.3 Experimental methods

Indeed, the mass change can be correlated with the oxygen uptake during oxidation. However,
no others phenomena that can change the weight have to occur [26].

The parabolic oxidation rate in terms of mass change can be obtained by the conversion
of the one seen in terms of thickness to the following equation:

kp,m =

(
MMaOb

b ·MO · ρMaOb

)2

· kp,t

where MMaOb
is the molar mass of the oxide, MO is the molar mass of oxygen and ρMaOb

is the
oxide density [24].

The parabolic and linear kinetics can be espressed as follow:

(
∆m

A

)2

= 2kp,m · t+ C

∆m

A
= k

′

p,m · t+ C

where ∆m[g] is the mass gain and A[cm2] is the surface area.

FSSs suffer of Cr evaporation that induce a loss of weight, this phenomenon can reduce the
effectiveness of mass gain measurements.

As seen in section 1.2.1, CROFER 22 APU is a special alloy for SOC applications. Due
to its high Mn concentration the Cr evaporation is lower compared to other specific steels for
SOC interconnects [30], as presented in Fig. 17.

Figure 17: Chromium evaporation curves for different steels in air + 3% H2O at 850°C [30]
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Most of the studies carried out on CROFER 22 APU showed that mass change over time
observed a parabolic behavior at high temperatures [27][28][29].

B. Talic et al. [16] showed how the application of MCO coatings considerably reduce both
mass gain and Cr evaporation.

1.3.4 ASR test

In a SOC stack, the interconnect provides electrical connection between different cells and to
the external circuit. Thus, the electrical conductivity of the interconnect material is important
and must be the highest possible.

The growth of the oxide scale leads to a reduction of the interconnect electrical conductiv-
ity during its lifetime [31], because the resistance of the oxide scale is considerably higher than
the resistance of the steel [24].

The application of coatings is a way to improve the performances of interconnects, even in
terms of electrical conductivity [31].
The contribution to total electric resistance are shown in Fig. 18.

Figure 18: Electrical resistances overview of a coated steel core [72]

Four contributions to total resistance of the interconnects can be identified [72]:

• Resistance of the steel - due to very high electronic conductivity of steel is negligible
(ASRCORE∼0);

• Resistance of the thermally growing oxide scales (Cr2O3, (Mn,Cr)3O4), with relatively
low electronic conductivity (typically considered to be in the range ∼ 0.005-0.05 S cm−1)
which considerably contribute to the total ASR; thickness of the oxide increases mono-
tonically, so an increase in ASR over time is expected. Neglecting potential composition
changes influence on conductivity, ASR will be directly proportional to oxide thickness;

• Resistance of the reaction layer between the coating and the thermally grown oxide –
due to diffusion of Cr from chromia into the neighbouring spinel coating, the electrical

22



1.3 Experimental methods

conductivity of the formed reaction layer can be decreased in comparison to the pure
initial spinel;

• Electrical resistance of the protective (e.g. MnCo2O4) coatings typically have electrical
conductivity values » 10 S cm−1, with a very small contribution to the resistance.

The most common way to measure the electrical resistance is the Area Specific Resistance.

Due to the great difference in orders of magnitude between the substrate and the scale elec-
trical resistances, in ASR calculation the steel factors can be neglected [32]. The ASR of an
oxidized alloy can be expressed as:

ASRinterconnect = ρchromia · τchromia

where ρ[mΩ cm] is the specific resistivity and τ [cm] is the thickness.

In case of application of a coating, the expression become:

ASRinterconnect = ρchromia · τchromia + ρspinel · τspinel

Since the specific resistivities and the coating thickness are constant, then ASR can be assumed
to be proportional to the oxide scale mass gain [31].

The electrical characterization presents the contacting issue. Different materials are used as
contacts and identify different characterization methods.

The first type of materials used for this application are noble metals. Platinum, gold, sil-
ver do not influence the oxide scale, thus they are interesting for a more theoretical point
of view. Instead, materials that are used as oxygen electrode in SOCs such as LSM or LSC
simulate the real behavior of the interconnect in a SOC stack [31][33-41].

ASR is measured by a four-point set-up, as shown in Fig. 19. ASR can be easily calcu-
lated using the following expression:

ASR =
∆Vinterconnect

I
· Ainterface

where ∆V [V ] is the voltage drop, I[A] is the applied current and A[cm2] is the contact area.

Figure 19: Illustrations of the four-point set-up for ASR measurement [24]

The two possible types of characterization are named in-situ and ex-situ. The in-situ
characterization is a continuous ASR evaluation, while ex-situ consists of discontinuous mea-
surements, following regular oxidation scales [31].
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2 Experimental
In this section the experimental procedures for coatings synthesis, processing and characteri-
zation are detailed.

2.1 Samples preparation

The electrophoretic co-deposition method was used to deposit the protective layer on coupons
of CROFER 22 APU (Thyssenkrupp); the steel specifications are listed in Fig.20-21.

Figure 20: wt.% CROFER 22 APU [44]

Figure 21: Physical properties of CROFER 22 APU [44]

First, preliminary samples were produced and the co-deposition was characterized with af-
terwards analysis. Once best parameters were founded, then optimized coatings were produced
and sent to Gdansk University of Technology (PL) for thermogravimetric and area specific re-
sistance tests at 750°C.

