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Highlights

e A successful method of solution infiltration is used for coating porous metals.
e Continuous spinel coatings were successfully prepared on porous metal scaffolds.
e Traces of Si favoured infiltration of aqueous solutions and forming spinel coatings.

Abstract

Metal supports and metal supported half cells developed at DTU are used for the study of a solution
infiltration approach to form protective coatings on porous metal scaffolds. The metal particles in
the anode layer, and sometimes even in the support may undergo oxidation in realistic operating
conditions leading to severe cell degradation. Here, a controlled oxidation of the porous metal
substrate and infiltration of Mn and/ or Ce nitrate solutions are applied for in situ formation of
protective coatings. Our approach consists of scavenging the FeCr oxides formed during the
controlled oxidation into a continuous and well adhered coating. The effectiveness of coatings is the
result of composition and structure, but also of the microstructure and surface characteristics of the
metal scaffolds.

Keywords: coatings; porous metal supports; solution infiltration; spinels;

1 Introduction

There is a strong trend in the Solid Oxide Fuel Cells (SOFCs) technology towards metal-supported
SOFCs. This offers cost effective scale-up due to the anticipated lower material costs, increased
tolerance to mechanical and thermal stresses and lower operational temperatures.[1,2] Some recent

research has been focused on a new cell design for metal-supported SOFCs (MS-SOFCs) based on a



multi-layered structure obtainable by cost effective materials processing techniques such as tape
casting, lamination, co-sintering and infiltration.[1-6] In this design, illustrated in Figure 1, the cell
has a layered structure supported by a porous and highly electronically conducting FeCr-steel
backbone. The anode layer consists of FeCr steel-scandium doped yttrium stabilised zirconia (ScYSZ)
cermet infiltrated with CeO, and Ni.[3,7] However, in realistic operating conditions (e.g. high fuel
utilisation), the corrosion resistance of the anode layer and sometimes of the metal support also are
limited which raises the problem of corrosion protection for the FeCr particles, for achieving long
term stability. Therefore, research efforts have been directed towards improving the corrosion
resistance of metal particles in MS-SOFCs, by developing coatings[7-12] and/or new cermet
materials.[13] Reasonable results were reported for nano-structured coatings of cerium doped
gadolinium oxide (CGO) and Ni-CGO obtained via infiltration, with notable improvements of the
corrosion resistance for the metallic components in the MS-SOFCs while maintaining high
electrochemical performance.[1,2,14] Also, certain spinels, such as manganese cobaltites, have
been shown previously to be quite effective at reducing Cr,0s sub-scale formation, and blocking Cr
migration when employed as dense protective coatings.[15-18]

In this study we describe the preparation and structure of several coatings obtained by infiltration-
assisted scavenging of chromium and iron oxides into Cr-rich spinel layers. A Cr-rich spinel coating is
expected to decrease the formation of Cr oxide scales for two reasons: the spinel would be present
at the metal/oxide interface and thus lower the cation diffusion concentration-based driving force;
and also Cr-spinels do not possess good oxide ion conduction to provide an oxide ion flux for further
oxidation. Our approach consists of forming the spinels in-situ where oxide scales are already
present on the FeCr steel support or generated specifically for this purpose in a controlled manner.
Also, it is worth noting that previously we studied a range of related spinels and found they display

sufficient levels of performance and stability to be used as electrode support materials.[19-22]



2 Experimental

For the preparation of nitrate solutions or emulsions used during the infiltration procedure,
Mn(NOs),-4H,0 (Alfa Aesar, 99.98%) and Ce(NOs);*6H,0 (Aldrich, 99%) were employed. The
resultant solutions were then infiltrated into the porous steel substrates using a pipette.

The metal supports, half cells and cermet symmetrical cells, based on 22 wt. %Cr ferritic alloy
(Fe78Cr22) and ScSZ for the cermet and electrolyte layers, were prepared at as described previously
by Blennow et al.[3]

The phase composition of samples after the final treatment step in reducing conditions was
investigated by XRD. XRD patterns were collected for on a PANalytical Empyrean Diffractometer
operated in reflection mode.

