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ctrochemical validation of
Fe-modified Mn–Cu spinel coatings deposited by
electrophoretic deposition for solid oxide cell
interconnect applications

Francesco Gallo, *a Simone Anelli,a Fabiana D'Isanto,a Xiufu Sun,b Marco Castelli,b

Antonio Gianfranco Sabato, c Albert Tarancón cd and Federico Smeacettoa

Cobalt-free Mn–Cu spinel coatings, with and without Fe modification, were deposited by electrophoretic

deposition (EPD) and comparatively evaluated as protective layers for solid oxide cell (SOC) interconnects.

The addition of Fe2O3 led to a finer and more uniform microstructure, while XRD and EDS results were

consistent with Fe incorporation into the Mn–Cu spinel-based phase after thermal treatment.

Electrochemical testing was performed on large-area interconnects under dual-atmosphere operation

(850 °C, 10% H2 + 90% H2O/air) for over 1300 h. The MnCuFe-coated Crofer 22 APU exhibited initial

area-specific resistance (ASR) values in the range of 10–20 mU cm2, followed by a moderate increase

during the first few hundred hours and progressive stabilization beyond 1000 h. Post-mortem analyses

revealed controlled chromia growth and preserved coating integrity. These results demonstrate the

feasibility of scaling up EPD-processed Mn–Cu-based coatings and validate their performance under

industrially relevant conditions, positioning them as viable cobalt-free alternatives for SOC interconnect

protection.
1. Introduction

The global transition to renewable energy is accelerating, driven
by the urgent need to achieve carbon neutrality and limit
climate change. However, the inherent intermittency of sources
such as solar and wind presents signicant challenges for grid
stability and the effective storage of excess energy.1–4 Among the
emerging solutions, hydrogen is increasingly recognized as
a versatile energy carrier, capable of storing and transporting
energy derived from renewable sources.5

Solid oxide cells (SOCs) have attracted considerable atten-
tion as one of the most efficient and exible technologies for
both high-temperature electricity generation (solid oxide fuel
cells, SOFCs) and hydrogen production (solid oxide electrolysis
cells, SOECs).6 SOC devices combine high efficiency with fuel
exibility; however, their commercialization is hindered by
durability issues arising from operation at elevated tempera-
tures (typically 600–850 °C) under oxidizing and reducing
atmospheres, oen combined with high steam content and
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thermal or redox cycling. In particular, long-term operation is
compromised by degradation phenomena affecting the metallic
interconnects, primarily manufactured from ferritic stainless
steel.7–9 Chromium volatilization and the formation of electri-
cally insulating oxide scales on metallic interconnects increase
the area specic resistance (ASR) and promote chromium
poisoning of the oxygen electrode, ultimately leading to
progressive performance degradation.10,11 This issue is particu-
larly critical considering the state-of-the-art SOC conguration,
which typically employs Ni-YSZ or Ni-GDC cermets as fuel
electrodes, dense YSZ or GDC-based electrolytes, and
perovskite-based oxygen electrodes, including LSM (mainly
electronic conductor) and mixed ionic–electronic conductors
such as LSCF.12,13 While these materials ensure high electro-
chemical activity at intermediate-to-high temperatures, the
oxygen electrode is especially susceptible to chromium depo-
sition, which blocks active sites and accelerates performance
decay.14–17 To address these issues, protective coatings based on
reactive-element oxides, rare-earth perovskites, and spinel-type
oxides have been extensively investigated. These materials are
applied as functional ceramic layers on metallic interconnects,
where they act as chemical and physical barriers against
oxidation and chromium volatilization while maintaining
adequate electrical conductivity.7,15,18–21

The interconnect component plays a crucial role within the
SOC stack, connecting electrically adjacent cells and physically
J. Mater. Chem. A
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separating the fuel and oxidant compartments. For practical
designs, interconnects are oen fabricated with a channelled
geometry, which enhances mechanical stability, promotes
homogenised gas distribution, and enables compact stacking.
However, this introduces geometric complexity that poses
substantial challenges for achieving uniform, conformal coat-
ings with conventional deposition techniques.22–26

Electrophoretic deposition (EPD) has emerged as a prom-
ising, cost-effective, and scalable method for applying dense
and compact ceramic layers to substrates with complex
shapes.15,27,28 The effectiveness of EPD coatings strongly
depends on multiple factors, including suspension formula-
tion, deposition parameters, and post-deposition heat treat-
ments. Its versatility allows the deposition of a wide range of
materials. Cobalt-based spinels currently represent the state of
the art for protective coatings in SOC applications due to their
electrical conductivity, high stability, and compatibility with the
other materials in typical SOC operating conditions.26,29–33

Achieving dense, adherent protective coatings based on these
materials remains a critical challenge.34,35 In addition, the effect
of dopants on the sintering behaviour, electrical conductivity,
and chromium-blocking properties of spinel coatings is an
active research topic.36–39

Despite these advantages, the presence of cobalt poses
environmental, health, and ethical concerns.40 In this context,
Mn–Cu-based spinels have emerged as promising materials due
to their non-critical composition, lower environmental impact,
and excellent chemical and thermal compatibility with SOC
components.18,19,41–44 However, Mn–Cu coatings still face critical
challenges, including limited long-term corrosion data, Cu
surface segregation, and a marked tendency to develop CuO-
rich surface layers, secondary phases, and porous microstruc-
tures during sintering and redox treatments, if not carefully
controlled, all of which can compromise phase stability and
long-term protective behaviour.41 Fe incorporation in Mn–Cu
spinels has been widely investigated and reported to enhance
sintering behaviour, promote densication, and stabilize the
spinel structure.43,45 However, its performance under realistic
dual-atmosphere conditions and at large interconnect scale
remains largely unexplored. In addition, Mazur et al. demon-
strated that the Fe content in Cu–Mn spinels must be carefully
balanced. Excessive Fe incorporation promotes the formation of
secondary bixbyite or tetragonal spinel phases, increases local
structural disorder and Mn2+/Mn3+ fractions at the expense of
Mn4+, and leads to regions enriched in poorly conducting
Mn2O3