The experimental activity demonstrated that the co-deposition of the chosen precursors pro-
ceeds in the cathodic direction. In Fig. 22 a co-deposition mechanism is proposed.

MCO and CuO are attracted by the negative electrode, due to their positive surface charge
(ZMCO = +13mV , ZCuO = +6mV [13]). On the other hand, Fe2O3 develops a negative
surface charge in EtOH/H2O (ZFe2O3 = −9.9mV [14]). The little size of the particles allows
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their aggregation to MCO and CuO, allowing the mutual transportation towards the cathode.

Figure 22: Co-deposition mechanism illustration

2.1.1 Preliminary deposition experiments -EPD parameters and morphological
and compositional characterization

Coupons of CROFER 22 APU with dimensions of 1,5 x 1,5 cm2 were used as substrates for
coating deposition. The coupons were previously washed in ethanol and acetone in the ultra-
sonic bath in order to remove processing residues.

The first step was the preparation of suspensions composed by 60 vol.% of ethanol and 40
vol.% of double distilled water, mixed in a becker for a total volume of 50 mL. Spinel MCO
(ideally at 50% of Mn1Co2O4 and 50% of Mn2Co1O4 at room temperature), Fe2O3 and CuO
are added in different compositions for a total amount of powders equal to 37,5 g/L with the
aim of obtaining a large number of sundry samples to test. The g/L value was inspired by
other verified experiments of MCO, CuO and Fe deposition [14][12][42][43].

Five different EPD suspensions were obtained varying the percentage in mass of precursors, in
this way the Fe and Cu doping level was tuned.

Before starting with the deposition, the suspension was left to stabilize with sonication and
stirring for at least 30 min.

When not in use for the deposition, the suspension was kept on the magnetic stirrer to guar-
antee the suitable homogeneity and avoid sedimentation or aggregation of powders.

Before each deposition, the suspension was further stabilized alternating magnetic stirring
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(10s) and sonication (10 s) for three times.

For these preliminary samples the electrophoretic co-deposition was performed with a two-
electrode setup. A substrate of CROFER 22 APU of 2 x 4 cm2 was used as the anode, while
the sample to coat was the cathode.
The distance between the two electrodes was set at 1.5 cm.

A constant voltage of 50 V was applied for thirty seconds to obtain a protective layer of
thickness 10-15 µm.

In order to identify short-current events or an ineffective process of deposition, current was
registered and the value obtained was about 2-3 mA.

After the deposition, the obtained samples were dried on alumina supports for at least twenty-
four hours before thermal treatments.
The summary of the samples obtained, their composition and the labelling is presented in Fig.
23.

Figure 23: Preliminary samples overview

After the deposition, thermal treatments had been carried out on the samples to sinter and
densify the powders deposited on the metal substrate. The first thermal treatment performed
was the reduction in Ar/H2 (2 vol.%) atmosphere at 1000 °C for 2 hours (10 °C/min).
Samples treated in this way are labelled R1000.

The second was the re-oxidation in air at 900 °C for 2 hours (10 °C/min). Complete sin-
tered samples are labelled R1000 Reox900.

Fig. 24 shows one of the as-sintered samples, the resulting coating of the co-deposition and the
further sintering was uniform and well adherent to the substrate. Neither cracks, delamination
nor visible porosity were detected.
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Figure 24: 5Fe5CuMCO R1000 Reox900 sample

A total of 6 samples per composition, according to different heat treatments, were produced
in order to carry out microstructure and morphology analysis at each sintering step.
A summary of the totality of samples produced is con-tained in Figure 25.

Figure 25: Number and type of samples according to different heat treatments

After the preparation, samples microstructure and morphology was investigated by X-ray
diffraction and scanning electron microscopy.

Crystalline phases of coatings had been evaluated by X-Ray diffraction (XRD) with a Bruker
D8 instrument with Cu-K radiation.

In order to perform electronic microscopy characterization of cross sections samples were em-
bedded epoxy and then polished with SiC paper.

2.1.2 Optimized deposition experiments

Coupons of CROFER 22 APU (1.5 x1.5 cm) cut from a 0.3 mm thick plate were used as sub-
strates for deposition of optimized coatings. Before the deposition a 3 mm hole was punched
near one edge, necessary for the thermogravimetric analysis that was carried out afterwards.

The procedure adopted for the deposition was the same seen for the preliminary samples
with slight differences.

The suspension was prepared with a total volume of 100 ml due to the space needed by the
electrodes. For this reason, the amounts of powders were doubled compared to the preliminary
deposition.

Varying the precursors concentration four different suspensions were obtained: 10Fe10CuMCO,
5Fe5CuMCO, 10Fe5CuMCO and 5Fe10CuMCO; pure MCO spinel was not considered for the
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oxidation and electrical characterization because many results have already been obtained in
other studies.

In this case the protective layer had to be deposited on both side of the metal coupons,
thus the EPD was performed using a three-electrode setup in which the sample to coat was
placed between the two positive electrodes (anodes) at 1,5 cm distance from each of them.

Even in this case the deposition was performed in 30 seconds at a voltage of 50 V. The
layout is shown in Fig. 26.

