R1CO py

!))@

« PO

POLITECNICO DI TORINO
Repository ISTITUZIONALE

Electrophoretic co-deposition of Fe203 and Mn1,5C01,504: Processing and oxidation performance of
Fe-doped Mn-Co coatings for solid oxide cell interconnects

Original

Electrophoretic co-deposition of Fe203 and Mn1,5C01,504: Processing and oxidation performance of Fe-doped Mn-Co
coatings for solid oxide cell interconnects / Zanchi, E.; Talic, B.; Sabato, A. G.; Molin, S.; Boccaccini, A. R.; Smeacetto,
F.. - In: JOURNAL OF THE EUROPEAN CERAMIC SOCIETY. - ISSN 0955-2219. - ELETTRONICO. - 39:13(2019), pp.
3768-3777.[10.1016/j.jeurceramsoc.2019.05.024]

Availability:
This version is available at: 11583/2737177 since: 2019-06-25T13:59:26Z

Publisher:
Elsevier Ltd

Published
DOI:10.1016/j.jeurceramsoc.2019.05.024

Terms of use:
openAccess

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
Elsevier postprint/Author's Accepted Manuscript

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/. This is a post-peer-review, pre-copyedit version of an article
published in JOURNAL OF THE EUROPEAN CERAMIC SOCIETY. The final authenticated version is available online at:
http://dx.doi.org/10.1016/j.jeurceramsoc.2019.05.024

(Article begins on next page)

18 September 2021



Elsevier Editorial System(tm) for Journal of
the European Ceramic Society
Manuscript Draft

Manuscript Number: JECS-D-19-00722R1

Title: Electrophoretic co-deposition of Fe203 and Mnl1l,5Co0l,504:
processing and oxidation performance of Fe-doped Mn-Co coatings for solid
oxide cell interconnects

Article Type: Full Length Article

Keywords: Electrophoretic deposition; Ceramic coating; Solid oxide cell
Corresponding Author: Ms. Elisa Zanchi, MSc

Corresponding Author®s Institution: Politecnico di Torino

First Author: Elisa Zanchi, MSc

Order of Authors: Elisa Zanchi, MSc; Belma Talic, Dr.; Antonio G Sabato,
Dr.; Sebastian Molin, Dr.; Aldo R Boccaccini, Prof. Dr.-Ing. habil.;
Federico Smeacetto, Prof.

Abstract: Fe-doped Mnl1l,5C01,504 coatings on Crofer22APU were processed by
an electrophoretic co-deposition method and the corrosion resistance was
tested at 750°C up to 2000 hours.

The "in-situ" Fe-doping of the manganese cobalt spinel was achieved by
electrophoretic co-deposition of Mnl1l,5C0l1,504 and Fe203 powders followed
by a two-step reactive sintering treatment. The effects on the coating
properties of two different Fe-doping levels (5 and 10 wt.% respectively)
and two different temperatures of the reducing treatment (900 and 1000°C)
are discussed. Samples with Fe-doped coatings demonstrated a lower
parabolic oxidation rate and thinner oxide scale in comparison with both
the undoped Mnl1,5Co01,504 spinel coating and bare Crofer 22 APU. The best
corrosion protection was achieved with the combined effect of Fe-doping
and a higher temperature of the reducing step at 1000°C.



Cover Letter_Revised manuscript

POLITECNICO
DI TORINO

Department of Applied Science and Technology

PhD student
Elisa Zanchi, MSc

Torino, May 14, 2019
To the Editor of Journal of the European Ceramic Society

OBJECT: Revision of the paper “Electrophoretic co-deposition of Fe;0; and Mn;5C01504:
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Detailed Response to Reviewer Comments

Reviewers' comments:

Editor: The referee has recognised that interesting and original results have been put forward in your
paper. There are, however, some recommendations for revision that need attention before | can accept
the paper for publication.