− and Cr-rich spinels. This ultimately lowers electrical
conductivity, thickens the Cr-containing reaction layer, and
increases ASR aer long-term oxidation.46 While these effects
are well documented at the material level, the behaviour of Fe-
modied Mn–Cu coatings under realistic SOC operating
conditions, particularly under dual-atmosphere exposure and at
large interconnect scale, remains largely unexplored. Further-
more, most studies reported in the literature are limited to
small-scale samples and controlled laboratory conditions, and
do not address the challenges associated with scaling up the
deposition process to practical interconnect dimensions.
J. Mater. Chem. A
In this work, Mn–Cu spinel coatings, with and without Fe
addition, are developed via electrophoretic deposition and
comparatively evaluated. Fe addition was achieved through
electrophoretic co-deposition of Cu1.3Mn1.7O4 and Fe2O3,
enabling control of the nal composition without additional
powder synthesis steps. This approach provides a scalable route
for coating large-area interconnects with uniform thickness and
good adhesion.30,39 Two sintering strategies were investigated:
conventional single-step oxidation and reduction–reoxidation
treatment. The optimized reduction–reoxidation route (900 °C
in Ar/H2 followed by reoxidation at 900 °C) produces dense
coatings (10–15 mm) with improved microstructural
homogeneity.

To validate coating performance under realistic operating
conditions, electrochemical testing was performed on large-
area (5.3 × 5.3 cm) at Crofer 22 APU interconnects. Area-
specic resistance measurements were carried out for more
than 1300 h at 850 °C under dual-atmosphere conditions. This
study therefore focuses not only on material optimisation, but
also on the validation of coating performance under industrially
relevant conditions, including large-area components and
realistic operating environments. Therefore, the novelty of this
work lies not in Fe modication alone, but in the integration of
Fe-modied Mn–Cu spinel chemistry with scalable EPD pro-
cessing, large-area interconnect coating, long-term dual-
atmosphere electrochemical validation, and post-mortem
degradation analysis under SOC-relevant conditions. The
results are compared with those of state-of-the-art Mn–Co-
coated and uncoated substrates reported in the literature.
2. Materials and methods
2.1. Stainless steel substrates

Crofer 22 APU ferritic stainless steel was selected as the
substrate material. According to supplier datasheets, its chem-
ical composition (wt%) is approximately: Cr 20–24, Mn 0.3–0.8,
Si < 0.5, Cu < 0.5, Al < 0.5, Ti 0.03–0.2, La 0.04–0.2, C < 0.03, P <
0.05, S < 0.02, Fe balance.47 Small coupons (10 mm × 10 mm ×

0.2 mm) were used for process optimization, while larger-area
at samples (5.3 cm × 5.3 cm × 0.81 mm) were prepared for
long-term stability and electrochemical testing. Before deposi-
tion, substrates were degreased in acetone and ethanol (Merck
KGaA) using an ultrasonic bath for 10 min.
2.2. Powders and suspension preparation

A commercial spinel powder with nominal composition
Cu1.3Mn1.7O4 (Nexceris; d50 = 0.0625 mm) was used as the base
material. Fe2O3 powder (Fluka; d50 = 0.075 mm) was used as an
iron oxide precursor and co-deposited with the Mn–Cu spinel
powder by electrophoretic deposition. Both powders were used
in their as-received condition, without high-energy ball milling
or additional particle-size renement. Further milling of
already nanometric/submicrometric powders is challenging
and may lead to uncontrolled agglomeration or modication of
the particle size distribution. The presence of so agglomerates
was not considered detrimental for EPD, as the suspensions
This journal is © The Royal Society of Chemistry 2026
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were ultrasonicated before deposition to promote dispersion
and break up weak agglomerates. Two suspensions with a solid
loading of 10 g L−1 were prepared in a 50 : 50 vol% ethanol/
acetone mixture. Iodine (1 g L−1) was added as charging agent
to enhance particle mobility and deposition uniformity.48

Before deposition, the suspensions were ultrasonicated for
10 min and magnetically stirred for 10 min to promote particle
dispersion.

� MnCu suspension: Cu1.3Mn1.7O4 only.
�MnCuFe suspension: 90 wt% Cu1.3Mn1.7O4 + 10 wt% Fe2O3.
The Fe2O3 content was selected based on literature reports

indicating that moderate Fe incorporation promotes spinel
stabilization and improves sintering behaviour, while avoiding
the formation of secondary phases and the deterioration of
electrical conductivity associated with higher Fe contents.45,49
2.3. Electrophoretic deposition

EPD was performed in a two-electrode conguration using
Crofer 22 APU plates of identical dimensions as electrodes. The
substrate to be coated was connected to the negative terminal
and the counter electrode to the positive terminal. The elec-
trodes were positioned parallel to each other at an inter-
electrode distance of 10 mm.

Depositions were carried out under DC constant-voltage
conditions at 30, 45, and 60 V for 60 s. Aer deposition,
samples were dried at room temperature until complete solvent
evaporation.
2.4. Sintering treatments

Two thermal treatment routes were applied to sinter Mn–Cu-
based spinel coatings:

� Single-step oxidation: 900 °C for 2 h in static air, heating/
cooling rate: 3 °C min−1.

� Two-step process: reduction in Ar/H2 (5 vol% H2) at 900 °C
for 2 h (5 °Cmin−1), followed by reoxidation at 900 °C for 2 h (3 °
C min−1).