The microstructure and chemical composition of the samples (analysed with XEDS) was investigated
using either a JEOL JSM-6700 or a Zeiss Crossbeam 1540XB scanning electron microscopes (SEM),
both equipped with a field emission gun (FEG) at University of St Andrews (USTAN) and Technical
University of Denmark (DTU), and on a JEOL JEM-2011 transmission electron microscopes (TEM) at
USTAN. For this, the samples were initially embedded in resin, cut and polished, to obtain a cross-
section view. The samples were then coated with a thin layer of carbon or gold to avoid charging in
the electron microscope. Corrosion tests were performed at DTU on spinel coated MS and spinel
coated half-cell samples for 500 h at 850 and 650 °C, in an atmosphere consisting of Ar/H,O/H,,

where pH,0/pH,=9 to simulated outlet anode gas at 90% fuel utilization.



3 Results

3.1 Coating formation procedure

The approach employed in this study for the formation of the coatings on the steel particles is
schematically illustrated in Figure 2 and discussed next. In the first step, solutions or emulsions of
manganese nitrate (and/or with cerium nitrate) were infiltrated into porous metal substrates. The
structures were then calcined in air at moderate temperatures, first at 350 °C and then at 600 °C, in
order to decompose the nitrates into corresponding oxides and also produce a thin layer of iron and
chromium oxides on the surface of metal particles. Finally, the coated porous substrates were fired
at 900 °C in 5%Hy/Ar in order to react the MnOy and (Fe,Cr)Ox phases produced in the previous steps
into a spinel phase, MnFe,Cr,404 (x = 0). It should be noted that a reducing environment (e.g. bottle
dry 5%H,/Ar) is necessary for this step to prevent further oxidation of the metal particles during
spinel phase formation. The most stable and relatively easy to obtain in situ is MnCr,0,, since it is
stable for lower pO; than MnFexCr,«04. According to the calculated phase diagram for Mn-Fe-Cr-O;
system in the conditions employed here (900 °C and pO, ~ 10° atm, see Figure 3 a), a spinel phase
(MnFexCr4Q4, but most likely MnCr,04) is expected to form, possibly alongside an iron metal phase.
The calculated phase diagram for Cr-Mn-0; system at 1000 °C for a wide range of pO, values (Figure
3 b), indicates that MnCr,0, is stable and the solubility of Cr,0s into spinel phase increases for low
pO, values (< 1028 atm), which is useful for the desired application of the in-situ formed spinel.
Infiltration of cerium nitrate separately or in combination with manganese nitrate was investigated
for a better insight of the systems and possible interactions with the oxide scale since a spinel
coating would be followed by the infiltration of a Ni-CGO catalytically active phase in the anode layer
of the MS-SOFC.

For improved understanding and tailoring of the in-situ spinel coating procedure, calculated phase
diagrams[23,24] were considered (Figure 3 c, d). The calculated phase diagram at 800 °C for Ce-Cr-O,

system indicates that CeO,, CeCrOs and Cr,0s are stable at pO; values between 10'** and 108 atm.



For a higher temperature, 1000 °C CeO,, CeCrOs; and Cr,0s are stable between 10! and 102 atm

and for lower pO; values, a reduced Ce oxide, CeCrO; and Cr,0s are stable.

3.2 Types of substrates

Various representative metal substrates including porous metal supports and metal supported half
cells were prepared and analysed here in order to explore the formation and characteristics of the
coating in different scenarios encountered in the typical MS SOFC cell architecture (see, for example,
Figure 1). Porous metal supports (MS) have ~200 um thickness and consist of coarse FeCr alloy
particles. Two types porous metal supports were tested, one containing traces of surface Si as a
result of furnace cross-contamination and the other clean, in order to compare the effect of surface
quality on the formation of the coatings. Metal supported half cells (MSHC) consist of a ~200 um
thick FeCr porous layer, a ~¥30 um thin ScYSZ/FeCr porous cermet anode functional layer and a dense
~15 um thin ScSZ electrolyte layer.