Reviewer #1: This paper presents the synthesis of Fe-doped Mn-Co coatings deposited on the Crofer 22
APU steel, which was performed via the electrophoretic co-deposition of Fe203 and Mn1.5C01.504 - an
approach that is unique and unprecedented as far as literature is concerned. The aim of the conducted
study was to modify the surface of the Crofer 22 APU ferritic stainless steel in such a way as to optimize its
performance in an intermediate-temperature solid oxide fuel cell (IT-SOFC) stack. In order to assess the
suitable of the steel they had modified, the authors performed extensive physicochemical investigations of
the steel/coating layered system, evaluating its oxidation resistance with the use of adequate research
methods. Overall, | found the obtained results very interesting, and in my opinion the experimental work
and the way it is presented are both very good. The manuscript can be strongly recommended for
publication after addressing the issues below:

1. Taking into account the high rank of the Journal of the European Ceramic Society, it would also be worth
including the results of electrical conductivity studies, assuming they had been performed for the
investigated systems - this parameter is a determiner of their suitability for use in the production of fuel
cells. If the authors plan to publish such results in another paper that will discuss this in more detail, this
comment can just be ignored.

We agree with the reviewer on the importance of the electrical conductivity studies; to this purpose, a
further paper will be dedicated to a detailed analysis of the long-term electrical conductivity
performance of these systems.

2. Introduction: What was the rationale for the choice of two (and not more) spinels with different iron
content? It would also be worth mentioning this in the part where the authors describe their objectives.

We decided to introduce only low percentages of iron oxide to the EPD suspensions in the view of the Z
potential results of Fe,0; and Mn; sCo; 504 powders, in order to not affect the deposition process and to
avoid an inversion of the deposition direction. Furthermore, 5 and 10 wt.% of Fe,O; doping precursor
amounts were chosen in order to avoid the risk of reaching the maximum solubility of Fe in the pristine
Mn, 5C0; 504 Spinel.

We also verified that variations of EPD suspension composition smaller than 5% could be difficult to
control on the laboratory scale.

As suggested by the reviewer, we added the following sentence at page 6 in Section 3.1: “These
experiments validated the rationale for the choice of the two different iron contents in the spinel; 5 and
10 wt.% of Fe,O; doping precursor amounts were chosen in order to maintain a cathodic deposition
process and to avoid the risk of reaching the maximum solubility of Fe in the pristine Mn;5C0;504
spinel.”

3. Section 3.2, page 7, lines 46-47: The authors state that the grain size distribution was bimodal. It would
be best if they included a diagram showing an example of this distribution.

This observation is related to the comment of Figure 3d of the manuscript, where we wanted to show
that performing the reducing treatment at higher temperature only partially promotes the coarsening of
the metallic particles.

We recognise that the highlighted expression is too specific in this case; therefore, it has been replaced
at page 7 in Section 3.2 by “However, the coarsening of the metallic particles did not affect the



homogeneity of the metallic phase in the reduced coating; an appreciable fraction of smaller particles (<
0.1 pm) is still present.”.

Section 3.2, page 9, lines 41-44: There are two issues with this statement. It seems to be in contradiction
to what is presented in Fig. 5, in which | can clearly discern the growth of an intermediate reaction layer.
To confirm this, EDS line scan (and not point) analysis should be performed. In addition, if | understand
correctly and the phrase "compared to that already reported after the reducing treatment” refers to
literature reports, then the corresponding bibliographical items should be cited.

As pointed out by the reviewer, after the second sintering step, the coatings and the chromia scale
reacted forming an intermediate reaction layer. We performed EDX line scans for every samples,
collecting similar plots to the one attached below (Fig 1). It can be noted that the thickness of both the
chromia scale and the reaction layer is very limited (< 1 um), so that reporting the measurements in the
paper could have been misleading (also considering the sensitivity of the instrument). For this reason,
we decided not to include EDX line scans of coatings after sintering in the paper. On the contrary we
reported EDX line scans of aged coatings (Figure 11 in the Manuscript) because the thickening of the
oxide scale due to high-temperature oxidation allowed to determine precise values with acceptable
standard deviations. Moreover, as far as the protection against oxidation given by the coatings is
concerned, we decided to focus on the oxide scale evolution during aging at 750°C and not on the one
formed during the sintering process.
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Fig 1: EDX line scan of 10FeMCO_R1000 coating after the two-step sintering.