All samples were sintered both in reducing and oxidizing atmosphere as seen before, obtaining
six samples for each composition for a total of 24.
All coatings were well adherent to the substrate, without any visible defect.

Figure 26: EPD layout

Oxidation kinetics were studied for each type of coating at Gdansk University of Tech-
nology. Four samples for each composition were employed to perform the thermogravimetric
measurements.
Alumina rods were inserted in the 3 mm hole of each coupon to hang the samples in the oxi-
dation furnace.
The test was carried out for 1000 h at 750 °C (120 °C/h ramps).
Every 250 h the samples mass change was measured. The mean value and the standard devi-
ation of the mass gain was calculated for each composition.

ASR measurements were carried out with the ex-situ method with platinum contacts. Ob-
jects of this characterization were as-sintered and 1000 h aged coupons.
Platinum was applied over the samples and dried. Treated samples were inserted in a rig
connected to an impedence measurement in order to collect data.
Starting from 750 °C, the ASR was measured during the cooling ramp until reaching 200 °C.
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2.2 Pellets preparation

2.2 Pellets preparation

Pellets of Fe and Cu doped MCO were produced in order to measure the coefficient of thermal
expansion (CTE) and evaluate the influence of doping for the thermomechanical properties of
the spinel coating.

Powders of Fe2O3, CuO and MCO were weighted and mixed in the same ratios as for the
preparation of the EPD suspensions, respectively: 10Fe10CuMCO (10:10:80), 5Fe5CuMCO
(5:5:90), 10Fe5CuMCO (10:5:85) and 5Fe10CuMCO (5:10:85).

Two further compositions were considered, in order to evaluate the effect of Fe or Cu dop-
ing alone on the coefficient of thermal expansion of MCO; these compositions are labelled
10FeMCO (10 wt.% of Fe2O3, 90 wt.% of MCO) and 10CuMCO (10 wt.% of CuO, 90 wt.%
of MCO).

Powders were weighted in proper amounts and mixed for 24h on rotating rollers. They were
placed in alumina boxes and sintered in reducing (Ar/H2, 1000 °C, 2h) and oxidizing (air,
900 °C, 2h) atmosphere, following the same sintering treatment than the EPD coatings. The
total amount of powders for each composition was 2.5 grams. Afterward, pellets were prepared
pressing the sintered powders with the uniaxial press in Fig. 27.

Figure 27: Uniaxial press for the production of pellets

The thickness researched was about 0.5 cm due to dilatometry tool requests.
After the preparation an additional sintering in the air was performed for 5 hours at 1100 °C
(3°C/min) and for 2 hours at 800°C for annealing (cooling ramp 2°C/min). Resulting pellets
were without cracks and with compact surfaces.

After the preparation, thermomechanical properties of the materials produced were tested
by dilatometry afterwards with a Netzsch DIL 402 PC/4 dilatometer to investigate the dilata-
tion behavior over temperature. Results are shown in the following sections (3.1). In order to
improve the precision of the results, four measurements per sample were carried out.
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3 Results and discussion

3.1 Dilatometry

Thermomechanical compatibility is necessary to avoid cracks among the different materials
composing the SOCs. Indeed, mechanical stresses can cause cracking or delamination during
thermal cycles bringing to a break in the device. In particular, the interconnect-coating com-
patibility must be verified.

Dilatometric measurements had been carried out on 5 mm-thick pellets (section 2.2) to evaluate
the coefficient of thermal expansion (CTE) in function of temperature, from room temperature
to 900 °C.

Fig. 28 shows the dilatometric curves in function of the temperature for all samples. The
behaviour of the measurements is almost linear most of the times, however a huge difference
is visible in the MCO graphic.

The trend of MCO starts linearly until reaching about 450 °C, when the linear behavior is
no more respected. This phenomenon happens due to the transition of MCO structure from
cubic to tetragonal. This transition ends at about 650°C and the trend returns to be linear.

None of the Fe and Cu doped samples exhibit the transition, as the dilatometric curve shows
a linear trend from low to high temperature.

From the measurements performed, mean coefficients of thermal expansion for different ranges
of temperature are computed (Fig. 29).
In the calculation, low temperatures until 150 °C are not considered because can be affected
by transitory events.

Besides the calculation of the overall CTE for each measurement, a low temperature range
and a high temperature range are considered to allow a comparison of the thermomechanical
properties in different conditions. Furthermore, the overall CTE take account of the cubic to
tetragonal transition of the spinel.

MCO showed a mean CTE of 11.06x 10−6K−1 while values referred to 150 - 400 °C and
650 - 900 °C were 11.73x 10−6K−1 and 11.68x 10−6K−1. According to these data, the differ-
ence is caused by the cubic to tetragonal transition; indeed mean CTE accounts for the range
of temperature 400 - 650 °C in which the transition is verified. The other compositions did not
showed this behavior.