These substrates displayed distinct behaviour during the infiltration procedure. Si-contaminated
porous metal supports also displayed a hydrophilic behaviour and were easily infiltrated with
aqueous solutions. Clean porous metal supports, however, were strongly hydrophobic and the
wetting of aqueous solutions on them was not improved even when surfactants (TRITON, CTAB)
were employed. However, positive results were obtained for mixtures containing organics with
larger C fraction, for example, terpineol in conjunction with a dispersant, such as polyvinyl butyrate
(PVB) (5 wt.%). While solutions of the Mn nitrate could not be made in terpineol, emulsions made of
50 vol % terpineol/PVB and 50 vol% ethanol-based solutions of the nitrates were found to be

reasonably stable and would infiltrate well for the clean metal supports. A good compromise was



also found by using isopropanol which still provided sufficient wetting but also allowed the

formation of clear nitrate solutions (Figure 4).

3.3 Composition and microstructure of the coatings

Figure 5 shows the XRD pattern and microstructure of a coated porous metal support with surface Si
contamination. The XRD pattern confirms the presence of a spinel phase alongside the steel. No
other reflections can be observed, suggesting perhaps that other unwanted phases, such as chromia
or excess manganese oxide are not present (Figure 5 a). This is in good agreement with the
calculated phase diagrams for Mn-Fe-Cr-O, system at 900 °C and pO, ~ 10 atm and for Cr-Mn-0;
system at 1000 °C for a wide range of pO; values, which show that the most probable phase to form
for the given experimental conditions is a (Mn,Cr)30, spinel. Both surface and cross-section
micrographs reveal that the coating is continuous over the surface of the steel grains, but some
particles are also present, either on the coating or embedded in it, as shown in Figure 5 a, b. Close
examination of the coating, as illustrated in Figure 5, seems to indicate that there is an apparent gap
between the coating and the metal grains. However, EDX analysis carried on such regions, as
illustrated in Figure 6, reveals that the apparent gap between the coating and the steel grains
actually corresponds to Si and/or SiO,. The Si-rich region appears dark, similar to the one occupied
by the organic epoxy resin because the image was collected in backscattering mode, where contrast
is based on relative atomic weight and density rather than morphology. Thus the brightness
decreases in the order Steel>Spinel oxide>SixResin, as seen in Figure 5. The elemental X-ray maps
show the existence of oxygen and Mn in the coating layer, with Cr being well distributed in the FeCr
particle and also in the coating. Fe is mostly present in the steel support, and to less extent in the
coating layer, but there are also some indentations of Fe in the spinel coating, most likely
corresponding to the particles observed on the surface as well. Overall, this probably indicates that
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coating formed in this case consists of a MnCr,04 or low Fe content MnFe,Cr,xO4 spinel with
occasional Fe islands (particles). The Si-rich interface layer between the spinel coating and the steel

grains seems to contain a small amount of Fe and Cr, and a more considerable amount of Mn.

The presence of a Si-rich layer between the coating and the metal particles was confirmed by TEM
and EDX, which also revealed that all these interfaces are continuous and there is no gap in between
the coating and the substrate. The EDX data were collected for each zone indicated as 1 and 2 on the
image presented in Figure 7 a and the EDX spectra presented in Figure 7 b shows the presence of Si
in a Si-Mn layer (zone 1) and in the vicinity of the FeCr particle as a Si rich layer (zone 2). Figure 7 ¢
indicates 4 different zones for which EDX spectra were collected and presented in Figure 7 d. Zone 1
contains Mn, Cr and a small amount of Si, which indicates both the formation of the spinel, but also
another Si-Mn containing phase. Zone 2 indicates the presence of a Si layer, with the corresponding
EDX spectra showing very small peaks of Fe and Cr, and a predominant peak corresponding to Si.

Zone 3 and 4 correspond to the FeCr particle.

While the infiltration of water or ethanol-based nitrate solutions on surface Si-contaminated porous
metal supports was easily achievable and straightforward, the use of similar solutions for infiltration
of clean porous metal supports was much more challenging. This is because in the absence of Si
surface contamination the metal surface became strongly hydrophobic and therefore aqueous or
ethanol based solutions displayed very high wetting angles on the metal. In an attempt to improve
the wetting, a small amount of cerium nitrate was infiltrated prior to the Mn nitrate solutions.
However, a subsequent infiltration of Mn nitrate in ethanol did not show a significant improvement
in comparison to the case where no ceria was used. Overall, the deposited layer was well distributed

but not continuous as illustrated in Figure 8 a, b.



