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A B S T R A C T

Efficient replacement of materials based on critical elements such as cobalt is one of the greatest challenges
facing the field of solid oxide cells. New generation materials, free of cobalt show potential to replace conven-
tional materials. However, these materials are characterised by poor ability to block chromium diffusion. This
article described the study of CuMn1.7Fe0.3O4 (CMFO) spinel combined with single metal oxide (Y2O3 or Gd2O3)
thin films as protective coatings for steel interconnects. CMFO was examined using XRD and TPR. Coated steel
samples were oxidised in an air atmosphere at 700 ◦C for 4000 h. The coatings and oxide scale microstructures
and cross-sections were examined by CRI, XRD, and SEM-EDX. The electrical properties of the steel-coating
system were evaluated using Area Specific Resistance measurements. Based on the results obtained, it can be
concluded that the use of thin layers of rare earth oxides allowed for better blocking of chromium diffusion.

1. Introduction

High-temperature corrosion of steel interconnects is one of the main
degradation problems in solid oxide cell stacks. At high temperatures,
ferritic steels develop a chromium oxide scale, which further protects
the steel substrate from uncontrolled oxidation [1,2]. The thickness of
the chromium oxide layer increases with time according to parabolic
oxidation kinetics [3]. Oxide growth causes two important factors: an
increase in the electrical resistance (area specific resistance – ASR) and
the evaporation of chromium (at air side), reducing the efficiency of the
fuel cells [1,2,4]. One of the mitigation strategies is to coat the in-
terconnects with dedicated protective coatings. Various materials have
been considered for coating ferritic steels, including metallic coatings
[5–8], reactive element oxides [9–18], perovskite oxides [1,19–26], and
spinels [27–34]. Among these materials, reactive-element oxides and
spinels are particularly often used.

Reactive-element oxides in the form of La2O3, CeO2, Gd2O3, and
Y2O3 are used commonly as coatings or additives for high temperature
alloys and also were successfully used to coat interconnects. These
materials are characterised by a high affinity for oxygen, blocking the

diffusion of chromium to the surface of the layer, and increasing the
adhesion of the layer to the metallic substrate [1]. The main disadvan-
tage of this group of ceramics is limited electronic conductivity, there-
fore the coating thicknesses are usually low, below ~ 1 µm [9]. Yoon
et al. described the application of La2O3 as a coating of STS444 in-
terconnects (stainless steel). The study examined the surface
morphology and cross-sections after 500 h at 700 ◦C. The presence of
phases such as Cr2O3, LaCrO3, and (Mn,Cr)3O4 was demonstrated [14].
Molin et al. used thin Y2O3 coatings of a thickness below 100 nm on
Crofer 22 APU and tested the protective properties of the layer on the
steam-hydrogen side at 750 ◦C for 2000 h. The described thin-layer
coating resulted in a reduction in the thickness of the oxide layer and
a high and stable ASR value over time [10]. Lemieszek et al. demon-
strated the influence of thin layers (CeO2, Gd2O3, La2O3,
Y2O3—thickness below 100 nm) on Crofer 22 APU steel in an air at-
mosphere at 700 ◦C for 2000 h. It has been shown that the use of coat-
ings reduces significant weight gain, especially in the case of La2O3 and
Y2O3 coatings. The best ASR values were demonstrated by samples with
a Gd2O3 or Y2O3 coating [18]. These coatings, even though they reduce
oxide scale growth kinetics, they do not prevent Cr-diffusion and

* Corresponding author.
E-mail address: bartlomiej.lemieszek@pg.edu.pl (B. Lemieszek).

Contents lists available at ScienceDirect

Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

https://doi.org/10.1016/j.jeurceramsoc.2024.116743
Received 10 May 2024; Received in revised form 22 June 2024; Accepted 10 July 2024

mailto:bartlomiej.lemieszek@pg.edu.pl
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2024.116743
https://doi.org/10.1016/j.jeurceramsoc.2024.116743
https://doi.org/10.1016/j.jeurceramsoc.2024.116743
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2024.116743&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Journal of the European Ceramic Society 44 (2024) 116743

2

evaporation, as the external surface remains as Cr2O3, just with a low-
ered thickness.

As MnCo2O4 (MCO) spinel is the current state-of-the-art protective
layer for SOC metallic interconnects. This material was found to be
highly effective at preventing oxidation and reducing chromium diffu-
sion and evaporation in metallic interconnects [35]. The focus is now
aimed towards finding alternative materials than MCO. The cost and
difficult working conditions of mining cobalt, as well as its carcinoge-
nicity, cannot be overlooked [36,37]. That is why materials substituting
cobalt with, e.g., copper have been developed, with various dopants
[32–34]. For example, Ignaczak et al. synthesised a new spinel material,
Mn1.7Cu1.3-xFexO4 (x = 0, 0.1, 0.3, 0.5) [38] and Mn2-xCuFexO4 (x = 0.0,
0.1, 0.3) [39], using a modified Pechini method.

The structure of the Mn1.7CuFe0.3O4 after synthesis and calcination
at 400 ◦C reveals the presence of the main phase being CuMn1.7Fe0.3O4
with a mixed cubic (Fd-3m) and a tetragonal (I41/amd:2) spinel struc-
ture. Following the increase in Fe doping, the size of the unit cell was
reduced. Additional CuO phases were not detected when annealing
spinel at temperatures higher than 400 ◦C. [38]. Mazur et al. denoted a
conductivity of 106 S cm− 1 for Cu1.15Mn1.55Fe0.3O4 at 800 ◦C when the
material was synthesised by the EDTA-gel process [40]. Hosseini et al.
described the coating of AISI 430 steel with a layer of Cu1.3Mn1.7O4
spinel, and the corrosion properties were examined at 750 ◦C for 500 h.
A 70 % reduction in the ASR value was observed from 63.5 to 19.3 mΩ
cm2 at 750 ◦C. It was also observed that the oxide layer formed after the
oxidation process was ~ 4 µm [41]. Study by Ignaczak et al. showed
several beneficial features of the Mn-Cu based oxide spinels over the
Mn-Co based oxide spinels: higher electrical conductivity, especially ≤

700 ◦C, well matched thermal expansion coefficient. The drawback has
been lower intrinsic oxidation protection, i.e. the steels coated with
MCO showed lower weight gain in comparison to the Mn-Cu based oxide
spinels coated steels [39].

A new trend is the coating of interconnects with double layers, most
often in the form of a thin layer of a reactive element oxide and a thicker
layer of spinel, but also double layers based of perovskite oxides [42,43].
The concept of coating interconnects with two materials is to use the
advantages of each type of material. The use of a RE-oxide in combi-
nation with spinels makes use of the advantages of each material. Bal-
land et al. presented the results of an investigation on the coating of
interconnects with lanthanum oxide and (Co,Mn)3O4 on Crofer APU
steel for a maximum of 1000 h at 800 ◦C. Coating involved applying
lanthanum oxide and annealing for 100 h then depositing metallic (Co,
Mn). This ultimately resulted in the formation of La(Cr1-xMnx)O3 and
(Co,Mn)3O4 layers [17]. Brylewski et al. examined the influence of a
double layer composed of Gd2O3 and MnCo2O4. The RE-oxide layer was
applied by spin coating and the spinel layer by electrophoretic deposi-
tion. The samples were fired at 800 ◦C for 2260 h in an airtight atmo-
sphere. An effective reduction in the formation of volatile chromium
compounds and a significant reduction in weight gain and area-specific
resistance were found [44]. Mazur et al. presented the results of coating
Crofer 22 APU steel with a double layer composed of Gd2O3 and
MnCo2O4. Thermogravimetric tests were performed at 800 ◦C for
7000 h. A significant reduction in weight gain and a very low ASR value
of 0.019 Ω cm2 after the final stage of oxidation were demonstrated.
Tests were also carried out using a fuel cell to check the ability of the
protective layers to block the formation of active chromium species that
could poison the cell’s cathode. This study clearly indicated the effective
blocking of this element by the combination of materials used as pro-
tective layers [45]. To the best of our knowledge, there is no mention in
the literature of the use of bi-layer coating in the form of reactive
element oxide and spinel (CuMnFe)3O4.