The phrase "compared to that already reported after the reducing treatment” refers to the comment of
Figure 3 (showing the cross section of coatings after the first sintering step). Indeed, the analysis of EDX
line scans allowed us to verify that the second heat treatment did not cause a remarkable thickening of
the oxide scale compared to what already measured on coatings after the first heat treatment, as
described in Section 3.2, page 7.

We admit that the points highlighted by the reviewer can be misleading; it has been modified in the
revised manuscript at page 9 in Section 3.2 to “As reported in Figure 5, only trace amounts of Cr (< 0.4
at.%) were detected in the coatings (marked areas). Comparing Figure 3 and Figure 5, it is apparent that
both the oxide and metallic phases of the coating reacted with the chromia scale on the steel surface
during the oxidizing treatment; the total thickness of the chromia scale and the intermediate layer
between it and the coating was evaluated by EDX line scans, resulting < 1 um for all the studied cases.”

Table 2: The authors obviously wanted to clearly present the parabolic oxidation rate constant by using
a common multiplier (107(-15)) for all of the rows. However, kp,m = value x 10~(-n) [units], while the
header row for the third column reads "kp,m x 107(-15)". In practice that would make kp,m = value /



10”(-15). In my opinion the header for this column should either read "kp,m x 10*15" or ""kp,m / 10°\(-
15)".

The error has been corrected. The common multiplier 10™ has been added to every row in Table 2 to
avoid misunderstanding.

Figure 6: The units used for the time axis in these two plots should be the same, i.e. hours.

The units used in Figure 6 have been adapted to hours for both the plots.

Section 3.4, text fragment starting in line 60 of page 12 and ending in line 2 of the page 13: | would not
use "somewhat" to describe the degree to which the Cr vaporization rate is reduced by the outer
manganese-chromium spinel layer when compared to chromia. This is quite precisely given in the

literature on the subject.

The reported expression was a typing error and has been deleted in the manuscript.
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Abstract

Fe-doped Mn;s5Co0:504 coatings on Crofer22APU  were processed by an
electrophoretic co-deposition method and the corrosion resistance was tested at
750°C up to 2000 hours.

The “in-situ” Fe-doping of the manganese cobalt spinel was achieved by
electrophoretic co-deposition of Mn; sCo1 504 and Fe,O3 powders followed by a two-
step reactive sintering treatment. The effects on the coating properties of two
different Fe-doping levels (5 and 10 wt.% respectively) and two different
temperatures of the reducing treatment (900 and 1000°C) are discussed. Samples
with Fe-doped coatings demonstrated a lower parabolic oxidation rate and thinner
oxide scale in comparison with both the undoped Mn;sCo0;504 spinel coating and
bare Crofer 22 APU. The best corrosion protection was achieved with the combined
effect of Fe-doping and a higher temperature of the reducing step at 1000°C.

Keywords: Electrophoretic deposition; Ceramic coating; Solid oxide cell

1. Introduction

Solid Oxide Fuel Cells (SOFCs) are energy conversion devices that produce
electricity through electrochemical reactions between a fuel and an oxidant. They are
considered a promising technology towards the development of low-emission energy
production methods [1,2]. To produce a usable power output, several cells can be
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stacked together and connected by interconnects. The interconnects provide an
electrical connection between the cells and act as a physical barrier to prevent direct
combination of the fuel and the oxidant [3]. SOFCs working temperatures lay in the
range 500-850 °C [4].

Previous studies have established chromia-forming ferritic stainless steels (FSSs) as
the most suitable interconnect material for SOFC stacks, due to their high electrical
conductivity, gas tightness, thermo-mechanical stability and thermal expansion
coefficient (TEC) match (11-12.5 x 10° K™ [5]) with the other SOFC materials (ca.
10.5-12.5 x 10° K™ [6]). FSSs also offer a better mechanical strength, easier
manufacturing and cost effectiveness compared to the previously used ceramic
interconnect materials [7-9]. Different heat-resistant FSSs have been developed
specially for SOFC applications, among which, Crofer 22 APU (ThyssenKrupp VDM)
is the most widely used [10]. A high Cr content (22-24%) in the alloy ensures the
formation of a continuous and well adherent Cr,O3; scale, which provides good
resistance against high-temperature corrosion [11,12].