What is visible is that CTEs are not so affected by temperature. CTEs between 150 - 400 °C
are similar to those between 650 - 900 °C, even if slightly higher in all cases. This behavior is
totally different from the one seen for CROFER 22 APU [44], strongly dependent on temper-
ature. Indeed, CROFER CTEs go from 10.3x 10−6K−1 at 200 °C to 12.7x 10−6K−1 at 1000
°C [44].
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3.1 Dilatometry

Figure 28: Dilatometric measurements

Figure 29: Coefficients of thermal expansion calculated for all compositions in different temperature
ranges
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3.1 Dilatometry

The standard deviations of the measurements are shown in the following graphs (Fig 30).
It can be seen from the standard deviations of each sample from the regression line that
MCO shows large deviations in the cubic to tetragonal transition range, while this is not the
case for other compositions. 5Fe5CuMCO has the highest standard deviations in the whole
measurement, covering a wide range of CTEs due to probable inaccuracies. The other samples
were stable and exhibit little deviations.

Figure 30: Mean trends of dilatometric measurements, errorbars refer to standard deviation
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3.1 Dilatometry

Fig. 31 shows the values of mean CTEs between 150 °C and 900 °C for each composition.
The first important consideration concerns the difference among them.

10Fe10CuMCO and 5Fe5CuMCO have a similar value of about 12.5x 10−6 K−1, while 10Fe5CuMCO
and 5Fe10CuMCO are very different especially from each other, showing respectively the fol-
lowing CTEs: 11.87x 10−6 K−1 and 13.31x 10−6 K−1. Increasing amounts of Fe leads to a
decrease of thermal expansion coefficient, which raises at increasing amounts of Cu, instead.
The same behavior and congruent values were seen in previous studies [45].

Furthermore, data suggest a possible incompatibility of 5Fe10CuMCO with the substrate due
to too high CTE, while 10Fe5CuMCO and 5Fe5CuMCO are the most suitable. However, this
has to be evaluated with post-mortem analysis of coated steel after aging.

Figure 31: CTEs comparison in the range 150 - 900 °C

Fig. 23 exhibit CTEs variation vs temperature, in which 10FeMCO and 10CuMCO pel-
lets are introduced. The most interesting aspects concern the large variation of MCO and
10FeMCO CTE in transition zone. MCO values went from a mean of 11x 10−6 K−1 below 500
°C to about 10.3x 10−6 K−1 over 650 °C, after the cubic to tetragonal transition.
The same behavior was reported by 10FeMCO. These results showed how Fe did not stabilize
the cubic structure of MCO spinel, showing the cubic to tetragonal transition.
Moreover, 10FeMCO and 10CuMCO CTEs confirm the Fe and Cu influence on the thermo-
mechanical properties of the spinel.
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3.2 X-Ray diffraction

Figure 32: CTEs variation in function of temperature

3.2 X-Ray diffraction

Both reduced and re-oxidised samples were considered in the study.

Fig. 33 shows the comparison of XRD patterns of the reduced samples.

MnO peaks were detected in all the compositions while other phases have different behav-
ior. During the reduction treatment, CuO was reduced to metallic Cu. Cu relative intensity
is dependent on the amount of Cu inside the composition. 10Fe10CuMCO and 5Fe10CuMCO
have the highest Cu peaks, while they are not present in pure MCO. This assessment is valid
both on primary and secondary peaks. Fe phase is not visible with peaks, but its presence
shifts Cobalt peaks to lower 2Theta according to the amount of Fe. 10Fe10CuMCO and
10Fe5CuMCO shows the most shifted cobalt peaks.

Fig. 34 reports XRD patterns of coatings for the as-sintered samples. Only pure MCO shows
peaks of both cubic Mn1Co2O4 and tetragonal Mn2Co1O4.
All doped samples exhibited only the cubic structure peaks, thus meaning that Cu and Fe suc-
cessfully entered the cubic structure of the MCO spinel, leading to its stabiliziation. Probably,
this evidence is caused by high amounts of doping elements and the Cu effect. In previous
studies [24] carried out on Fe-doped MCO coatings, both cubic and tetragonal structures were
identified.
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3.2 X-Ray diffraction

Figure 33: Comparison of XRD patterns after reduction

Figure 34: Comparison of XRD patterns after complete sintering process
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3.3 SEM

3.3 SEM

Microstructure of both reduced and as-sintered samples were investigated by scanning electron
microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS).

Reduced samples

As pointed out by XRD analyses, the deposited precursors of the coating were completely
reduced after the first sintering step, since no traces of MCO, Fe2O3 and CuO were detected.

Fig. 35 shows the cross sections of reduced samples in backscattered electrons mode. The
thickness of the coating is in the range 10-15 µm, thus confirming that the co-deposition pro-
cess was set in the proper way from this point of view. As confirmed by EDS analysis, black
areas represent porosities, grey structures are referred to MnO and the white shapes point out
metallic Co and Cu. Co particles have different sizes below 1 µm and their shape is irregular.
Cu is smaller and present a spherical shape.

Fe is not detectable in metallic form, as already seen in XRD. But the Fe effect on the mi-
crostrucure can be deduced. Indeeed, It is apparent from the images that high at.% of Fe
led to increased size of the brighter/white spots in the coatings (visible in Fig. 35 A and
C). Instead, 5Fe5CuMCO R1000 and 5Fe10CuMCO R1000 (respectively in Fig. 35 B and D)
show an higher amount of small particles of Co and Cu well distributed in the coating. In
particular, Cu particles can be easily detected in the 5Fe10CuMCO R1000 case. It is worth
mentioning tha the same behavior of size increasing due to Fe was already presented in [24].
Furthermore, Fe influence on Co was already been demonstrated through the X-ray diffraction
in the previous section.