This research work presents the results of coating Crofer 22 APU steel
with bi-layers of RE-oxide (yttrium oxide or gadolinium oxide) and a top
layer of CuMn1.7Fe0.3O4 spinel. The selection of these two RE-oxides is
based on conclusions from previous studies due to the reduction in
weight gain and lower ASR values [18]. The samples were tested via

thermogravimetric measurements in isothermal conditions for a 4000 h.
Post-mortem analysis was used to study and compare the structural
properties of the materials using methods such as XRD, SEM-EDS, XAS
spectra, and Confocal Raman imaging. Additionally, the electrical
properties of the samples were tested.

2. Materials and methods

2.1. RE-oxide layer deposition

The base solution used to obtain the RE-oxide layers was 2 mM Gd
(NO3)3•6H2O (Sigma Aldrich 99.9 % purity, USA) or Y(NO3)3 • 6H2O
(Sigma Aldrich 99 % purity, USA) dissolved in ethanol (Sigma Aldrich
99.8 %, USA). For rare earth oxide electrolytic deposition, substrates of
1.5 × 1.5 cm2, 0.3 mm thick plates were cut from Crofer 22 APU steel
(VDM Metals, Germany). A small hole (3 mm in diameter) was punched
in the upper part of the samples. Noticeable flexures were removed from
the edges of the plates using a polishing machine with wet 1200 grit
paper. Before applying the rare earth yttrium or gadolinium oxide
coatings (attributed as RE further in the text), the plates were meticu-
lously cleaned in an ultrasonic bath containing a solution of distilled
water, then in acetone (POCH, Poland). Crofer 22 APU steel plate was
used as the working electrode (cathode) in a two-electrode electrolytic
deposition system. Crocodile clips were used to connect to the cleaned
and dried plates. The counter electrode (anode) was a large Crofer 22
APU steel sheet positioned symmetrically on either side of the working
electrode (active geometric surface area of about 50 cm2). The distance
between the working and counter electrodes was less than 15 mm.

A programmable power supply was used to apply 40 V between the
electrodes (Delta Elektronika Power supply SM 300-5, The Netherlands).
Based on a previous study, the deposition time was selected as 1 min
(thickness ~ 100 nm) [18]. After applying the RE layer, each sample was
air-dried and heated to 400 ◦C to ensure the complete conversion of the
deposited layers to oxides and the breakdown of residual nitrates.

2.2. Spinel synthesis and deposition

Cu(NO3)2 • 2.5H2O (Sigma Aldrich, 99.999 % purity, USA), Mn
(NO3)2 • 4H2O (Sigma Aldrich, 97 % purity, USA), and Fe(NO3)3 • 9H2O
(Sigma Aldrich, 99.999 % purity, USA) were dissolved in distilled water
and used as the starting solutions. According to the intended nominal
composition of the spinel powders, those were mixed in proper molar
ratio. The solutions were heated to 80 ◦C with constant stirring on a
heating plate equipped with a magnetic stirrer. Citric acid (C6H8O7,
Sigma Aldrich, 99 % purity, USA) and EDTA ([CH2N(CH2COOH)2]2,
Sigma Aldrich, 99 % purity, USA) were added to the stirred solution in a
molar ratio of 2:1:1-TMI as chelating agents (TMI – total number of
molar ions). Diluted ammonia (25 w/w% H2O) was added dropwise to
adjust the pH to 9. To initiate the transesterification process, ethylene
glycol (C2H6O2, 98 % purity, Saint Louis, USA) was added while stirring
constantly in an amount sufficient to obtain a ratio of 1 mol polyalcohol
to 1 mol metal cations. The liquid precursor was maintained at 80 ◦C
until a dense gel-like structure was achieved. The resultant gel was
placed in a muffle furnace and heated to 400 ◦C for two hours. After this,
the obtained powder was fired at 800 ◦C for 2 h. To achieve the lowest
possible grain size, the powder was ball milled using the roll mill method
with zirconia milling balls (Ø = 3 mm) and a rotational speed of 800 rpm
for 4 h using a planetary mill.

The CuMn1.7Fe0.3O4 (CMFO) spinel layer was applied by the elec-
trophoretic deposition technique using Crofer 22 APU steel as the
cathode (identical to the RE-oxide layer) with the same dimensions. The
anode was Crofer 22 APU steel with a larger surface area (50 cm2). The
base solution contained 1 g of CMFO powder dispersed in isopropanol:
acetone (4:1 ratio, 100 ml). Crystalline iodine (0.1 g per 100 ml of so-
lution) was added to the solution. The resulting mixture was sonicated in
an ultrasonic bath for 15 min to disperse the spinel particles in the
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liquid. Three types of samples were prepared. The first type was Crofer
22 APU steel samples with only the spinel layer (labelled as ‘CMFO’).
The second type consisted of samples with a thin layer of gadolinium
oxide and, on top of that, a spinel layer (labelled as ‘CMFO-Gd2O3’). The
last type was samples with an yttrium oxide layer (same thickness) and
the spinel layer (labelled as ‘CMFO-Y2O3’). Uncoated Crofer 22 APU
steel plates were used as reference samples (labelled as ‘reference’). The
summary of the prepared samples is presented in Table 1. A program-
mable power supply (Delta Elektronika Power Supply SM 300-5, The
Netherlands) was used to apply 80 V between the electrodes. The
duration of the electrophoresis was 4 minutes to obtain a spinel layer of
~ 10 µm thickness. After coating the steel, a heat treatment process was
applied under a reducing and oxidising atmosphere. The reduction step
was carried out in tube furnace (Carbolite STF 16/450, Germany) at 800
◦C for 10 h under a hydrogen atmosphere with a flow 175 ml min− 1, and
an oxidation step at 900 ◦C for 2 h under air in a box furnace (Linn High
Therm LM412.05, Germany). The selection of these conditions was
based on preliminary tests determining the optimal conditions, and the
choice of a lower temperature was associated with the result of smaller
metallic particles of copper and iron. The use of a lower temperature for
the reduction stage also reduces the thickness of the chromium oxide
layer after the oxidation stage.

2.3. Measurements methods

Temperature-programmed reduction (TPR) test was performed for
CuMn1.7Fe0.3O4 using an in-house-built TPx unit including a TCD (Buck
Scientific, USA), heated transfer line, and specially designed quartz
reactor. For the reduction test, 75 mg of spinel powder was placed in the
reactor. Quartz wool was used to create a homogeneous reactive bed and
limit the elution of the powder. The TPR test was performed under the
standard 5 vol% H2 in Ar and flow rate of 40 ml min− 1. The sample was
heated up from room temperature to ~ 900 ◦C at a rate of 10 ◦C min− 1

with the data collection frequency set to 1 Hz. The sample of CuMn1.7-

Fe0.3O4 underwent two following cycles of reduction interspersed with
the collection of the oxidation profile under the same experimental
conditions, although under a stream of 5 % O2/He reactive gas. For
comparison, a sample of commercial MnCo2O4 powder (Marion Tech-
nologies, France) was measured while under reduction.