However, degradation of the FSSs interconnect under the stacks operating
conditions is still a major issue for the durability of SOFC stacks. Long term service
leads to excessive thickening of the chromia scale, which results in Cr depletion from
the steel, lowering its corrosion resistance [13], as well as a decline of the electrical
performance [14]. Even if the thermally-grown Cr,O3; scale behaves as a
semiconductor, its conductivity (0.6-16 x 10% Scm™ at 800 °C [15]) is much lower
than that of the steel (around 90 x 10% Scm™ [10]). In addition, the Cr,Os can react
with oxygen and H,O in the oxidizing atmosphere to form volatile Cr®*-compounds
(such as CrOz and CrO»(OH),), which migrate to the cathode/electrolyte interface
and degrade the electrochemical performances of the cell (so-called cathode
poisoning) [16,17].

Applying a protective coating on the steel has been established as a promising
approach to extend the interconnect life and mitigate cathode poisoning [18-20].
Among the different coating materials investigated [21-23], the (Mn,C0)304 spinel
family has been shown to be particularly promising. The (Mn,Co)304 spinels have a
satisfactory electrical conductivity, TEC match with other SOFC materials and good
adhesion to the steel [24-28]. Moreover, it has been demonstrated that (Mn,Co0)304
coatings reduce both chromium outward diffusion and the steel corrosion rate [29—-
35]. Among the different compositions that may be expressed by the generic formula
(Mn,C0)304, the greatest attention is given to MnCo0,0,4 and Mn; 5C01504 (which at
room temperature exhibits a dual-phase microstructure of the cubic MnCo0,0,4 and
tetragonal Mn,CoQy,).

The spinel coatings have been deposited by various techniques such as: slurry and
spray deposition [24,29-31], screen printing [34,35], physical vapour deposition [36],
thermal spray and thermal oxidation [37,38] and plasma spray [39]. Among the
deposition methods, electrophoretic deposition (EPD) has gained great interest,
thanks to its simple and adaptable set-up, versatility for materials employed and
coatings morphology, cost-effectiveness, low-energy demand, as well as the
suitability for industrial applications [40]. EPD of cobalt-manganese spinel coatings
has already demonstrated promising results in terms of green density, adhesion and
protective effect on the steel substrate [25,41-43]. Molin et al. [33] tested (Mn,C0)304
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spinel coatings obtained by sputtering, thermal co-evaporation and EPD under SOFC
relevant conditions for 5000 h and concluded that the EPD coating was the most
satisfactory in terms of low Area Specific Resistance (ASR).

When EPD or other slurry-based methods are used, a subsequent heat-treatment is
generally required to sinter the deposited powders and form a dense and continuous
layer on the steel. The coating density has been shown to have a strong influence on
the steel corrosion rate and chromium volatilization [34,44]. In this regard, the
advantages of a two-step sintering procedure, which is made up of a heat treatment
in reducing atmosphere followed by a heat treatment in an oxidizing atmosphere,
have already been reported [42,45]. For example Bobruk et al. [41] showed that
reduction at 1000°C in H,/Ar and re-oxidation at 900 °C in air (both for 2 h) was the
optimal sintering procedure for a MnCo,0, coating deposited by EPD. The added
cost of the reducing step is justified by the better protective performance of the
coatings [46].

Currently, many studies are focusing on the possibility to improve the (Mn,Co0)30,4
spinel further by transition metal doping, in particularly with Fe or/and Cu [44,47-55].
Since the coating properties are strongly affected by the preparation procedure, there
is considerable scatter in the literature results. Nevertheless, there is evidence that
Fe-doping reduces the TEC of (Mn,C0)30,4, thus improving the thermo-mechanical
compatibility with the substrate. For example, Talic et al. [49] found that the TEC
decreased with Fe-doping from 14.4 x 10° K™ for MnCo,04 to 11.0 x 10° K* for
MnCo;s5Feps04. In terms of oxidation resistance, it is not clear whether Fe-doping
has a beneficial effect. Talic et al. [44,48] reported that the ASR and oxidation
kinetics of MnCo; 7Feo 304 were similar to those of MnCo,0,4, while Bednarz et al.
[55] concluded that Fe-modified coatings exhibit an improved high-temperature
oxidation resistance in comparison with the Mn; sCo; 50,4 coating.