Aer the reduction step, selected samples were characterized
to assess possible phase decomposition and substrate degra-
dation. Table 1 reports the labels of the different samples.
2.5. Powder and coating characterization

Powder morphology and microstructure were analysed by eld-
emission scanning electron microscopy (FE-SEM, MIRA3, TES-
CAN) equipped with energy-dispersive X-ray spectroscopy (EDS,
Table 1 Samples overview

Sample label Spinel precursors

MnCu_1S 100 wt% Cu1.3Mn1.7O4

MnCu_Red 100 wt% Cu1.3Mn1.7O4

MnCu_2S 100 wt% Cu1.3Mn1.7O4

MnCuFe_1S 90 wt% Cu1.3Mn1.7O4; 10 wt% Fe2O3

MnCuFe_Red 90 wt% Cu1.3Mn1.7O4; 10 wt% Fe2O3

MnCuFe_2S 90 wt% Cu1.3Mn1.7O4; 10 wt% Fe2O3

This journal is © The Royal Society of Chemistry 2026
FESEM-EDS SUPRATM 40, Zeiss and Merlin Gemini Zeiss and
MIRA3 XMH, TESCAN) for elemental analysis and mapping.

Phase composition was determined by X-ray diffraction
(XRD) using a PANalytical Empyrean diffractometer with Cu Ka
radiation in the 2q range of 20–70°, with a step size of 0.013°
and a counting time of 100 s per step. Phase identication was
performed using HighScore soware and the ICDD (Interna-
tional Centre for Diffraction Data, Newton Square, Pennsylva-
nia, USA) database.

Particle size distribution was measured by laser diffraction
using a Mastersizer 3000 equipped with a Hydro EV wet
dispersion unit (Malvern Panalytical). Measurements were
performed in water on the as-received powders. Prior to anal-
ysis, the powder suspensions were ultrasonicated for 10 min,
and sonication was also applied during the measurement to
minimize agglomeration.

In situ high-temperature X-ray diffraction (HSXRD) was
carried out using the same diffractometer equipped with a high-
temperature chamber (Anton Paar HTK1200N) to investigate
the phase evolution of MnCu and MnCuFe systems during
thermal treatment in air. The samples were heated from room
temperature up to 950 °C at a rate of 3 °C min−1. Diffraction
patterns were collected at selected temperatures between 600 °C
and 950 °C in 50 °C increments. A 10 min dwell time was
applied at each temperature prior to data acquisition to ensure
thermal stabilization. Additional measurements were per-
formed during cooling to evaluate the reversibility of phase
transformations. This analysis was used to identify phase
stability limits, detect spinel decomposition, and assess
whether the phase evolution was consistent with Fe incorpo-
ration into the spinel-based structure as a function of
temperature.

Coating morphology and cross-sections were examined by
FE-SEM/EDX. Samples were embedded in epoxy (Struers, Den-
mark), ground using SiC papers up to 4000 grits, polished with
diamond suspensions, and sputter-coated with Pt.

2.6. Electrochemical testing

Electrochemical characterization was performed on large-area
(5.3 cm × 5.3 cm) at Crofer 22 APU interconnects under
stack-relevant conditions at 850 °C. For testing, an alumina
solid oxide cell test house was used; the coated plate was
sandwiched between Ni and Au meshes, which served as gas
distribution and electrical contact components in the fuel gas
compartment and air compartment, respectively.50 The effective
contact area during measurements was 40 mm × 40 mm.
Reduction treatment Oxidation treatment

— 900 °C, 2 h, static air
900 °C, 2 h, Ar/H2, (5 vol% H2) —
900 °C, 2 h, Ar/H2, (5 vol% H2) 900 °C, 2 h, static air
— 900 °C, 2 h, static air
900 °C, 2 h, Ar/H2, (5 vol% H2) —
900 °C, 2 h, Ar/H2, (5 vol% H2) 900 °C, 2 h, static air

J. Mater. Chem. A
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Durability tests were conducted under dual-atmosphere condi-
tions, supplying 10% H2 + 90% H2O to the fuel side and air to
the oxygen side. DC current of 2 A (0.125 A cm−2) was applied,
and voltages were measured in every 2 minutes for over 1300 h.
ASR was calculated from the measured voltage and applied
current and normalized to the effective contact area.
3. Results and discussion
3.1. Powder characterization

The commercial Cu1.3Mn1.7O4 spinel powder, used in its as-
received condition, was characterized prior to deposition. The
morphology, crystalline structure, and particle size distribution
are shown in Fig. 1a–c. FE-SEM observations reveal irregularly
shaped particles (Fig. 1a), while XRD analysis (Fig. 1b) conrms
the presence of a single-phase cubic spinel structure, with no
detectable secondary phases. The particle size distribution
(Fig. 1c) exhibits a bimodal behaviour, with d50 = 0.0625 mm
and d90 = 0.204 mm. The nanometric particle size contributes to
suspension stability, promoting homogeneous dispersion and
limiting sedimentation during EPD. Moreover, the observed
bimodal distribution may be benecial for EPD coating
formation rather than detrimental. Previous studies on EPD-
processed spinel protective coatings have shown that properly
balanced multimodal particle size distributions can improve
particle packing, as ner particles may ll the interstitial spaces
between coarser particles, leading to denser coatings and
improved functional properties.51,52 For this reason, the as-
received powder was considered suitable for deposition.53,54
Fig. 1 Analysis of MnCu-based spinel powder and Fe2O3 powder: (a)
diffraction pattern with phase identification MnCu; (c) particle size distr
showing particle morphology Fe2O3; (e) X-ray diffraction pattern with pha
scattering Fe2O3.

J. Mater. Chem. A
The same set of characterization techniques was applied to
the iron oxide powder to evaluate its compatibility and possible
reactivity with the spinel phase during the subsequent pro-
cessing steps. Results are shown in Fig. 1d–f. The same char-
acterization was performed on the Fe2O3 powder (Fig. 1d and f).
The particles exhibit a nearly spherical morphology (Fig. 1d),
and XRD conrms the presence of a single iron oxide phase
(Fig. 1e). The particle size distribution (Fig. 1f) indicates the
presence of so agglomerates, which may inuence suspension
stability and particle packing during deposition.