Compared to the coatings that received only the oxidating thermal treatment presented in
[24], metallic Co size was found larger in all coatings of this work because reduction at high
temperature led to enhanced agglomeration.

Porosity was found to be quite uniform in all coatings without visible differences, but some
large pores of about 2-3 µm can be detected in all cases.

Considering the EDS measurements, presented in Fig. 35 for each coating, Co mass pre-
centage is always slightly higher than Mn. Interestingly, Fe and Cu percentages are congruent
as they almost perfectly reflect the ratios between the precursors in EPD suspensions. How-
ever, they are slightly different from what expected, i.e. in 10Fe10CuMCO R1000 Fe and Cu
percentages should be equal, but Fe is a little higher . This behavior is registered in all the
measurements and could be likely due to a different efficiency of co-deposition.

Altogheter, despite these differences the co-deposition was found to be very effective and all
the elements are present in congruent percentages in the coating. The top views images of
the reduced coatings shown in Fig. 38 present the microstructure from another point of view.
Even in this case Cu shapes of about 0.1 µm are visible on MnO structures, while Co has
different shapes and sizes. 5Fe5CuMCO R1000 (Fig. 36 B) appears to be the least dense,
while in the other cases MnO structures are more defined and compact.

An additional image (Fig. 37) clearly shows the difference between Cu and Co particles;
Cu is spherical and with smaller size.
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3.3 SEM

Figure 35: Cross section SEM images and EDS of reduced samples: a) 10Fe10CuMCO b)
5Fe5CuMCO c) 10Fe5CuMCO d) 5Fe10CuMCO
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3.3 SEM

Figure 36: Top view SEM images of reduced samples

Figure 37: Top view SEM image of a 5Fe10CuMCO R1000 coating
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3.3 SEM

Samples after re-oxidation step

Fig. 38 presents cross section images of the four coatings after 2 step sintering. All coat-
ings are adherent to the substrate and do not show delamination or cracks at the interface
with the steel substrate. Each of them presents a thin oxide scale at the steel-coating interface
caused by high temperature oxidation during the two-step sintering. The thickness was found
to be around 10 - 15 µm and it is close to the target of the electrophoretic co-deposition pro-
cess, as already seen in reduced samples. Cu densification properties were reported in previous
studies [2]. This behavior is confirmed in this work: the best densification is reached with the
5Cu10FeMCO R1000 Reox900 coating system.
Although in this coating the average porosity is very low, large pores of about 3 µm are present
with a miscellaneous distribution. However, it is apparent that these are closed pores. The
other samples show a more porous cross section, especially in presence of high amounts of Fe.

EDS presented in Fig. 38 do not exhibit the expected values. The following considerations
regard all the coatings analyzed.
On contrary of what seen in reduced samples, Mn percentage is higher than the one of Co
when their ratio should by 1 to 1 (Mn1.5Co1.5O4). This variation could be determined by Mn
diffusion from the substrate to the coating during the oxidation sintering step or by residuals
from the polishing. Furthermore, Fe and Cu percentages do not present exactly the expected
relationship in atomic %: Fe concentration is always considerably higher than Cu foreseen.
Even reduced samples showed this behavior, but the differences were less marked. Comparing
EDS of different areas reported in Fig. 38, it can be noticed that Fe concentration in the coat-
ings is respectively 9-10 at.% where the EPD suspension contained 10 at.% and 5-6 at.% when
it was fixed at 5 at.% in the EPD suspensions. On the other hand, Cu reaches a maximum
concentration of 5.5-6 at.% (instead of 10 at.% of EPD suspensions) and 2.5-3 at.% (instead
of 5 at.%). These results are likely to be related to the lower tendency of CuO to deposit
than Fe2O3 from the EPD suspensions. Compared to the EDS presented in Fig. 35 (reduced
samples), oxygen percentage is risen due to the re-oxidation step.

The surface of coatings is presented in Fig. 39. As seen for the cross sections, the top view im-
ages show that 5Cu10FeMCO R1000 Reox900 exhibit the best densification, the surface is very
compact and has few pores with heterogeneous distribution. In the other cases high porosity
is detected with uniform distribution on the surface of the coatings. The worst densification
is obtained in case of lower Cu relative amount (i.e. 10Fe5CuMCO coating). According to
these considerations, Cu is a fundamental doping element in order to reach a good degree of
densification of Mn-Co spinel coatings.

Fig. 40 is a top view image at increased magnification of the 5Cu10FeMCO R1000 Reox900
sample. It shows a compact doped MCO structure in which decomposed components (i.e
metallic Co, metallic Cu) obtained after the reduction are not visible. Fe and Cu are com-
pletely part of the spinel structure as doping elements.

Tetragonal phase is not detected in all samples, as already seen in sections 3.1 and 3.2. Thus,
Fe and Cu doping and the high temperature two-step sintering stabilize the cubic phase.