Up to now, Fe-doped manganese-cobaltite spinel has been synthetized before
coating deposition, following what can be called an “ex-situ” procedure, requiring
time-consuming, energy demanding and sequential processes such as: spray
pyrolysis [44,48,49], high energy ball milling [50], solid state synthesis [54], and sol-
gel processes [52,55]. A novel prospective offered by the EPD technique is the
possibility to achieve doped Mn-Co spinel coatings by a single-step co-deposition of
different oxides. This “in-situ” approach allows to reduce the processing time and
cost. Optimization of the sintering technique is even more relevant when different
oxides are co-deposited since they need to react between each other and reach a
homogenous microstructure. Recently, Molin et al. [56] investigated the effectiveness
of the EPD method to obtain “in-situ” Cu-doped manganese-cobalt spinel by co-
depositing Mn, sCo; 504 and CuO in a single-step and subjecting the coating to a two-
step reactive sintering treatment (2h in Ar-4%/H, at 900°C and 2h in air at 900°C).
The Cu-doped coatings demonstrated satisfactory results in terms of composition,
ASR and corrosion resistance.

In the present work the possibility of using the EPD technique to co-deposit
Mn15C01504 spinel and Fe,O3; powders on Crofer 22 APU is investigated. The
achievement of the Fe-doping of the spinel by a two-step reactive sintering is
assessed as well. The protective performance of the in-situ-Fe-modified coatings is
evaluated and compared against a pristine Mn; sC0; 504 coating and the bare Crofer
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22 APU steel through a study of the oxidation kinetics at 750 °C up to 2000 h. The
effects on the coating properties of two different Fe-doping levels and two different
temperatures of the reducing treatment are discussed.

2. Experimental

Crofer 22 APU (Cr=23 wt.%, Mn=0.45 wt.%, La= 0.1 wt.%, Ti=0.06 wt.%, Si and Al
<0.05 wt.%, Fe=Bal.) provided by Thyssen Krupp was chosen as substrate for the
deposition. Coupons with the size of 20 x 20 mm? were cut from a 0.3 mm thick steel
plate and a @3 mm hole was punched in one of the corners, to allow for hanging in
the furnace during the oxidation test. Before deposition the coupons were cleaned in
acetone and ethanol for 10 min each. Commercially available Mn; 5C0;504 (MCO)
spinel powder from Fuelcellmaterials and Fe,O3 powder from Fluka were used for the
co-deposition.

The EPD suspensions were prepared using a solution containing 60 vol.% of ethanol
and 40 vol.% of deionized water as dispersant medium; the powders were added to
reach a total solid loading of 37.5 gL™. This formulation is based on suspensions
previously optimized and tested for both MCO deposition [25,33] and MCO/CuO co-
deposition [56]. Three different suspensions were prepared, containing 0 wt.%, 5
wt.% and 10 wt.% of Fe,O3, in the following labelled MCO, 5FeMCO and 10FeMCO,
respectively. Before deposition, each suspension was sonicated for 10 s in an
ultrasonic bath and mixed for 10 s with a magnetic stirrer, both for 3 times in a row.
While not in use, the suspensions were kept on the magnetic stirrer.

The deposition was carried out using a three-electrode configuration: it consisted of
two steel counter-electrodes fixed at 1 cm from the sample, which was placed in the
middle in order to coat both surfaces. A constant voltage of 50 V was applied for 20
S.

Dynamic light scattering (DLS) was used to determine the size distributions and Z
potential of MCO and Fe,O3; powders in 60EtOH/40H,O solution by a Malvern
Zetasizer Nano Series instrument. Due to limitations of the technique [57],
measurements were performed for MCO and Fe,Os; separately and on diluted
suspensions: concentration was fixed at 37.5 x 10 gL™ (0.001 of that used for
depositions). Suspensions were sonicated for 20 min and let stabilize for 20 min
without any stirring, before being inserted in the instrument cuvette. Measurements
were repeated six time in order to average the results; the equilibration time of the
instrument electrodes was chosen to be 120 s. The pH value of the 60EtOH/40H,0
solution lays in the neutral range (pH=7.5); no other pH variations were considered.