The powders were rst investigated separately in suspension
to determine their electrophoretic behaviour and the sign of
their surface charge under the selected solvent system. Both
MnCu and Fe2O3 particles exhibited a positive surface charge,
leading to preferential deposition on the negatively biased
electrode, in agreement with the literature.19

To investigate the thermal behaviour of the Cu1.3Mn1.7O4

spinel powder, HSXRD analyses were carried out, as shown in
Fig. 2a and b. This analysis aimed to identify any phase tran-
sitions or structural changes in the spinel powder across the
investigated temperature range under conditions relevant to the
subsequent thermal treatment. As expected, the increasing
temperature shied the XRD peaks toward lower diffraction
angles, consistent with lattice expansion according to Bragg's
law. Under the temperature resolution of the HSXRD experi-
ment, CuO-related reections were rst clearly detected at 800 °
C, indicating that detectable CuO formation occurs between 750
and 800 °C. Since CuO is not present in the initial powder, its
formation suggests partial decomposition or cation redistribu-
tion within the Cu–Mn–O system. This behaviour is consistent
FE-SEM micrograph showing particle morphology MnCu; (b) X-ray
ibution determined by laser scattering MnCu (d) FE-SEM micrograph
se identification Fe2O3; (f) particle size distribution determined by laser

This journal is © The Royal Society of Chemistry 2026



Fig. 2 X-ray diffraction patterns of MnCu-based spinel powder and MnCuFe powder with phase identification at different temperatures (a)
MnCu, 2q = 25–55° (b) MnCu, 2q = 28–39° (c) MnCuFe, 2q = 25–55° (d) MnCuFe, 2q = 28–39°.

Paper Journal of Materials Chemistry A
with the Cu–Mn–O phase diagram, which predicts destabiliza-
tion of the spinel phase and the formation of CuO-containing
assemblages at elevated temperatures.

Complementary TGA-DSC analysis performed on the
MnCuFe powder mixture showed a slight change in the slope of
the TGA curve at approximately 750 °C, supporting the onset of
thermal evolution in the same temperature range where CuO-
related reections were detected by HSXRD. Since no sharp
DSC peak was observed, the transformation is interpreted as
gradual, and the HSXRD results remain the primary evidence
for CuO formation.

At 950 °C, a more pronouncedmodication of the diffraction
prole is observed, further supporting the progression of this
transformation.55 To evaluate the interaction between the spinel
matrix and the iron oxide dopant HSXRD was performed on
a powder mixture containing 90 wt% spinel and 10 wt% iron
oxide simulating the intended doped coating conguration. In
the Fe-containing sample, labelled MnCuFe, shown in Fig. 2c
and d, the room-temperature XRD pattern reveals distinct Mn–
Cu spinel and Fe2O3 phases. In particular, the presence of the
characteristic Fe2O3 peak at 33.47° conrms that the iron oxide
originates from the added precursor and is effectively present in
the starting mixture. Upon heating to 600 °C, the gradual
disappearance of Fe2O3 peaks indicates progressive reaction of
the iron oxide precursor with the Mn–Cu spinel phase. This is
This journal is © The Royal Society of Chemistry 2026
further supported by a systematic shi of the main spinel peaks
toward lower angles, consistent with lattice-parameter modi-
cation associated with Fe incorporation into the spinel-based
structure. Importantly, the XRD pattern collected aer cooling
back to 25 °C shows no reappearance of Fe2O3 peaks, indicating
that no phase re-separation occurs upon cooling. These results
support the stable incorporation of iron into the spinel-based
phase during thermal treatment, although denitive determi-
nation of Fe site occupancy would require complementary
advanced characterization.
3.2. Characterization of the as-prepared coatings

Cross-sectional FE-SEM observations were primarily employed
to quantify coating thickness and to identify the most suitable
deposition voltage within the investigated range of 30–60 V,
while keeping the deposition time constant at 60 s. Cross-
sections of both doped and undoped coatings subjected to
different thermal treatments were analysed. A comparable
microstructural arrangement was observed across all condi-
tions, and thicknesses were systematically measured and sum-
marised in Table 2.

The thickness data reveal a clear dependence on the applied
voltage. Coatings deposited at 30 V exhibit thickness values
below the 10–15 mm range selected in this work as a practical
target for long-term interconnect protection. Although this
J. Mater. Chem. A



Table 2 Summary of the coating thickness values (mm) measured by cross-sectional FE-SEM for undoped (MnCu) and Fe-doped (MnCuFe)
samples deposited at 30, 45, and 60 V for 60 s, after thermal treatments

Powder–voltage–time
Thickness aer one
step sintering [mm]

Thickness aer reduction
step of two steps sintering [mm]

Thickness aer two
steps sintering [mm]

MnCu–30 V–60 s 7.56 � 0.4 8.07 � 0.3 7.47 � 0.4
MnCu–45 V–60 s 11.49 � 0.5 13.79 � 0.3 13.74 � 0.3
MnCu–60 V–60 s 19.35 � 0.8 18.84 � 0.5 19.03 � 0.5
MnCuFe–30 V–60 s 8.43 � 0.3 9.59 � 0.3 8.27 � 0.7
MnCuFe–45 V–60 s 8.72 � 0.4 13.04 � 0.1 12.96 � 0.2
MnCuFe–60 V–60 s 18.92 � 0.5 17.1 � 0.6 13.8 � 0.8
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range should not be regarded as a universal optimum, since the
most suitable coating thickness depends on composition, pro-
cessing route, microstructure, and operating conditions,
similar micrometre-thick spinel coatings have been reported to
be effective for protective applications on SOC intercon-
nects.39,56,57 Conversely, samples obtained at 60 V exceed the
desired thickness window and may therefore be more prone to
spallation. Since stress evolution in oxide coatings is strongly
thickness-dependent, limiting excessive growth, together with
controlling grain size andmorphology, represents a key strategy
to reduce residual stresses and improve mechanical reli-
ability.58,59 In contrast, coatings deposited at 45 V for 60 s
consistently fall within the selected 10–15 mm target range aer
complete thermal treatment for both doped and undoped
compositions. This condition provides the most suitable
compromise between adequate barrier thickness and mechan-
ical stability.