For long-term operation, any possible microstructural changes of the coatings should be con-
sidered (at least after 1000 h).
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3.3 SEM

Figure 38: Cross section SEM images and EDS of as-sintered samples: a) 10Fe10CuMCO b)
5Fe5CuMCO c) 10Fe5CuMCO d) 5Fe10CuMCO
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3.3 SEM

Figure 39: Top view SEM images of as-sintered samples

Figure 40: Top view SEM image of a 5Fe10CuMCO R1000 Reox900 coating
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3.4 Characterization of as-sintered coating by transmission electron microscopy

3.4 Characterization of as-sintered coating by transmission electron
microscopy

Transmission electron microscopy (TEM) was performed on an ultrathin section (lamella) of the
10Fe10CuMCO in as-sintered state in order to investigate the nature of the interface between
the metal substrate and the coating. The section was obtained by focused ion beam (FIB).
TEM characterization was conducted in the International Centre of Electron Microscopy for
Materials Sience and Technology – AGH in Krakow (PL). Fig. 41 shows the TEM images
obtained from the FIB lamella. In particular, Fig. 41 B presents the interface between the
steel substrate and the coating.

Figure 41: TEM images of as-sintered 10Fe10CuMCO coating on Crofer 22 APU: overview of the FIB
lamella (a), CROFER 22 APU and coating interface (b), outer part of the coating (c), EDS elemental
analysis of coating/Crofer 22 APU interface (d)

The darkest layer indicates the chromia scale, while a reaction layer can be found between
the oxide scale and the coating. This is better visible in the insight of Fig. 41 D, where EDS
elemental maps are reported. As visible in the maps, the reaction layer is rich if Cr and Co.
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3.5 Thermogravimetric test

Fig. 41 C shows spinel grains in the outer part of the coating.

3.5 Thermogravimetric test

Data obtained from the thermogravimetric measurements are presented in Fig. 42, where the
mean mass gain trends over time for all compositions is shown. Indeed, each point represents
the mean among 4 samples measurements of the same type. Mass measurements were carried
out every 250 h until reaching 1000 h.

A parabolic trend is expected as seen in 1.3.3, according to the following expression:(
∆m

A

)2

= 2kp,m · t+ C

where ∆m [g] is the mass change , A [cm2] is the surface area, kp,m [g2 cm−4 s−1] is the parabolic
oxidation rate, t [s] is time and C is the integration constant.

The mass gain of the coatings is quite different. 10Fe10CuMCO shows a parabolic shape
and the highest mass gain. 10Fe5CuMCO has the same behavior with a little lower values.
5Fe5CuMCO has a linear mass gain over time in this range, maybe more time is needed to
reach a parabolic behavior. 5Fe10CuMCO has the lowest values near 1000 h, with a very
variable trend.

The standard deviation is low for the 10Fe10CuMCO and 10Fe5CuMCO measurements, while
quite high for the other 2 coatings.

Figure 42: Mean mass gain of coated samples with error bars related to the standard deviations
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3.5 Thermogravimetric test

To perform a better comparison among the coatings, the oxidation kinetics is studied as
presented in 1.3.3.

To evaluate the parabolic behavior of the oxidation, the mass gain measurements are squared
to obtain parabolic units; in this way, samples that exhibit a parabolic oxidation can be well
approximated by a straight line. The resulting graph is shown in Fig. 43; parabolic units over
time are reported for each composition and a regression line is calculated to fit the values.

Due to a low amount of data, the regression is not perfect for some of the coatings. 10Fe10CuMCO
and 10Fe5CuMCO report R2>0,98 (R2 is the square of the correlation coefficient). Instead,
5Fe5CuMCO is slightly lower than the threshold value and 5Fe10CuMCO reach only an
R2=0,94. From these considerations it could be suggested that the oxidation trend is not
fully parabolic; however, this set of samples is also the one exhibiting the lowest mass gain
till 1000h. The calculation was performed above 250 h in order to avoid possible transient
phenomena in the first 250 hours of the measurements.
From these considerations one can prove that the oxidation trend is not parabolic.

The calculation was performed above 250 h in order to avoid possible transient phenomena in
the first hours of the measurements.

Figure 43: Parabolic rate plot with regression lines

From the regression lines the oxidation rates are calculated and presented in the table in
Fig. 44.

The overall mass gain after the 1000 h test are shown in the same table.
Based on the mass gain till 1000 h aging, the theoretical oxide scale thickness can be calculated
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3.6 ASR test

with the following expression:

τCr2O3 =
MWCr2O3

48 · ρCr2O3

· ∆m

A

where τCr2O3 is the oxide scale thickness, MWCr2O3 is the molar weight of Cr2O3, 48 is the con-

version factor that relate oxygen mass to the one of chromia and
∆m

A
is the mass gain at 1000 h.

The use of this formula is related to the assumption that all the mass gain is caused by
the oxygen uptake due to Cr oxidation. The other phenomena that could influence the mass
gain are neglected in this calculation.

Calculated oxide scale thickness is reported in Fig 44.

Figure 44: Overall mass gain after 1000 h, parabolic oxidation rate and oxide scale thickness

The oxidation rates (Kp,m) of such coatings are very low compared to those seen in literature
for similar applications [24][43]. Fe-doped MCO with 10 wt.% of Fe2O3 reached 3.3x 10−15

after 2000h aging at 750°C, while the lowest value obtained in this work is 0.375x 10−15.