After drying at room temperature, the coated coupons were sintered by a two-step
procedure. The first heat treatment in reducing atmosphere (Ar/H, 4%) was
performed at 900°C for 2h. It was followed by the second sintering step in oxidizing
atmosphere (static air) at 900 °C for 2 h. An additional set with 10FeMCO coating
was prepared changing the temperature of the first treatment to 1000°C (in the
following labelled 10FeMCO_R1000) and keeping unchanged all the other sintering
parameters. For each sample variant (amount of Fe and reducing temperature) 5
samples were prepared and tested. Samples labels and main features are
summarized in Table 1. The theoretical compositions of the coatings have been



©CO~NOOOTA~AWNPE

calculated assuming that the MCO and Fe,O3 powders homogeneously deposit and
react fully to form the spinel structure during sintering.

The oxidation kinetics of the coated steel and bare Crofer 22 APU was evaluated by
thermo-gravimetric test, exposing 4 samples for each kind in static air at 750°C in a
chamber furnace for a total time of 2000 h. The furnace was cooled every 250 h
(cooling rate: 120 °C/h) and the sample weighted (XS205 Mettler Toledo scale, 10° g
accuracy) to evaluate the mass gain after every thermal cycle. The measured mass
gain reflects the oxygen uptake due to oxide scale formation and growth, assuming
no other processes that could cause a change in weight (i.e. evaporation, spallation)
occur [58]. After 1000 h and 2000 h of aging one coupon of each type was taken out
of the furnace for characterization.

The crystal structure of the coatings was studied by X-Ray diffraction (XRD) using a
Bruker D8 instrument with Cu-Ka radiation; the patterns were recorded at room
temperature on rotating samples in a 20 configuration from 10° to 70°. XRD patterns
for coatings after the reducing step were collected in grazing incidence angle mode
using a PanAlytical X'Pert Pro PW 3040/60 Philips diffractometer with Cu-Ka
radiation from 10°-70°. All the coupons were subsequently embedded in epoxy resin
(Struers, Denmark) and polished to reveal the cross section. Morphological and
compositional characterization of the cross sections was carried out by a scanning
electron microscope (SEM, Zeiss Merlin) equipped with an energy dispersive X-Ray
analyser (EDX, Bruker). The coatings porosity was evaluated by a graphical method
using the IMAGEJ software [59]. Three SEM images of the same magnification from
different regions of each sample were analysed to calculate a mean porosity value.
EDX analysis was used to evaluate the thickness of the thermally grown oxide scale;
at least three representative EDX line-scans from different areas of each sample
were considered.

Table 1: Samples nomenclature, EPD suspension compositions, sintering procedures and theoretical coatings

compositions.

EPD Two-step Coating

Sample name . o theoretical
suspension smterlng composition
100wt.% 900°C, 2h, Ar/H,

MCO Mny 5C01 504 900°C, 2h, air  MN15C0150
95wt.% Mn1_5C01_504 900°C, 2h, Ar/Hz

SFeMCO 5Wt.% Fe,Oq 900°C, 2h, air Mn1.43C01,45F€0,1404
90wt.% Mn1.5001.504 900°C, 2h, Ar/H2

10FeMCO 10wt.% Fe;0s 900°C, 2h, air  MN135C0LasFC0300x
90wt.% Mn1_5C01_504 1000°C, 2h, AI’/HQ

lOFeMCO_RlOOO 10Wt.% Fe,O, 900°C, 2h, air Mn1’35C01135F9013004

3. Results and discussion

3.1.Study of the co-deposition process
Although the theoretical discussion of the EPD process is not the purpose of the
present study, a series of experiments was carried out to characterize the
suspensions used for the co-depositions, aiming at obtaining understanding about the
correlation between suspension characteristics and coating properties.
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Figure 1 reports FE-SEM images of MCO (a) and Fe,O3 (b) used for the EPD co-
depositions. The Mn;5C0,504 powder shows fragments with irregular shape and
broad size distribution (ranging from 150 to 750 nm, dsp=634 nm). lron oxide is
composed of rounded particles with a diameter of 50 to 90 nm (dso=75 nm), thus
considerably smaller than those of MCO.