From a morphological standpoint, cross-sectional analysis
conrms that all investigated voltages yield continuous, well-
adherent coatings, with no signicant differences in overall
layer morphology or interface integrity.

However, the 60 V condition exhibits a less uniform micro-
structure, particularly in the Fe-doped samples, suggesting that
higher applied elds induce rapid particle ux and non-
uniform packing during deposition. Given the absence of
marked qualitative differences among 30, 45, and 60 V, and
considering that 45 V provides coating thickness within the
selected target range, subsequent microstructural and electro-
chemical analyses were performed on samples deposited at 45 V
for 60 s.

Fig. 3 presents representative cross-sectional micrographs of
undoped, and Fe-doped coatings subjected to the different
sintering treatments, clearly illustrating the microstructural
evolution induced by thermal processing. Aer single-step
oxidation (Fig. 3a and d), both MnCu_1S and MnCuFe_1S
coatings exhibit good adhesion to the substrate and structural
continuity across the entire thickness. Nevertheless, a relatively
high residual porosity is observed compared with similar
systems reported in the literature.18,42,60,61 The addition of iron
results in a ner and more homogeneous microstructure,
indicating enhanced sintering kinetics and improved densi-
cation behaviour, consistent with previous studies on Fe-
modied spinels.41–43

Following the reduction step of the two-step treatment,
MnCu_Red and MnCuFe_Red samples (Fig. 3b and e) display
J. Mater. Chem. A
continuous, well-dened coating layers with thicknesses of
approximately 13 mm, approaching the targeted 10–15 mm range
aer complete thermal treatment.

The coatings remain structurally compact and adherent,
with no visible evidence of elemental stratication.

Following the subsequent reoxidation step, samples
MnCu_2S and MnCuFe_2S (Fig. 3c and f) show a clear increase
in densication, particularly in the region adjacent to the
metallic substrate. The microstructure appears more compact
than that of the single-step oxidation route, indicating that the
intermediate reduction promotes particle rearrangement and
enhances subsequent densication during reoxidation. This
behaviour can be rationalized by the phase evolution occurring
during the two-step treatment: under reducing conditions, XRD
analysis shows that the Mn–Cu spinel decomposes into MnO
and metallic Cu, whereas subsequent reoxidation leads to
reformation of the cubic spinel phase. This redox-driven
transformation can enhance local cation mobility, promote
particle rearrangement and neck formation, and favour the
closure of residual porosity within the initially porous EPD
deposit.62,63 A thin interfacial oxide layer is visible at the
coating–substrate interface, suggesting controlled oxidation of
the Crofer 22 APU substrate during the thermal cycle. The 900 °
C reoxidation temperature was selected based on preliminary
thermal-treatment trials, which showed that lower tempera-
tures led to coatings with higher residual porosity. Although
a lower reoxidation temperature could reduce substrate oxida-
tion and limit chromia formation, insufficient densication
would compromise the barrier effectiveness of the coating
against oxygen transport and chromium outward diffusion.
Therefore, the selected treatment represents a compromise
between coating densication and controlled interfacial
oxidation.

Elemental mapping of the coatings deposited at 45 V for 60 s
(Fig. 4) provides complementary compositional insight into the
chemical evolution during thermal treatment.

In the MnCu_1S sample (Fig. 4a), manganese and copper are
evenly distributed throughout the coating, while iron is
conned to the substrate, conrming the absence of Fe diffu-
sion during the oxidation step. In contrast, the MnCuFe_1S
coating (Fig. 4b) exhibits a uniform distribution of iron within
the lm, demonstrating successful co-deposition and homoge-
neous distribution of Fe within the coating. In both cases,
chromium remains conned to the steel substrate, with no
This journal is © The Royal Society of Chemistry 2026



Fig. 3 FE-SEM Cross-section images (backscattered electrons) at different magnifications of coatings deposited at 45 V for 60 s after thermal
treatments (a) MnCu_1S (b) MnCu_Red (c) MnCu_2S (d) MnCuFe_1S (e) MnCuFe_Red (f) MnCuFe_2S.
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detectable enrichment at the interface, indicating that the
single-step oxidation did not form a distinct chromia scale.

Aer the reduction step, the MnCu_Red coating (Fig. 4c) still
indicates a continuous distribution of manganese and copper,
while chromium and iron remain conned to the substrate,
indicating negligible elemental interdiffusion under reducing
conditions. Similarly, in the MnCuFe_Red coating (Fig. 4d),
copper, manganese, and iron are evenly distributed within the
lm, conrming stable compositional homogeneity aer
reduction. Chromium remains primarily conned to the
substrate, with no signicant bulk diffusion into the coating,
suggesting that the reducing environment effectively
suppresses interfacial oxidation.

Following reoxidation, elemental maps of MnCu_2S and
MnCuFe_2S (Fig. 4e and f) reveal the formation of a thin chro-
mia layer (∼1 mm) at the coating–substrate interface, charac-
teristic of the controlled oxidation of Crofer 22 APU during high-
temperature treatment.36,43,64 No interdiffusion of the major
cations (Mn, Cu, Fe) across the interface is detected, and no
secondary phases are observed. Importantly, Mn–Cr spinel
formation (e.g., (MnCr)3O4) was not identied within the
detection limit at the interface aer the complete two-step
sintering treatment. This differs from the behaviour reported
by Ignaczak et al.,43 where oxidation of ferritic stainless steel led
to the formation of a dual oxide scale composed of Cr2O3 and an
outer (MnCr)3O4 spinel layer.

Overall, the combined microstructural and compositional
analyses indicate that Fe addition promotes microstructural
homogenization and is consistent with incorporation into the
spinel-based phase, without inducing detrimental interfacial
reactions. The two-step reduction–reoxidation route enhances
coating densication while maintaining controlled chromia
This journal is © The Royal Society of Chemistry 2026
formation at the interface, thereby beneting long-term
protective performance.