The best value is reached by the 5Fe10CuMCO coating, that even shows the lowest overall
mass gain and the thinner oxide scale. The worst performances are obtained by the coatings
with a high Fe concentration.

These results provide further support for the hypothesis that dense coatings provide a bet-
ter oxidation resistance.

3.6 ASR test

This section presents the results obtained by the ASR test with Pt contacts of as-sintered and
1000 h aged samples.

Data obtained by the measurements from 200 to 750 °C of the as-sintered samples are shown
in Fig. 45.

All curves revealed a similar behavior with high ASR at low temperatures and progressively
decreasing resistance with increasing temperature, as expected. 10Fe5CuMCO shows the high-
est values at low temperatures, 10Fe10CuMCO the lowest, 5Fe5CuMCO and 5Fe10CuMCO
are almost overlapped.

From this graph it is not possible to detect correlations between the Fe and Cu contents
and the ASR.
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3.6 ASR test

Figure 45: ASR over temperature (200 - 700 °C) of as-sintered samples

The ASR values at 750 °C of as-sintered samples are shown in Fig. 46.

The results show a different behavior at high temperature with respect to the trends at low
temperature seen before. Indeed, 5Fe5CuMCO shows the lowest ASR (5.6 mΩ cm2) while
5Fe10CuMCO the highest value (12.4 mΩ cm2) and the other 2 compositions have intermedi-
ate values (i.e. 9.7 mΩ cm2 for 10Fe5CuMCO and 5.6 mΩ cm2 for 5Fe10CuMCO).

Interestingly, the lowest ASR values are reached by the compositions with the ratio Fe/Cu
equal to 1, i.e. 10Fe10CuMCO and 5Fe5CuMCO; moreover, the best result is obtained by the
coating with the lowest amount of doping elements, 5Fe5CuMCO.

In order to perform a more accurate analysis, the natural logarithm of ASR/T was plot-
ted over the inverse of T and it reported in Fig. 47. In this way data can be characterized
by a straight line and the slope can be used to calculate the activation energy for electrical
conductivity (Ea), according to the Arrhenius law:

k = Ae

−Ea

kB T

where k is the rate constant, A is the pre-exponential factor, Ea is the activation energy, kB is
the Boltzmann constant and T is the temperature.

Only the temperature range of 600 - 750 °C was considered because other values deviate
from the linear behavior. The activation energy computed for each sample is shown in Fig.
52.
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3.6 ASR test

Figure 46: ASR measurements at operating temperature (750°C) of as-sintered samples

Figure 47: Natural logarithm of ASR/T plotted over the inverse of T with trend lines (600-750 °C)
of as-sintered samples

The following part is dedicated to the ASR analysis of 1000 h aged samples.

The plots of ASR over T and ASR values at 750°C are reported respectively in Fig. 48
and Fig. 49. In principle, the ASR increase after 1000 h at 750°C has to be attributed to the
thickening of the oxide scale during aging. However, the variation is generally limited for all
the samples considered in this study. This evidence suggests that the coatings effectively limit
the steel oxidation resulting in a low degradation rate.

As seen for the as-sintered case, the best performances are recorded by the samples in which
Fe and Cu are balanced: the final ASR of 5Fe5CuMCO is 13.8 mΩ cm2 (+8.2 mΩ cm2 after

47



3.6 ASR test

1000 h aging), while the one of 10Fe10CuMCO is 18.3 mΩ cm2 (+9.4 mΩ cm2 after 1000h
aging). The highest ASR is exhibited by 10Fe5CuMCO (24.8 mΩ cm2) with an increase of
+16.1 mΩ cm2 compared to the as-sintered case. The 5Fe10CuMCO coating shows the highest
ASR in the as-sintered case, but a quite low ASR increase after 1000 h at 750 °C, i.e. +9.9
mΩ cm2.

Figure 48: ASR (Pt contacts) over the inverse of T (200-700 °C) of 1000 h samples

The plot of the natural logarithm of ASR/T over the inverse of T is shown in Fig. 50,
together with the linear trend from 600 to 750°C. Ea computed following the Arrhenius law
are reported in Fig. 51; the comparison with the as-sintered samples reveals that almost no
variations in the activation energies happened after 1000 h aging. Only 10Fe10CuMCO coating
exhibits a remarkable Ea increase (from 41.23 to 54.37 kJ/mol).

Figure 49: ASR measurements at operating temperature (750°C) of 1000 h samples

48



3.6 ASR test

Figure 50: Natural logarithm of ASR/T plotted over the inverse of T with trend lines (600-750 °C)
of 1000 h samples

Figure 51: Activation energy overview
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3.7 Post-mortem microstructural characterization

3.7 Post-mortem microstructural characterization

Microstructure of the 1000 h aged samples were analysed by XRD and SEM.

The XRD measurements are shown in Fig. 52. Patterns are very similar to those of as-
sintered samples. Only the cubic spinel was detected in all coatings as expected, thus proving
the stability of the modified spinel.