X-ray diffraction (XRD) was used to examine the microstructure of
the coated Crofer 22 APU steel samples using a Bruker D2Phaser (Bruker
AXS, Germany) diffractometer with a Lynxeye XE-T detector and CuKα
radiation (λ = 0.15406 nm). XRD measurements of the synthesised
powder were made for the powder after treatment at 800 ◦C under at-
mospheric air and for prepared samples after 1000 h, 2000 h and 4000 h
of oxidation.

To determine the oxidation kinetics, the samples were subjected to a
temperature of 700 ◦C under an air atmosphere in a box furnace
(Nabertherm L9/11/B180, Germany). The weight gain was measured
using a balance with a precision of 10–6 grammes (Radwag XA 6/21Y.M.
A.B PLUS, Poland). The ‘long-term’ corrosion study was carried out for
4000 h in 250-hour cycles (16 cycles), followed by mass measurement
and calculation of the mass increase. For each of the sample types, 16
specimens were assigned for long-term testing, of which 3 samples were
taken out after 1000 h, 4 after 2000 h, and the remaining 9 were
removed after the final period of 4000 h. Uncoated Crofer 22 APU steel
was used as a reference sample (5 samples). As for the coated samples,
one reference sample was taken out after 1000 h, two after 2000 h and
two after 4000 h.

Electrical resistance measurements were performed ex-situ for

samples after oxidation times equal to zero, 1000, 2000, and 4000 h. As
a reference, uncoated samples that had undergone the same oxidation
times were used. In a cross-scale setup, electrical resistance tests were
conducted (Pt/layers/steel/layers/Pt). On both sides of the steel, plat-
inum electrodes (with a surface area of 0.5 cm2) were painted with a
brush, dried, and heated at 700 ◦C for two hours. The electrical resis-
tance was measured using an impedance analyser in a four-electrode
setup (Vertex.5A, Ivium Technologies, The Netherlands). The test was
performed at a frequency of 1 Hz with an amplitude of 1 mA (the
imaginary component of the impedance was negligible). The samples
were heated to 700 ◦C, and the resistance was measured in a cooling
cycle every 50 ◦C down to 300 ◦C. The maximum current density
through the specimen was restricted to 10 mA cm− 2.

Cross-sections and the steel surface with a protective layer were
examined using scanning electron microscopy (SEM) on a stationary
SEM Phenom XL (Thermo Fisher Scientific, USA) at an accelerating
voltage of 15 kV and a pressure of 0.1 Pa. A SED (secondary electron
detector) and integrated energy dispersive X-ray microanalyser (EDX)
were used. The samples were imbedded in epoxy resin (EpoFix, Struers)
and then polished to a 1 µm finish using a semi-automatic Struers
Tegramin-20 machine. Prior to the imaging step, the samples were
sputtered with a thin carbon layer for better charge transfer and higher
resolution of the SEM images.

Raman spectroscopy (Raman Confocal imaging) was carried out
using a WITec alpha 300 M+ spectrometer (488 nm laser line). Mea-
surements were carried out on pre-prepared cross sections, using a
100× ZEISS Epiplan-Neofluar objective with NA = 0.9 and 600 grating
(spectral resolution of ca. 3 cm− 1). The areas of a constant width (5 µm)
were scanned and their height (from 8 to 13 µm) was dependent on
scale/coating thickness. The integration time for a single spectrum was
equal to 15 s. The WITec Control FIVE software was used to record
Raman spectra, whereas WITec Project FIVE 5.3 PLUS, as well as the
OPUS 7.2 software were used to post-process and analyse the results.
Prior to analysis, preliminary mathematical processing – extracting the
desired range (115–1000 cm− 1), baseline correction and cosmic spikes
removal (the CRR filter) – was executed. Subsequently, an integration
filter (with both specific position and width on the spectrum) was
applied to the characteristic spectral regions (e.g. the Cr2O3 band at ca.
555 cm− 1). As a result, chemical distribution maps were generated, a set
of distribution images was revealed, and the most representative spectra
for each phase were extracted manually, which determined the presence
of dominating phases.

X-ray Absorption Spectroscopy (XAS) was performed using the PIRX
beamline at the SOLARIS National Synchrotron Radiation Centre,
Kraków, Poland. The spectra were collected for various compositions of
the prepared protective coating as well as the samples subjected to
different oxidation times. Measurements were made for all three ele-
ments included in the analysed material by measuring the absorption
spectra at the L3 and L2 edges of Cu, Mn, and Fe. In the case of copper,
pure, and high-grade oxides of Cu2O and CuO were used as the refer-
ence. For manganese, MnO oxide, Mn2O3, and MnO2 oxides were taken
as nominal materials. Fe3O4 oxide was used to determine the iron
oxidation state in the prepared samples.

3. Results

3.1. Powder preparation and characterisation

The phase composition of the powders was determined by XRD
measurements. The obtained diffraction pattern for the CuMn1.7Fe0.3O4

Table 1
Nomenclature division of samples with different types of protective layers.

Sample name Reference CMFO CMFO-Gd2O3 CMFO-Y2O3

Sample composition Bare Crofer 22 APU CuMn1.7Fe0.3O4 CuMn1.7Fe0.3O4 – Gd2O3 CuMn1.7Fe0.3O4– Y2O3
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powder is presented in Fig. 1A. Peaks were observed for the cubic phase
(space group: Fd-3m) at 17◦, 31◦, 36◦, 37.5◦, 43◦, 52◦, 54◦, 58◦, 64◦, and
75◦, and for the tetragonal phase (space group: I41/amd:2) at 32◦, 45◦,
and 65◦. Impurities in the form of MnO2 and Mn3O4 oxide were also
observed. Peaks corresponding to MnO2 were found at 29◦, 37◦, 57◦,
59◦, 61◦, and 65◦ and for Mn3O4 at 18◦, 31◦, 44◦, and 65◦. Ignaczak et al.
also observed a mixed cubic and tetragonal phase occurring for
Mn1.7CuFe0.3O4 [38]. Bobruk et al. observed Cu1.3Mn1.7O4 impurities in
the form of Mn2O3 [46].

Due to the requirement of sintering of the spinel-based coatings in
reducing-oxidising conditions (redox sintering), understanding the
spinel reduction process can be valuable [47]. TPR profiles can indicate
the reducing reactivity of metal oxides. In general, a decrease in the
reduction temperature indicates an increase in the reduction activity.
The composition, particle size and surface area of the metal oxide in-
fluence its reducing capacity. The resulting reduction profiles of the
spinel are presented in Fig. 1B. Two reduction cycles were performed to
better understand the processes happening during the coating prepara-
tion step. Two main reduction regions (peaks) were observed, which
describe the processes taking place in a complex way. At a temperature
close to ~ 250 ◦C, the start of the reduction of the Cu2+ is visible (α),
which is quite common in the field of Cu-based spinels. The Cu ions are
being easily reduced to Cu+ and further into metallic form, which is
quite a fast process with no clear distinction between the two steps [48].
The reduction process of Cu ions, depending on the degree of doping,
can take place up to a temperature of 400 ◦C. In this case, it seems to
overlap with the manganese ions reduction signal when reducing Mn4+

to Mn3+ at around 306 ◦C (β) [49].
Lower temperatures of the reduction into purely metallic species are