To further assess the inuence of the sintering route on
coating integrity and microstructural evolution, the surface
morphology of both undoped and Fe-doped coatings was ana-
lysed aer single-step oxidation and aer the two-step reduc-
tion–reoxidation treatment.

Fig. 5 compiles representative top-view FE-SEM images for
all samples, grouping undoped and Fe-doped coatings pro-
cessed via one-step and two-step sintering, including both the
reduced and reoxidized states. This arrangement allows a direct
comparison between compositions and thermal schedules,
highlighting the combined effect of Fe incorporation, applied
voltage, and thermal treatment on surface densication and
defect distribution.

All coatings are free of visible cracks, indicating that none of
the applied thermal treatments compromise structural integ-
rity. A direct comparison between MnCu_1S (Fig. 5a) and
MnCuFe_1S (Fig. 5d) clearly highlights that iron addition
modies the particle morphology aer sintering. In the single-
step oxidation route, Fe doping results in a ner and more
homogeneous surface structure, suggesting enhanced sintering
kinetics and improved particle packing.

While in situ HSXRD provides insight into phase evolution
during heating, it does not account for the effects of prolonged
dwell times, redox cycling, and the specic microstructural
conguration of the co-deposited coatings. In particular,
HSXRD analyses were performed on powders or simple
mixtures, whereas in the present work, Fe addition is achieved
via electrophoretic co-deposition, leading to a more intimate
and homogeneous distribution of the components within the
coating. Therefore, ex situ XRD analysis is required to capture
the nal phase composition of the actual coating aer sintering.
J. Mater. Chem. A



Fig. 4 EDX elemental maps of coatings deposited at 45 V for 60 s: (a) MnCu_1S (b) MnCuFe_1S (c) MnCu_Red (d) MnCuFe_Red (e) MnCu_2S (f)
MnCuFe_2S. Enlarged Fe maps are included to highlight the presence of Fe in doped spinel coatings and its absence in undoped ones; the signal
is dominated by the substrate due to its higher Fe content.
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The XRD patterns of MnCu_1S andMnCuFe_1S coatings (Fig. 6)
indicate that the single-phase cubic spinel structure is
preserved in the undoped sample aer thermal treatment.
Minor reections from the Fe-containing substrate are also
detected, likely due to locally thinner regions of the coating. In
the Fe-doped sample (MnCuFe_1S), the disappearance of Fe2O3

precursor peaks, together with the systematic shi of the spinel
reections, supports Fe incorporation into the Mn–Cu spinel-
based phase, while a slight systematic peak shi suggests
lattice parameter modication induced by Fe substitution. In
the reduced state, XRD analysis (Fig. 6) conrms that the
MnCu_Red coating decomposes the spinel phase into MnO and
metallic Cu. A similar behaviour is observed for MnCuFe_Red,
where MnO and Cu are detected, and the iron originally co-
deposited as iron oxide is fully reduced to metallic Fe. This
demonstrates that, under reducing conditions, the Mn–Cu
spinel decomposes in both compositions, while iron is reduced
without forming secondary mixed phases. The corresponding
J. Mater. Chem. A
top-view images (Fig. 5b and e) show a homogeneous surface
morphology in both doped and undoped coatings, with no
evidence of phase segregation at the microscale.

Aer reoxidation (Fig. 5c and f), both MnCu_2S and
MnCuFe_2S coatings exhibit well-consolidated, crack-free
surfaces. Compared to the single-step oxidation process, the
two-step sintering route results in enhanced surface densica-
tion, particularly in the Fe-doped conguration, without
compromising coating integrity.

The reoxidized coatings display a more compact micro-
structure with reduced porosity, indicating that the interme-
diate reduction step facilitates particle rearrangement and
promotes subsequent densication during reoxidation.

Finally, XRD patterns of MnCu_2S and MnCuFe_2S (Fig. 6)
conrm the reformation of the cubic spinel structure in both
compositions. In the Fe-doped coating, the absence of Fe2O3 or
Fe-rich secondary phases aer reoxidation supports reincorpo-
ration of iron into the spinel-based phase, consistent with the
This journal is © The Royal Society of Chemistry 2026



Fig. 5 FE-SEM top-view images of coatings deposited at 45 V for 60 s after thermal treatments (a) MnCu_1S (b) MnCu_Red (c) MnCu_2S (d)
MnCuFe_1S (e) MnCuFe_Red (f) MnCuFe_2S.

Fig. 6 XRD patterns of coatings after thermal treatments.

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A
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Fig. 8 Resistance of the interconnect coated with MnCuFe_2S by
Polito and tested at DTU. Test condition: 850 °C, 10% H2 + 90% H2O
supplied to the fuel electrode compartment and air supplied to the
oxygen electrode compartment. The total size of the interconnector is
53 × 53 mm2 with contact area of 40 × 40 mm2. In the plots are re-
ported reference values taken from the literature.65,66
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phase evolution observed in the single-step oxidation route.
Considering the comprehensive set of microstructural,
compositional, and topographic results, the MnCuFe_2S
coating deposited at 45 V for 60 s emerged as the most prom-
ising candidate for further investigation. This conguration
combines several advantageous characteristics: a homogeneous
microstructure with reduced porosity, uniform iron distribu-
tion within the spinel matrix, a protective interfacial chromia
layer, and acceptable surface roughness.