Zeta potential results obtained by DLS analysis of the two studied suspensions (37.5
102 gL in 60EtOh/40H,0, pH=7.5) resulted to be +12.7 mV for MCO and -9.9 mV for
Fe»Os.

Most studies in the field of MCO coatings deposited by EPD have mainly focused on
morphological and electrical characterization of the coated steel substrates, while few
data deal with the characterization of these powders in the EPD suspensions. For
example, Smeacetto et. al [25] has reported that manganese-cobalt oxide undergoes
cathodic deposition (positive surface charge) in the same solution here investigated.
Moreover, Mikolajczyk et al. [60] has reported that Fe,O3 nanoparticles develop a zeta
potential equal to -18.1 mV in liquid media (pH=7.5).

The fact that Fe,O3 particles develop a negative surface charge in ethanol/water
solution was here verified by depositing on steel coupons a EPD suspension of iron
oxide (37.5 gL™*, EtOH/H,O 60/40 vol.%); the anodic deposition was obtained by
applying 70 V for 20s, thus forming a homogeneous layer on the positive electrode.

Considering the powders particle size, their relative concentration and the zeta
potential data, a co-deposition mechanism is here proposed and reported
schematically in Figure 1c. The Fe,Os; particles are associated by electrostatic
interaction with those of MCO, which are generally larger. The deposition resulted
cathodic due to the electrostatic interactions between opposite surface charges and to
the greater concentration of MCO particles in the suspensions. A similar co-deposition
mechanism of particles with opposite surface charge has already been proposed by
Corni et. al [61].

These experiments validated the rationale for the choice of the two different iron
contents in the spinel; 5 and 10 wt.% of Fe,O3 doping precursor amounts were chosen
in order to maintain a cathodic deposition process and to avoid the risk of reaching the
maximum solubility of Fe in the pristine Mn;5C0;.504 spinel.

Anode Crofer 22 APU: Anode
Cathode

Figure 1: FE-SEM images of MCO (a) and Fe,Os (b) powders used for EPD and schematization of the proposed
co-deposition mechanism in the three-electrode set up (c).
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3.2.Characterization of the as-prepared coatings

Figure 2 shows the XRD patterns collected on the coating surfaces after the first heat
treatment in reducing atmosphere (Ar/H). For all samples, the deposited Mn; 5C0;504
spinel was reduced to MnO and metallic Co. The coatings obtained by co-depositing
the spinel powder and Fe,O3; do not show any residual iron oxide peaks, suggesting
successful reduction at both 900 and 1000 °C in Ar/H,. The 10FeMCO and
10FeMCO_R1000 coatings exhibit similar patters after reduction, both having an
additional peak at around 45°, which may be assigned to the formation of the
intermetallic compound Cog 7Fep 3. The same phase was not detected in the 5FeMCO
pattern, probably due to the smaller Fe addition. A further effect observed in all the Fe-
modified samples is the slight shift of the metallic Co peaks towards lower 26 angles
compared to the Co peaks of the pristine MCO (see excerpt in Figure 2a).

mCo: 15-806 cubic
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®Co,,Fey 5 48-1816 cubic
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Figure 2: X-Ray diffraction patterns of the pristine and Fe-doped coatings after the reducing step. Patterns are
normalized to the intensity of the highest peak. (a) Excerpt of patterns between 39° and 46°.

SEM images comparing the cross section of the pristine and Fe-doped coatings after
the reduction heat treatment are provided in Figure 3. Here, the bright particles in the
coating layer correspond to metallic Co, while the darker contrast particles correspond
to MnO. In the MCO coating (Figure 3a), the Co particles show a broad size
distribution (0.1-1 um), with irregular shapes (both spherical and elongated). From
Figure 3b, it can be observed that the 5FeMCO coating contains a greater fraction of
smaller (=0.1 um) metallic Co particles that are well distributed in the coating. With a
higher Fe addition (10FeMCO, Figure