characteristic for CuO deposited onto carriers such as YSZ or ZrO2, as
well as for highly dispersed copper oxide and Cu2+ cations in the octa-
hedral structure of the materials [50–55]. The β peak is a superposition
of the single-step bulk Cu2+ reduction and the first Mn reduction step.
The manganese reduction process from Mn4+ to Mn2+ revealed a first
maximum at ~ 306 ◦C and continues as a two-step process up to 365 ◦C
(γ) when most of the Mn ions are being converted into a Mn2+ state,
forming a precipitate of MnO. The lowering of the Mn reduction tem-
perature can be attributed to the Cu-induced spillover effect [56].
Metallic Cu particles are increasing the kinetics of the reduction process
of the bulk spinel and the coating preparation temperature can be
lowered. The aforementioned processes are also overlapping with the
reduction of Fe4+/3+ ions into Fe3+/2+ species, also indicated as the γ
peak. After that step, the sample still contains the Fe3O4-FeO phase,
which upon further heating above 600 ◦C under H2, is slowly converted
into metallic iron [55,57–59]. The reduction of iron above 600 ◦C does
not have such a large impact due to the low content of this element in the

material. Following the reduction of the spinel structure, it is decom-
posed into the corresponding mixture of separated oxides/metals. The
formation of metallic manganese is not possible within the analysed
temperature/pO2 range and the sample is composed of MnO mixed with
metallic Cu and FeO/Fe. The oxidation profile is shown in Fig. S1 A and
indicates that full reoxidation was finished up to 800 ◦C with visible
maxima coming from each of the substituents found in the reduced
sample. The secondary reduction profile visible in Fig. 1B shows that
after the reduction and oxidation process, the spinel structure seems to
become more homogenous and most likely tends to recrystallise into
micrometric grains, that due to the overwhelming amount of Cu is being
reduced in one step with no clear distinction between the undergoing
processes. One should take that into account when performing the
reduction process, as too-rapid structural changes might induce huge
internal stresses and may lead to lower integrity of the layer. Fig. S1 B
shows the reduction profile of MnCo2O4 (MCO) spinel. Compared to the
MCO spinel, most of the reduction process of CuMn1.7Fe0.3O4 takes place
at temperatures lower than for MCO. For MCO, the main peaks corre-
sponding to the reduction of Co and Mn species to metallic Co and MnO
were located at 500 and 685 ◦C. The result is in line with previous re-
ports on the MCO reduction behaviour [60]. Disregarding the sluggish
reduction of the FeO down to metallic Fe, the CuMn1.7Fe0.3O4 is more
easily reducible. The reason for such recognition of peaks in TPR is to
take into account the value of the redox potential of each cation and to
take into account literature data. The redox potentials are respectively
for the conversion from φMnO2/Mn2+, φMn3+/Mn2+: + 1.224 eV and +

1.51 eV, respectively, (φMn2+/Mn0) is − 1.186 eV; φFe3+/Fe2+,
φFe2+/Fe0 are + 0.771 eV and − 0.44 eV, respectively. The redox po-
tential for copper reduction Cu2+/Cu0 is + 0.342 eV.

3.2. Oxidation test

The influence of the spinel layer on steel corrosion behaviour and the
influence of a thin ceramic layer of gadolinium oxide and yttrium oxide
were investigated by subjecting the samples to corrosion tests at 700 ◦C.
Those conditions were chosen based on the current temperature trend in
the SOC [61].

The results of the cyclic thermogravimetry measurements are shown
in Fig. 2A in a linear scale, in 2B in a parabolic scale, and in 2 C, the
variation of the instantaneous corrosion rate over the course of the
experiment. In the case of long-term corrosion, the highest weight gain
was observed for the reference sample, equal to 0.158 ± 0.009 mg cm− 2

after 4000 h. However, a slowdown in the increase in weight gain is
visible after 3000 h, where the weight change is small, and after 3500 h,
the mass is being maintained practically constant. For the CMFO sam-
ples, the total weight gain after 4000 h was 0.042 ± 0.005 mg cm− 2,

Fig. 1. XRD of the CuMn1.7Fe0.3O4 spinel after calcination at 800 ◦C (A) and the TRP plot for the reduction of the CuMn1.7Fe0.3O4 (B).
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which was more than a threefold decrease in this value compared to the
reference sample. The same was observed with the CMFO-Gd2O3 sam-
ples, where after 4000 h, an increase in mass was equal to 0.053 ±

0.004 mg cm− 2 was seen. The lowest weight gain was obtained for the
CMFO-Y2O3 samples. Samples with a yttria layer and spinel showed a
weight gain after 4000 h equal to 0.041 ± 0.004 mg cm− 2, i.e., nearly
four times less weight gain than the reference sample.

For clarity, Fig. S2 A and B shows weight gains of coated samples
excluding the reference sample. Values presented in Figs. 2 and S2 are
based on the average weight gain of the samples. Fig. S3 shows the in-
dividual weight gains of the tested specimens of CMFO (S3 A), CMFO-
Gd2O3 (S3 B) and CMFO-Y2O3 (Fig. S3 C). All samples showed a similar
variation in weight gain values. However, for the CMFO samples, a
smaller number of samples was included in the average due to the
occurrence of the layer detaching during the oxidation. This may be
influenced by a slightly different TEC (thermal expansion coefficient)
which for MCO is 13.1 10− 6 K− 1 and for spinel Cu1.4Mn1.6O4 it was set at
13.9 10− 6 K− 1 [62,63]. For Crofer 22 APU steel, this value was defined
as ~ 12 10− 6 K− 1 [63].

The obtained results were compared with other results for similar
materials obtained by other groups. Talic et al. showed that Crofer 22
APU steel coated with an MCO protective layer showed a weight gain
after 4000 h of a little over 0.08 mg cm− 2. Higher weight gains were
observed for MCO doped with iron and copper, with ~0.10 mg cm− 2

and ~ 0.12 mg cm− 2 in that study [29]. Mazur et al. described a weight
gain close to 0.1 mg cm− 2 [40] for samples of Nirosta 4016/1.4016 steel
coated with spinel Cu1.25Mn1.65Ni0.1O4 and oxidised at 800 ◦C for
2000 h. In their work, Ignaczak et al. compared the weight gains of
Crofer 22APU steel samples coated with iron-doped Mn2CuO4,
Mn1.9CuFe0.1O4, Mn1.7CuFe0.3O4, and MCO, a reference sample (steel
sample), and a reference sample of pre-oxidised steel. The smallest mass
increase was found in samples with an MCO layer, then pre-oxidised,
and subsequently Mn1.7CuFe0.3O4, Mn1.9CuFe0.1O4, and Mn2CuO4. The
oxidation was carried out at 750 ◦C for 3000 h [39]. Talic et al. tested
the MCO coating of Crofer 22H, 441, and 430 steel, and the corrosion
properties were analysed at 700 ◦C. The corrosion time was 2000 h. The
obtained weight gain values at the final stage of the experiment were
approximately 0.081 mg cm− 2, 0.003 mg cm− 2, and − 0.031 mg cm− 2

for steel 441, 430, and Crofer 22H, respectively. The weight gain mea-
surements were subject to considerable error, as indicated by the error
bars. A weight loss was observed for Crofer 22H steel coated with MCO.
In the case of 430 steel, a reduction in weight gain was initially
observed. Then, an increase in mass was observed, and at the final stage
of the experiment, the mass increase was higher than the initial value.
This problem did not occur in the case of steel 441; however, the weight
gain values were very close to the values for steel without a protective
layer [64]. The cited literature data indicate good anti-corrosion prop-
erties. All the quoted weight gain values are higher than those obtained
in this work. The only lower mass increases were observed in the work
where it was difficult to analyse mass increases at such low

temperatures. In this work, this effect was also improved by using a thin
layer of RE-oxide.