To validate the protective performance of this optimized
coating under practical operating conditions, larger Crofer 22
APU sheets (5.3 cm × 5.3 cm × 0.81 mm) were coated using
these selected parameters. A representative sample is shown in
Fig. 7. Due to the electrical contact conguration, a partially
uncoated semicircular region is visible at the top of the sample.
However, electrochemical measurements were performed only
on the central area, ensuring that this uncoated region did not
inuence the results. These samples were characterized elec-
trochemically, as detailed in Section 3.3. Oxidation resistance
tests were performed to assess the coating's effectiveness in
mitigating oxide scale formation and maintaining electrical
conductivity at elevated temperatures, which are critical
requirements for solid oxide cell interconnects.
3.3. Electrochemical characterization

Fig. 8 shows the evolution of ASR as a function of exposure time
at 850 °C under dual-atmosphere conditions (air/10% H2 + 90%
H2O). The MnCuFe_2S-coated Crofer 22 APU interconnect
exhibits initial ASR values in the 10–20 mU cm2 range, followed
by a moderate increase during the rst few hundred hours and
progressive stabilization beyond 1000 h. Overall, the measured
resistance remains within the range considered acceptable for
SOC interconnect operation.19,43
Fig. 7 Photograph of a large-area (5.3 cm × 5.3 cm) flat Crofer 22
APU interconnect coated and thermally treated.
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To contextualize these results, the present dataset was
benchmarked against two literature references tested in air
single atmosphere at 800 °C: (i) the EPD Mn–Co spinel coating
reported by Molin et al.,65 and (ii) uncoated Crofer 22 APU re-
ported by Hosseini et al.66 In the study by Molin et al., the EPD
Mn–Co coating exhibited an initial equilibration stage over the
rst ∼400 h, followed by a stabilized degradation regime with
a slope of approximately 1.2 mU cm2/1000 h. Aer 5000 h, the
ASR of the EPD-coated system remained around ∼22 mU cm2,
signicantly lower than uncoated congurations.

By contrast, the uncoated Crofer 22 APU reported by Hos-
seini et al.66 showed a continuous, pronounced increase in ASR,
associated with progressive thickening of the chromia scale and
the formation of poorly conductive interfacial oxides. The
absence of a protective spinel layer led to substantially higher
long-term resistance values than in coated systems.

Although the literature data were obtained at 800 °C, slightly
lower than the 850 °C used in the present work, the comparison
remains meaningful for degradation trends. Given the expo-
nential temperature dependence of oxidation kinetics, oper-
ating at 850 °C represents a more severe condition, leading to
accelerated oxide-scale growth. Achieving ASR values compa-
rable to state-of-the-art EPD spinel coatings under these harsher
conditions, therefore, highlights the effectiveness of the Fe-
modied Mn–Cu coating.

A direct comparison with Mn–Co-based coated systems
should nevertheless be made with caution. Mn–Cu spinels are
generally reported to exhibit favourable intrinsic electrical
conductivity; however, the ASR measured in an interconnect
conguration is not governed solely by the intrinsic conduc-
tivity of the spinel coating. It also includes contributions from
the thermally grown oxide scale, interfacial contact resistance,
This journal is © The Royal Society of Chemistry 2026



Fig. 9 SEM and EDX analysis of uncoated Crofer 22 APU facing fuel electrode compartment.
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current collector/contact geometry, coating density, coating
adhesion, and the specic testing atmosphere. Therefore,
differences in sample geometry, coating conguration, atmo-
sphere, temperature, and testing protocol can signicantly
affect the measured ASR values.

It should also be emphasized that in the present study, the
MnCuFe_2S coating was applied exclusively on the air-facing
side of the interconnect. The fuel-facing side, exposed to H2

with 90% H2O without protective coating, developed a Mn–Cr
spinel layer of around 2.5 mm during long-term operation as
conrmed in the EDX analysis in Section 3.4. Mixed manga-
nese–chromium spinels exhibit signicantly lower electronic
conductivity compared to Mn–Co or Mn–Cu spinels and may
approach the conductivity of chromia. Therefore, the measured
ASR evolution cannot be attributed solely to coating degrada-
tion, but also to the contribution from the unprotected fuel
side, which represents a more realistic and demanding test
conguration compared to fully coated systems. The gradual
ASR increase observed during long-term exposure is therefore
mainly associated with the progressive evolution of oxide/
reaction layers, particularly on the uncoated fuel-facing side.
In addition, based on the HSXRD results, minor CuO-
containing phases may form at 850 °C and could contribute
to the measured resistance; however, no evidence of severe Cu-
rich segregation or coating failure was observed aer testing,
suggesting that this is unlikely to be the dominant degradation
mechanism.

Within this framework, the MnCuFe_2S system demon-
strates competitive long-term performance when compared
with fully coated Mn–Co systems and markedly improved
behaviour relative to uncoated Crofer 22 APU.30,67–70 The rela-
tively limited ASR increase over more than 1300 h, despite
higher temperature and single-side coating conguration,
supports the reliability of Fe-modied Mn–Cu spinels as
a sustainable cobalt-free alternative for SOC interconnect
protection. Nevertheless, dedicated symmetrical ASR measure-
ments, including fully coated samples tested in air and
uncoated samples exposed to humidied hydrogen, will be
considered in future work to decouple the individual resistance
contributions of the air-facing and fuel-facing sides.
3.4. Postmortem characterization

Post-test cross-sectional SEM/EDX analyses were performed on
MnCuFe_2S-coated Crofer 22 APU aer long-term exposure
(>1300 h) under dual-atmosphere conditions at 850 °C, to
This journal is © The Royal Society of Chemistry 2026
correlate microstructural evolution with the measured ASR
behaviour.

3.4.1 Fuel-electrode-facing side. On the fuel-facing side,
which was not protected by the MnCuFe coating and was
exposed to a 10% H2 + 90% H2O atmosphere, oxidation of the
ferritic substrate led to the formation of a multilayer oxide scale
with a stratied morphology.

Cross-sectional SEM/EDX analysis (Fig. 9) reveals an inner
chromium-rich layer directly above the Fe–Cr substrate,
consistent with the formation of a chromia-based scale (Cr2O3)
under high-temperature exposure. Above this layer, a manga-
nese-enriched region is observed, indicating outward diffu-
sion of Mn from the steel and its participation in the formation
of mixed oxide phases.