Figure 52: Comparison of XRD patterns of 1000 h aged coatings

Figures from 53 to 56 show the top-view SEM images and EDS elemental maps of all
studied coatings after 1000 h at 750 °C. All coatings show a very uniform distribution of the
elements on the surface. Chromium is not detected, suggesting that the Cr evaporation/diffu-
sion was limited and had not reached the surface. EDS show the same evidences highlighted
in as-sintered samples.

The higher degree of densification can be observed for the 10Fe10CuMCO sample, which
presents a homogeneous surface with few pores.

Comparing the EDS of 1000 h aged and as-coated samples, aged samples present about 69
at.% of oxygen while as-sintered samples 50 at.%, demonstrating an oxygen uptake during the
thermogravimetric test. The others elements follow the same relationships in both as-sintered
and aged samples.
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3.7 Post-mortem microstructural characterization

Figure 53: Top-view SEM images and EDS of 10Fe10CuMCO aged coating

Figure 54: Top-view SEM images and EDS of 5Fe5CuMCO aged coating
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3.7 Post-mortem microstructural characterization

Figure 55: Top-view SEM images and EDS of 10Fe5CuMCO aged coating

Figure 56: Top-view SEM images and EDS of 5Fe10CuMCO aged coating
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4 Conclusions and future perspectives
The main objective of this MSc thesis was to set up and process an effective co-deposition of
MCO spinel, Fe2O3 and CuO by electrophoretic method in order to obtain a Fe and Cu doped
Mn-Co spinel coatings on a Crofer 22 APU metallic interconnect.

Cu and Fe-doped MnCo spinel powders are usually prepared “ex-situ”, i.e. before the de-
position process. The use of EPD technique to simultaneously co-deposit the Mn-Co spinel
and the dopants (Cu, Fe) by adding controlled amounts of the second phases (CuO and Fe2O3)
to the suspension represents the novelty of this work.

The effect of simultaneous Cu and Fe-doping was reviewed and discussed with respect to
structural, electrical properties, compositional changes and sintering behaviour of the as de-
posited and aged at 750°C coatings.

Fe and Cu doped Mn-Co coatings obtained after the EPD co-deposition and the heat treat-
ments were found to be homogeneous , with reproducible thickness and without visible cracks.
Both as-sintered and 1000 h aged samples (at 750°C) showed XRD peaks attributed to only
the cubic phase of the spinel. No residues of the CuO and Fe2O3 precursors were detected.
These results provide thus further support for the hypothesis that copper and iron becomes
incorporated into the manganese cobaltite spinel lattice, thus stabilizing the cubic phase. The
best densifications were reached by coatings with higher Cu amounts such as 5Fe10CuMCO.
EDS investigations revealed that CuO deposits in a lower amount (with respect to Fe2O3)
than expected during EPD.

Thermomechanical properties of as modified coatings were evaluated by dilatometry carried out
on sintered pellets. The measurements showed that at increasing concentrations of Cu the CTE
raises, while high amounts of Fe lead to a lower CTE compared to the undoped MCO spinel.
The most compatible compositions with CROFER 22 APU (CTE=11.7x 10−6K−1) were found
to be 10Fe10CuMCO (CTE=12.66x 10−6K−1), 5Fe5CuMCO (CTE=12.53x 10−6K−1) and
10Fe5CuMCO (CTE=11.87x 10−6K−1) respectively, while the 5Fe10CuMCO composiition
showed a too high CTE (CTE=13.31x 10−6K−1).

The oxidation analysis carried out by thermogravimetric test revealed that all the coatings
were effective in limiting the oxide scale growth. In particular, again 5Fe10CuMCO showed
the best behavior and a very low growth of the oxide scale (0.068 µm after 1000 h). The
electric characterization showed good performances in all cases, after 1000 h all ASR slightly
increased and the coatings with balanced Fe-Cu ratio obtained the best results, 18.3 mΩ cm2

for 10Fe10CuMCO and 13.8 mΩ cm2.

Post-mortem microstructural characterization exhibits the same properties (in terms of mi-
crostructure and composition) observed for as-sintered samples in XRD and SEM analysis,
demonstrating a good thermal stability of the coatings. These results confirm that EPD is an
effective and versatile method or SOCs protective coating applications and provide important
insights into the critical role played by ceramic components in solid oxide cells performance
and durability.
The results reported in this MSc thesis have significant implications for the understanding
of how EPD can be used to design and produce new spinel compositions, especially taking
advantage of the as described co-deposition doping and modification process. The findings in
this thesis provide the following suggestion for future research:The evaluation of the oxidation
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behavior by thermogravimetric test for 2000 h in order to study the evolution of the oxide
scale in a long-term perspective, thus investigating more deeply the links between deposition
method and long-term performance effects:

• An ‘in situ’ analysis of the ASR using LSM contacts, to reveal the behavior of the
electrical performances over time;

• Deeper TEM characterization on both as-sintered and aged coatings by means of selected
area electron diffraction (SAED) in order to investigate the effect of synergistic Fe and
Cu doping on the crystalline structure of the spinel;

• Coatings on Crofer 22 APU could be tested at higher temperature (800-850 °C);

• A different substrate could be used to carry out the tests at lower temperature, such as:
CROFER 22 H and AISI 441.
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