The kinetics of the oxidation reaction at high temperatures is
described by the square dependence of the weight change during
oxidation. The parabolic law is described by the equation:
(Δm
A

)2
= kpt+C (1)

where: Δm is the weight gain (g), A is the sample area (cm2), kp is the
parabolic rate constant (g2 cm− 4 s− 1), t is the oxidation time (s), and C is
the integration constant (g2 cm− 4) [65]. The calculated values of the kp
coefficient are shown in Table 2. The analysed oxidation time was
divided into 3 stages (0–1000 h, 1000–3000 h, and 3000–4000 h),
taking into account the visible change in mass with the progress of
oxidation. For the reference sample, in the first stage, the kp value was
determined to be 3.18 × 10− 15, and in subsequent stages, it decreased to
1.68 × 10− 15 and 3.04 × 10− 16, respectively. In the case of coated
samples, the initial values were 4.55 × 10− 17, 4.61 × 10− 17, and 4.57 ×

10− 17 for CMFO, CMFO-Gd2O3, and CMFO-Y2O3, respectively. An in-
crease in this parameter was observed for all the samples in the period
1000–3000 h. The determined values of the kp coefficient for coated
steels indicate the beneficial effect of using a thin additional layer. This
is especially visible for samples with an additional layer of yttrium
oxide.

The values of the kp coefficient indicate the general corrosion
properties of the material. As noticed in this study, kp values vary with
time, so an additional analysis of corrosion kinetics vs. time has been
added: the instantaneous parabolic oxidation rate constant. The values
of k’p are independent of their duration and assume a constant value for
a process consistent with the parabolic law. The net oxidation rate
constant k’p can be calculated by summing the instantaneous values
across the measurement range employed in the experiments, according
to the formula [66]:

kʹ
p =

∑N

i=1

(
kig + ki+1g

2

)(
ti+1 − ti
tN − ti+1

)

(2)

where k’p is the instantaneous parabolic oxidation rate constant (g2

cm− 4 s− 1), t is the oxidation time [s], and N represents the number of
measurement points.

When the increase in the scale follows the parabolic oxidation rule

Fig. 2. Weight gain plots for long-term corrosion tests (a), parabolic plot (b), and calculated instantaneous kp values (c).

Table 2
Calculated kp values for corrosion experiments.

kp coefficient × 10− 15 g2 cm− 4 s− 1

Time interval (h) Reference CMFO CMFO-Gd2O3 CMFO-Y2O3

0–1000 3.18 0.0455 0.0461 0.0457
1000–3000 1.68 0.105 0.189 0.0907
3000–4000 0.304 0.226 0.361 0.236
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across all temperatures, the ratio of kp to k’p is close to 1. The deter-
mined net oxidation rate constants (kp’) are presented in Table 3. The
k’p/kp ratio, which is used to determine the departure from parabolic
oxidation kinetics, is presented in Table 4. The determined values of the
instantaneous parabolic oxidation rate do not differ significantly from
the parabolic law for each type of presented samples. This indicates that
the use of additional thin layers does not significantly affect the corro-
sion mechanisms. For samples covered with protective layers at the last
stage of oxidation, these values are closest to 1, which is well described
by the parabolic rate law.

The determined corrosion coefficients showed compliance of the
oxidation process with the parabolic law, and the obtained values for
Crofer 22 APU steel should be compared with the available literature
data. Previous work for the same steel showed a kp coefficient of 1.26 ×

10− 15 in the range of 250–1000 h and 0.47 × 10− 15 in the range of
1000–2000 h [18]. Talic et al. determined this parameter for Crofer 22H
steel as 3.2 × 10− 15 at 750 ◦C for 2000 h [67]. Koszelow et al. showed a
value of 4.5 × 10− 15 for porous Fe22Cr steel after an oxidation time of
100 h [68]. Shahbaznejad et al. received a value of 2.54 × 10− 13 for
Crofer 22 APU steel oxidised for 200 h isothermally at 700 ◦C [69].
Ignaczak et al. obtained values of this coefficient equal to 3.76 × 10− 15

and 2.28 × 10− 14 for oxidation times of 0–500 h and 500–3000 h at 750
◦C [39]. In the case of Crofer 22H steel coated with MCO, Talic et al.
reported that the parabolic oxidation coefficient was 9 × 10− 16 after
2000 h at 750 ◦C [64]. In another work, where the coated material was
spinel MCO, MnCo1.7Fe0.3O4, and MnCo1.7Cu0.3O4, the kp coefficient at
700 ◦C was 5.5 × 10− 16, 6.9 × 10− 16 and 1.1 × 10− 15 at 700 ◦C,
respectively, for an oxidation time of 4000 h [29]. Ignaczak et al. re-
ported kp values for Crofer 22 APU steels coated with MnCuFe0,
MnCuFe01, and MnCuFe03 spinel of 6.1 × 10− 15, 4.92 × 10− 15, and
4.73 × 10− 15, respectively, at 750 ◦C for isothermal oxidation for
3000 h [39]. The obtained values of the kp coefficient are comparable to
those reported in the literature. No significant differences are observed
for both uncoated steel and the proposed protective layer.

3.3. Electrical resistivity measurement

The interconnects should have a working life of close to 40,000 h and
should not exceed the ASR value of 0.1 Ω cm2 [70]. Fulfilling these two
conditions is necessary to obtain adequate efficiency. The results ob-
tained for cross-scale electrical resistance measurements are shown in
Fig. 3A–C. In addition, Supplementary Figs. S4A and S4B show the
calculated ASR values after the 1000- and 2000-h stages, and Figs. S4 C
and S4 D show the activation energy values calculated based on the
measurements divided into two stages: high-temperature (700–550 ◦C)
and low-temperature (500–300 ◦C).

For samples with an oxidation time of zero hours (i.e., for samples
with layers and after the heat treatment process and the bare Crofer steel
as reference), the ASR values were 7.62 mΩ cm2, 14.92 mΩ cm2,
11.47 mΩ cm2, and 8.07 mΩ cm2 for the reference sample, CMFO,
CMFO-Gd2O3, and CMFO-Y2O3 samples, respectively. After the final
oxidation stage (4000 h), the ASR values were as follows: 12.89 mΩ
cm2, 14.69 mΩ cm2, 8.76 mΩ cm2, 7.37 mΩ cm2 for the reference
sample, CMFO, CMFO-Gd2O3 and CMFO-Y2O3 samples, respectively. It
is also worth noting the changes in the ASR values at lower tempera-
tures. In this case, a significant difference was observed in the slope of
the curve for the reference sample at the initial stage and after 4000 h,

and there was no visible difference in the electrical properties of the
reference and coated samples. However, the ASR values for samples
coated with a protective layer for each of the analysed types indicate a
similar character, and the ASR values at 300 ◦C were between 1 and 2 Ω
cm2. Together with the ongoing oxidation process, we also observe the
convergence of ASR values for individual types. These values also match
the trend observed in weight gain measurements. After 1000 h of
oxidation, we observe that the lowest ASR value can be observed for
samples with an additional layer of Gd2O3. Also, the lowest weight gain
value was observed for the CMFO-Gd2O3 samples. In the next oxidation
stage, it was observed that the lowest ASR values were measured for the
CMFO-Y2O3 samples. This result is equivalent to the lowest weight gain.
The sample with an additional layer of gadolinium oxide, despite the
worst weight gain among the protective layers used, showed a lower
ASR value than the sample with spinel only. Mazur et al. determined the
ASR values for the Mn1.5Co1.5O4 and Mn1.45Co1.45Cu0.1O4 layers as
21.4 mΩ cm2 and 29.3 mΩ cm2 at 750 ◦C after oxidation for 1200 h at
the same temperature[71]. In another work describing the effect of
coating Crofer 22 APU steel with double layers of gadolinium oxide and
MnCo2O4 spinel at 800 ◦C for 7000 h, an ASR of 19 mΩ cm2 was ob-
tained [45]. Ignaczak et al. determined the ASR values for the same steel
coated with MnCuFe0, MnCuFe01, and MnCuFe03 spinel and oxidised
at 750 ◦C for 3000 h as values between 3 and 5 mΩ cm2 at 750 ◦C, which
were lower values than for samples with an MCO layer and peroxided
samples [39]. Sun et al. reported the coating of Crofer 22 APU steel with
Cu1.3Mn1.7O4 spinel and oxidation at 800 ◦C for 185 h. The ASR value
obtained for these combinations was 6.13 mΩ cm2 at 800 ◦C [34].
Huang et al. indicated an ASR value of 4.6 mΩ cm2 for the applied layer
of coating the same steel with CuMn1.8O4 spinel and oxidisation for
100 h at 800 ◦C [72].