Under reducing, steam-containing atmospheres, the oxygen
partial pressure at the fuel side remains low of around 10−11

atm due to the H2/H2O equilibrium. These conditions are
sufficient to promote selective chromium oxidation while still
allowing signicant cation mobility. Consequently, outward-
diffusing manganese can react with chromia to form Mn–Cr
spinel phases, typically identied as (Mn,Cr)3O4.70 The forma-
tion of this mixed spinel layer is thermodynamically favoured at
intermediate oxygen partial pressures and represents
a common oxidation pathway for ferritic steels in SOC
environments.

From an electrical standpoint, the development of a Mn–Cr
spinel layer is highly relevant. While Mn–Cr spinels exhibit
higher conductivity than pure chromia, their electronic
conductivity remains signicantly lower than that of Mn–Cu or
Mn–Co spinels used as protective coatings. Consequently, the
progressive thickening of this interfacial oxide structure on the
uncoated fuel side increases the area-specic resistance over
time.

Therefore, the ASR evolution measured during long-term
testing cannot be attributed exclusively to the coated air side.
A signicant contribution likely arises from the gradual growth
and structural evolution of the oxide scale on the unprotected
fuel side, where the formation of Mn–Cr spinel and chromia
layers introduces additional resistive elements into the current
path. These results also indicate that coating of the fuel-side
interconnect is required under high steam conditions.

3.4.2 Oxygen-electrode-facing side. On the airside, the
MnCuFe_2S coating remains continuous, adherent, and free of
macroscopic cracking aer prolonged exposure. No evidence of
delamination or through-thickness fracture is observed,
J. Mater. Chem. A



Fig. 10 SEM and EDX analysis of interconnector sample MnCuFe_2S coated facing oxygen electrode compartment.
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conrming the mechanical stability of the coating produced via
the reduction–reoxidation treatment.

Fig. 10 shows the formation of a chromium-containing
reaction layer at the coating–substrate interface, along with
the development of a Mn–Cr spinel phase in the interfacial
region. This indicates outward diffusion of chromium from the
substrate and its incorporation into the spinel structure during
long-term high-temperature exposure.

The formation of Mn–Cr spinel at the air-side interface is
a well-documented phenomenon in Mn-based protective coat-
ings on ferritic steels.71 While Mn–Cr spinels possess lower
electrical conductivity than Mn–Cu or Mn–Co spinels, their
presence in a thin and controlled interfacial layer can
contribute to oxidation protection by acting as a diffusion
barrier to further chromium transport.

Importantly, chromium incorporation is not limited to the
interfacial region but extends throughout the coating thickness,
indicating extensive cation redistribution during long-term
exposure. At the same time, a thin chromia layer is observed
at the coating–substrate interface, which is characteristic of the
oxidation behaviour of ferritic stainless steels at high temper-
ature. This combined behaviour suggests that chromium is
partially accommodated within the spinel lattice while a limited
amount forms a discrete chromia layer at the interface. From
a functional perspective, such evolution is not necessarily
detrimental. Indeed, chromium incorporated into spinel pha-
ses exhibits lower volatility compared to chromia (Cr2O3),
thereby mitigating chromium evaporation and associated
poisoning phenomena.72 Meanwhile, a thin, controlled chromia
layer can provide oxidation protection without signicantly
increasing overall electrical resistance. Consequently, the
formation of a Cr-containing spinel across the coating, together
with a limited interfacial chromia layer, can be regarded as
a favorable conguration, as it stabilizes the interfacial chem-
istry, limits chromium volatilization, and preserves the struc-
tural integrity of the MnCuFe_2S coating.
J. Mater. Chem. A
Overall, the air-side microstructure aer long-term testing
reects interfacial chemical equilibration rather than coating
degradation. The moderate ASR increase observed during
operation is therefore consistent with the formation of a thin
Mn–Cr interfacial spinel layer and gradual scale evolution,
rather than mechanical failure or catastrophic interdiffusion.
4. Conclusions

Fe-modied Mn–Cu spinel coatings were developed as cobalt-
free protective layers for Crofer 22 APU solid oxide cell inter-
connects using a scalable electrophoretic deposition (EPD)
approach.

In situ high-temperature XRD supported the thermal evolu-
tion of the Mn–Cu spinel system and indicated progressive
reaction of the Fe2O3 precursor with the Mn–Cu spinel-based
phase during thermal treatment.

Among the investigated conditions, MnCuFe_2S deposited
at 45 V for 60 s provided the optimal balance between thickness
(10–15 mm), compactness, and uniform cation distribution. Fe
addition promoted microstructural homogenization without
inducing detectable detrimental interfacial reactions.

Long-term ASR measurements performed under dual-
atmosphere stack-relevant conditions at 850 °C for more than
1300 h demonstrated stable electrical performance, with ASR
values remaining within the range required for SOC intercon-
nect applications. When benchmarked against literature data
for both EPD Mn–Co coatings and uncoated Crofer 22 APU
tested at 800 °C, the present system exhibits competitive resis-
tance levels despite operating at a higher temperature and
tested under dual atmosphere with high steam content.

Post-mortem analyses conrmed coating integrity on the air
side, controlled chromia formation at the interface, and chro-
mium redistribution within the spinel coating without evidence
of mechanical degradation. The observed increase in resistance
during operation is therefore primarily attributed to oxide-scale
This journal is © The Royal Society of Chemistry 2026
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development on the uncoated fuel side, where Mn–Cr spinel
formation increases electrical resistance.

Overall, this work demonstrates that Fe-modied Mn–Cu
spinel coatings can be processed by scalable EPD and validated
on large-area interconnects under realistic dual-atmosphere
SOC operating conditions. The main contribution of this
study therefore lies not in Fe modication alone, but in
combining Fe-modied Mn–Cu chemistry with scalable coating
deposition, large-area interconnect validation, long-term ASR
testing, and post-mortem degradation analysis. These results
extend previous material-level studies toward application-
relevant interconnect testing and support Fe-modied Mn–Cu
spinels as viable cobalt-free alternatives to Mn–Co protective
coatings for SOC interconnects.
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