The activation energy was determined using the slope obtained
during the ASR measurements and according to the Arrhenius law:

ASR = A • exp(
Ea
kT

) (3)

where: A is a pre-exponential factor (Ω cm− 2 K− 1), Ea is the activation
energy (kJ mol− 1), k is Boltzmann’s constant (J K− 1) and T is the tem-
perature (K). The initial activation energies were 11.41 kJ mol− 1,
36.53 kJ mol− 1, 55.06 kJ mol− 1, and 44.58 kJ mol− 1, for the reference
sample, with a CuMn1.7Fe0.3O4 layer, CuMn1.7Fe0.3O4 with Gd2O3 layer,
and CuMn1.7Fe0.3O4 with Y2O3, respectively (in the range 700–550 ◦C).
A very low value is noticeable for the reference sample, which is not
surprising since the initial stage of corrosion of uncoated steel is very
fast. The highest value of the activation energy was observed for the
CuMn1.7Fe0.3O4-Gd2O3 samples. After the final stage of oxidation, the
value of Ea was 42.98 kJ mol− 1, 54.88 kJ mol− 1, 39.48 kJ mol− 1 and
49.96 kJ mol− 1 for the reference sample, with a CuMn1.7Fe0.3O4 layer,
CuMn1.7Fe0.3O4 with Gd2O3 layer, and CuMn1.7Fe0.3O4-Y2O3, respec-
tively. These values refer to the analysed range in the higher tempera-
ture region. Talic et al. obtained activation energy values for
MnCo1.7Fe0.3O4 and MnCo1.7Cu0.3O4 protective coatings in the range of
77–78 kJ mol− 1 for samples aged at 800 ◦C for 4370 h and 65 kJ mol− 1

for clean Crofer 22 APU steel [29]. Bednarz et al. determined the acti-
vation energies for Mn1.5Co1.5O4 and Mn1.45Co1.45Fe0.1O4 materials
oxidised at 800 ◦C for 1200 h as 52.40 kJ mol− 1 and 48.44 kJ mol− 1,
respectively [73]. The obtained data are comparable with the literature

Table 3
Determined values of the instantaneous oxidation coefficient.

k’p coefficient × 10− 15 g2 cm− 4 s− 1

Time interval (h) Reference CMFO CMFO-Gd2O3 CMFO-Y2O3

0–1000 13.4 0.182 0.200 0.199
1000–3000 16.8 0.930 1.64 0.843
3000–4000 2.98 1.04 1.69 1.06

Table 4
Determined values of the k’p/ kp ratio for the coatings used, taking into account
the oxidation stages.

k’p / kp

Time interval (h) Reference CMFO CMFO-Gd2O3 CMFO-Y2O3

0–1000 4.21 4.11 4.34 4.36
1000–3000 9.99 8.86 8.69 9.30
3000–4000 9.81 4.59 4.69 9.30
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data. Comparisons are mainly at higher temperatures, as corrosion
analysis at low temperatures (700 ◦C) is still largely unknown. However,
these values are rational and do not differ from the literature trend.

3.4. XRD and SEM analysis

XRD measurements and SEM analysis of post-mortem samples were
also performed. Fig. S5 shows the XRD measurement after 4000 h stages
to check the stability of the material over time. The obtained diffraction
spectrum makes it possible to identify the main phase in the form of a
cubic structure (space group: Fd-3m) of the CuMn1.7Fe0.3O4 spinel. For
samples where the only protective layer is CMFO, small peaks at 29◦ and
57◦ were also identified, indicating the presence of MnO2 in the coating.
However, there are no observations of peaks corresponding to Cr2O3 and
MnCr2O4 formed during oxidation. For layers with an additional RE
oxide protective layer in the case of CMFO-Gd2O3, an additional peak is
observed at 32.5◦, which identified the tetragonal phase (space group:
I41/amd:2). As in the case of CMFO, no peaks corresponding to Cr2O3/
MnCr2O4 corrosion were observed and there was no signal from RE
oxide in the form of Y2O3 or Gd2O3. There were also no peaks respon-
sible for YMnO3 or GdCrO3 formed during the oxidation, the existence of
which was confirmed in previous work [18].

Fig. 4 presents cross-section images for the sample with the
CuMn1.7Fe0.3O4 spinel (Fig. 4A), for the sample with an additional layer
of gadolinium oxide (4B), and for the sample with an additional layer of
yttrium oxide (4 C) obtained for samples subjected to corrosion for
4000 h at 700 ◦C. The darker layer visible near the surface of the steel
indicates that a very thin layer of Cr2O3/MnCr2O4 had formed. SEM
images show a thin layer of chromium oxide (thickest for the sample
with CMFO layer). A layer of dense spinel is also observed close to the
steel surface. A thin gadolinium oxide-based layer was observed on the

Gd2O3-modified sample. On the Y2O3-modified sample, a discontinuous
Y2O3 thin layer was observed. Despite these microstructural differences,
as shown in Section 3.2, it revealed good corrosion protection proper-
ties. Fig. S6 show SEM images showing a larger area of the analysed
samples.

Fig. S7 depicts an SEM-EDS analysis illustrating the elemental dis-
tribution within the layer. It was demonstrated that there exists a
chromium-rich layer in direct contact with the steel. Moreover, notice-
able in samples with a CMFO layer are regions of heightened intensity
closer to the layer’s surface, indicating chromium diffusion through the
layer. In samples CMFO-Gd2O3 and CMFO-Y2O3, a distinct border of
chromium oxide occurrence is observed, coinciding with the presence of
an additional layer. The discontinuous nature of the Y2O3 layer was
observed in previous work [18]. Line scans were conducted on the dis-
cussed sample types to further understand and illustrate the blocking of
chromium diffusion. The obtained line scans are shown in Fig. S8. For
the CMFO sample, after 4000 h, a region corresponding to the chromium
oxide layer is visible at the peak chromium concentration. The chro-
mium content gradually decreases until reaching the surface area. In
samples with an additional layer of gadolinium oxide or yttrium oxide, a
distinct flattening of the chromium line after the layer is observed,
indicating blocking of chromium diffusion. The inherent blocking ca-
pacity of the CMFO layer alone is limited, as demonstrated in prior
studies on similar materials. The inclusion of a thin additional layer of
yttrium or gadolinium oxide results in a slight reduction in chromium
diffusion, possibly influenced by the discontinuous nature and small
thickness (~ 100 nm) of the yttrium oxide layer. Reddy et al. described
the coating of Crofer 22 APU steel with various protective materials,
including CuMn1.8O4 compared to MCO, and compared, among others,
chromium evaporation. EDS analysis after 3000 h of oxidation at 800 ◦C
showed that the layer composed of CuMn1.8O4 had the worst parameters

Fig. 3. Arrhenius plots of the surface resistance of samples oxidised at 700 ◦C for 0 h (A) and 4000 h (B) and comparison of the ASR value at 700 ◦C over time.

Fig. 4. SEM pictures taken for samples after oxidation for 4000 h at 700 ◦C. Cross-sections obtained for a sample with a layer of spinel CuMn1.7Fe0.3O4 (A), spinel and
gadolinium oxide (B), and spinel and yttrium oxide (C).
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for blocking chromium diffusion. In this case, a gradual decrease in the
amount of chromium is visible. In the case of MCO, much smaller
diffusion is observed, and the chromium map indicates a very small
content of chromium diffused into the layer itself [74]. The reason for
this may be the greater solubility of chromium in the Cu and Mn-based
spinel layers. It has been shown that CuMn2O4 spinel is an excellent
getter of chromium (or chromium oxide) [75]. A similar relationship in
EDS maps, like for CuMn1.8O4, is observed for the CMFO layer. A clear
change in the slope of the curve in line scans observed for samples with
an additional layer indicates an increase in the degree of chromium
blocking, but not completely preventing it. Spot measurements were
also conducted to precisely determine the chromium content in indi-
vidual layer parts. The data presented in Fig. S9B were gathered from
four points distributed along the layer (Fig. S9A). Chromium content is
comparable across all samples at the point nearest to the steel surface.
However, a notable reduction in chromium content is observed at the
second point for CMFO-Gd2O3 and CMFO-Y2O3 samples. Chromium
concentrations for points closer to the surface have the lowest chromium
concentration and comparable across all types. It is also worth noting
that the chromium content near the surface is low and a large error is
possible at this point with EDS spot analysis. In the case of the com-
parison of the coefficient between the atomic content of manganese and
copper (presented in Fig. S8C), it was shown that the area rich in
chromium oxide and the reactive layer have a significantly different
coefficient from the basic one. This indicates the potential decomposi-
tion of spinel by chromium diffusing into the layer. For the two analysed
points further away from the steel surface, it is visible that this coeffi-
cient has values close to the target value. This also indicates the lack of
degradation of the material itself and the decomposition of spinel into
various oxides.

The SEM-EDS analyses presented in the form of element identifica-
tion mapping, line scans, and point analysis of the layer demonstrated an
enhancement in blocking chromium diffusion compared to samples with
only a CMFO spinel layer. This enhancement is associated with the
presence of a thin layer of Gd2O3 or Y2O3. However, the extent of
improvement is constrained by the low thickness of the additional layer
and its discontinuous nature.

3.5. Confocal Raman imaging

In order to describe and understand the reactions between Crofer 22
APU steel, protective layers, and oxygen, measurements were made
using Raman Confocal Imaging. For this purpose, samples that had un-
dergone 4000 h of oxidation were selected from among the CMFO,
CMFO-Gd2O3, and CMFO-Y2O3 specimens and were cross-sectioned and
polished. Similarly to literature reports [45,76], the formation of two
very typical phases for Crofer 22APU below the protective coating was
confirmed with Raman Confocal imaging (Fig. 5) – Cr2O3 based on
bands at ca. 296, 352, 555 (the most characteristic ones) and 616 cm− 1

[77], as well as (Mn,Cr)3O4 spinel based on Raman modes at around 509
and 691 cm− 1 [78]. Moreover, bands at ca. 430 and 541 cm− 1 were
observed for the thickest, top layer, which is composed of CuMnFe
spinel [79,80]. As can be seen, two spectra of a very similar shape,
especially within the 350–700 cm− 1 spectral range, were determined –
the only, but easily noticeable difference concerns the opposite intensity
relation of characteristic bands coming from CuMnFe spinel (541 cm− 1)
and MnO2 (622 cm− 1 [81]) located mainly in the upper part of the
protective coating. For specimens with additional protection in the form
of Y2O3 (Fig. 4B) and Gd2O3 (Fig. 4C), results similar to first sample,
which were also alike, were obtained – in both cases, Cr2O3, Mn-Cr
spinel and protective CuMn1.7Fe0.3O4 spinel mixed with MnO2 were
found. In this case, it was impossible to differentiate the location of
protective spinel and MnO2, which suggests the scattering of the latter
within the whole coating. As far as Y- and Gd-based phases are con-
cerned, two intriguing observations were made. Firstly, no bands typical
for Y2O3 and Gd2O3 were noticed. Secondly, different type of

perovskite-like non-continuous phases were formed, just above the
Mn-Cr spinel, depending on the applied oxide – for yttria, YMnO3 was
formed (bands at ca. 224, 418, 448, 637, and 691 cm− 1 [82]) and for
gadolinium, it is probable that GdCrO3 or GdMn1-xCrxO3 (with x close to
1) was nucleated (modes at around 222, 330, 634, 690 cm− 1 [83]).
Mazur et al. described the formation of a similar Gd-based perovskite--
like structure, but for a different protective spinel (MnCo2O4) [45]. In a
previous study that only focused on protective ceramic layers, similar
results were also noticed. In that study, the formation of perovskite
compounds based on Y and Gd, as well as phases of chromium oxide and
manganese-chromium spinel, standard for Crofer 22 APU steel, was
observed [18]. The identification of the YMnO3 layer as the reaction
product of yttrium during oxidation is an interesting observation.
Linescans performed for CMFO-Gd2O3 and CMFO-Y2O3 samples indicate
an increased concentration of manganese near the RE-oxide layer. This
may also indicate the reason for the occurrence of YMnO3. In the liter-
ature, most often, YCrO3 is identified as a result of the reaction of
yttrium oxide and chromium oxide formed during oxidation [18,84,85].
The only work found in which YMnO3 was present described the coating
of AISI 430 steel with a layer of Y2O3. However, in the cited work, the
XRD peaks identified as YMnO3 were small, and the remaining peaks
obscured them [86,87]. The influence of the transformation of yttrium
oxide and gadolinium oxide on perovskite compounds is also visible in
those described in Section 3.3 by observing lower ASR values for the
CMFO-Y2O3 and CMFO-Gd2O3 samples, even despite the greater weight
gain for the second type. The reason for this is that perovskite oxides are
characterised by much higher electronic conductivity than reactive
element oxides. Additionally, the highest ASR value was observed for
the sample with only spinel, which is probably related to the significant
amount of manganese oxide observed in this study.

3.6. XAS spectroscopy

To supplement the discussion on the characteristics of the CuMn1.7-

Fe0.3O4 spinel material and the impact of interactions with other ma-
terials, such as the applied ceramic layers and the Crofer 22 APU steel
itself, a series of X-ray absorption spectroscopy (XAS) measurements was
taken. The obtained Cu L3-edge spectra for copper are presented in
Fig. 6A. Analogous measurements for manganese and iron electronic
surrounding are shown in Fig. 6B and Fig. 6C, respectively. The ab-
sorption edges of the Cu reference powders were observed at 938.85 eV
for CuO and 931.55 eV for Cu2O. This is in line with the standardised
data recorded previously for Cu oxides. In case of the copper-
manganese-iron spinel analysis, a sharp band at ~ 938.85 eV was
observed in all cases, which indicates the presence of copper in the Cu2+

oxidation state. The observed peaks indicate the excitation of the Cu 2p
electron, which under the influence of the energy quantum, goes to a
higher energy level, in this case 3d, occupying the unoccupied band and
resulting in the 2p5 3d10 configuration [87]. The obtained spectra
correspond to the presence of copper as a divalent cation within the
A-site in the spinel structure [88]. A more complex situation is observed
in the case of manganese. For the MnO, the absorption edge white line
was observed at 640.2 eV, for the Mn2O3 at 642.2 eV, and for the MnO2
at 642.9 eV, respectively. For manganese in the Mn2+ oxidation state,
the observed binding energy value of the edge can stand for high-spin
manganese ions in the 3d5 configuration. Respectively, for the Mn3+

oxidation state, the electronic configuration of 3d4 was recorded, and
the 3d3 configuration for the Mn4+ ions [89]. The manganese ions in the
CuMn1.7Fe0.3O4 spinel were found to be in mixed valence, occupying all
three oxidation states. A change in the valence after the exposure to an
oxidising environment was also observed. With the CMFO and
CMFO-Gd2O3 samples, a decrease in the oxidation state of the Mn
oxidation state was observed in relation to the initial data, while the
Mn3+ and Mn2+ bands became more pronounced at 640.2 eV and
642.2 eV, respectively. In contrast, for the samples with an additional
layer of yttrium oxide, the transition of manganese to higher oxidation
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states was observed. For the Fe reference powder, the absorption edges
were observed at 708.3 eV (corresponding to Fe2+) and at 709.7 eV (the
characteristic maximum for Fe3+). The Fe L3-edge of the
spinel-only-covered sample was located at 709.7 eV, which implies that
most of the iron ions had undergone Fe3+ oxidation. This indicates a
successful occupancy of the octahedral position of the 3d5 trivalent iron
in the spinel B-site structure [89]. No significant differences after the
corrosion tests were observed for both copper and iron. Copper occupies
the spinel’s tetrahedral A-site, and trivalent iron resides in the B-site of
the spinel. Only minor changes were observed for the manganese
valence. XAS measurements indicate differences that occur in the ma-
terial during oxidation (specifically in the case of Mn). For the CMFO
samples, the MnO2 that was seen in the CRI and XRD measurements
could not be found in the XAS, probably due to the possibility because
only the sample’s surface could be analysed.

4. Conclusions

This work demonstrated the potential of using CuMn1.7Fe0.3O4 spinel
with thin additional protective layers (Gd2O3, Y2O3) to protect inter-
connectors at 700 ◦C. The material was characterised using TPR, which
showed that reduction begins at approximately 250 ◦C with Cu reducing
to metallic copper. The spinel exhibited a lower reduction temperature
compared to MCO, influenced by the presence of metallic Cu.

Electrophoretic deposition technique allowed for adequate applica-
tion of protective layers on Crofer 22 APU steel. Three coating types
were tested: spinel only (CMFO), spinel with gadolinium oxide (CMFO-
Gd2O3), and spinel with yttrium oxide (CMFO-Y2O3). These were oxi-
dised at 700 ◦C for 4000 h. The CMFO-Y2O3 coating demonstrated the
lowest weight gain, while the other samples showed slightly higher
values. Electrical resistivity measurements revealed low Area Specific
Resistance (ASR) values for all coated samples, with no significant in-
crease in ASR or activation energy observed throughout the analysis
period.

Comprehensive material analysis after oxidation was conducted
using SEM-EDS, Confocal Raman imaging (CRI), X-ray Absorption
Spectroscopy (XAS), and X-ray Diffraction (XRD). These techniques
indicated the presence of standard phases in Crofer 22 APU steel,
including chromium oxide and manganese-chromium spinel. The addi-
tional yttria and gadolinium oxide coatings resulted in the formation of
YMnO3 and GdCrO3 perovskite phases, respectively. These analyses also
confirmed the presence of a low content of the MnO2 phase.

Spot and linescan microscopic analyses confirmed enhanced chro-
mium diffusion blocking in samples with additional RE-oxide layers.
This is particularly significant due to the nature of copper manganese
spinels, which typically show weaker chromium diffusion blocking
compared to state-of-the-art (Mn,Co)3O4.

XAS measurements carried out on samples with different oxidation
times detected changes occurring in the structure of the protective layer
after subsequent stages of oxidation. No changes in the oxidation state of
copper and iron were observed. During the oxidation process, the sig-
nificant changes were observed with the manganese, where shifts to-
wards a higher oxidation state (CMFO-Y2O3) or towards a lower one (for
other types of samples) were observed. A graphical summary of the
impact of the additional reactive element layer is presented in the Fig. 7.

The proposed new combination of coating represents a viable

(caption on next column)

Fig. 5. Raman Confocal imaging for Crofer 22 APU steel samples with a pro-
tective layer of CuMn1.7Fe0.3O4 (A), CuMn1.7Fe0.3O4-Gd2O3 (B) and CuMn1.7-

Fe0.3O4-Y2O3(C) after 4000 h of oxidation at 700 ◦C. For all Raman data: red
square in confocal image corresponds to area investigated with Raman laser.
Raman distribution images (obtained via the integration of the most charac-
teristic band for the specific phase along with value of its Raman shift given in
the brackets) are illustrated with the Raman spectra. Each spectrum was also
marked with bands that can be unequivocally attributed to corresponding
phase(s).
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alternative to the state-of-the-art (Mn,Co)3O4 spinels. The tested mate-
rials are free of cobalt, while maintaining its protective and even
improving the electrical properties. The effective reduction of cobalt in
SOC materials opens the door to an effective reduction in production
costs and dispels doubts in the context of possible health and environ-
mental issues.
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[6] A. Magrasó, H. Falk-Windisch, J. Froitzheim, J.E. Svensson, R. Haugsrud, Reduced
long term electrical resistance in Ce/Co-coated ferritic stainless steel for solid oxide
fuel cell metallic interconnects, Int. J. Hydrog. Energy 40 (2015) 8579–8585,
https://doi.org/10.1016/J.IJHYDENE.2015.04.147.

[7] F. Saeidpour, M. Zandrahimi, H. Ebrahimifar, Evaluation of pulse electroplated
cobalt/yttrium oxide composite coating on the Crofer 22 APU stainless steel
interconnect, Int. J. Hydrog. Energy 44 (2019) 3157–3169, https://doi.org/
10.1016/J.IJHYDENE.2018.12.062.

[8] X. Deng, P. Wei, M.R. Bateni, A. Petric, Cobalt plating of high temperature stainless
steel interconnects, J. Power Sources 160 (2006) 1225–1229, https://doi.org/
10.1016/J.JPOWSOUR.2006.03.024.

[9] K. Huang, P.Y. Hou, J.B. Goodenough, Reduced area specific resistance for iron-
based metallic interconnects by surface oxide coatings, Mater. Res. Bull. 36 (2001)
81–95, https://doi.org/10.1016/S0025-5408(01)00506-2.

[10] S. Molin, H. Persson, T.L. Skafte, A.L. Smitshuysen, S.H. Jensen, K.B. Andersen,
H. Xu, M. Chen, P.V. Hendriksen, Effective yttrium based coating for steel
interconnects of solid oxide cells: corrosion evaluation in steam-hydrogen
atmosphere, J. Power Sources 440 (2019), https://doi.org/10.1016/j.
jpowsour.2019.226814.

[11] L. Yang, X. Pang, G. Fox-Rabinovich, S. Veldhuis, I. Zhitomirsky, Electrodeposition
of cerium oxide films and composites, Surf. Coat. Technol. 206 (2011) 1–7, https://
doi.org/10.1016/j.surfcoat.2011.06.029.

[12] I. Zhitomirsky, A. Petric, Electrolytic and electrophoretic deposition of CeO2 films,
Mater. Lett. 40 (1999) 263–268, https://doi.org/10.1016/S0167-577X(99)00087-
7.

[13] I. Zhitomirsky, A. Petric, Electrochemical deposition of yttrium oxide, J. Mater.
Chem. 10 (2000) 1215–1218, https://doi.org/10.1039/b000311p.

[14] J.S. Yoon, J. Lee, H.J. Hwang, C.M. Whang, J.W. Moon, D.H. Kim, Lanthanum
oxide-coated stainless steel for bipolar plates in solid oxide fuel cells (SOFCs),
J. Power Sources 181 (2008) 281–286, https://doi.org/10.1016/J.
JPOWSOUR.2007.12.053.
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