Better results were observed when terpineol-ethanol emulsions were employed for infiltration of
the nitrate salts. Figure 8 c, d illustrates the results obtained on a cerium nitrate terpineol-ethanol
emulsion infiltrated in a porous metal support, at percentage loading of ~5 wt.%.

The phases identified by means of XRD analysis are CeO; CeCrOs and Cr,0s, with rather small
amount of perovskite phase (Figure 9), in agreement with the thermodynamic calculations.
Subsequent infiltration of ceria, followed by Mn:

The infiltration of Ce-nitrate (2 wt.%) in ethanol/terpineol emulsion followed by Mn-nitrate (1 wt.%)
in ethanol/terpineol emulsion under vacuum, with intermediate calcinations resulted in an un-even
distribution of Ce and Mn oxides. The initial CeO, coating inhibited the formation of Cr,0; but also

prohibited the formation of a MnCr spinel (the infiltrated Mn nitrate remained as MnO).

A substantial improvement in the infiltration process of Si-free porous metal supports, in terms of
wetting, was accomplished when isopropanol based solutions in vacuum were used. Coatings appear
to be uniform and continuous, especially on porous metal supports. However, unlike the case of Si-
contaminated substrates, the composition of the coating is no longer composed exclusively of a
spinel phase, but also of various amounts of chromia and manganese oxide. Moreover, these
amounts seem to vary from sample to sample, possibly due to some substrate microstructure
variation but possibly also reflecting the difficulty of achieving proper wetting consistently in these
systems. Generally it was observed that half cells have a lower infiltrate uptake (~2-3 wt.%) as
compared to the porous metal supports (~4-5 wt.%) which reflects in thinner coatings and more
Cr,05 for the former. XRD patterns collected on four different MS and MSHC infiltrated with Mn
nitrate — isopropanol solution are compared in Figure 10, all showing the presence of Cr,0; after
coating, with inefficient scavenging effect of the infiltrated precursors as compared to Si-
contaminated substrates. The micrographs of the coated MS and MSHC, included in Figure 11 and

Figure 12, show that while the distribution and coverage of the coating layer in the porous metal



supports was relatively good, for half cells the metal particles in the support are unevenly coated. In
particular, the metal particles in the critical anode functional layer display insufficient coating,

although this could also be due to its relatively dense initial microstructure.

3.4 Corrosion resistance of coated substrates

Corrosion tests on spinel coated MS and spinel coated MSHC samples performed for 500 h at 850°C
in an atmosphere consisting of Ar/H,O/H; where pH,0/pH>=9 to simulated outlet anode gas at 90%
fuel utilization are compared from post-oxidation cross-section micrographs. The high temperature
was used to accelerate the corrosion process. In Figure 13 cross-section micrographs of the
corroded spinel coated MS sample (a, b) and spinel coated MSHC sample (c, d) are compared to

corroded non-coated MS sample (e, f) and Ni-CGO infiltrated/coated MSHC sample (g, h).

Corrosion tests on spinel coated MS and spinel coated MSHC samples were also performed for 500
h at 650°C in an atmosphere consisting of Ar/H,O/H, where pH,O0/pH,=9. The temperature
corresponds to a realistic operation temperature for MS-SOFC. In Figure 14 cross-section
micrographs of the corroded spinel coated MS sample (a, b) and spinel coated MSHC sample (c, d)
are compared to corroded non-coated MS sample, exposed for 2000 h (e, f) and Ni-CGO

infiltrated/coated MSHC sample (g, h).

The surface of the spinel coated MS sample consists of a non-continuous, poorly adherent oxide
scale mixed with alloy chips seemingly separated from the bulk of the MS sample. The processing
required for obtaining the spinel coating appears to have changed the corrosion behavior in
comparison to an uncoated MS sample, since the oxide scale on the surface for the uncoated MS

sample is thicker, continuous, and without any obvious separating alloy chips. Comparing the lower
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magnifications in Figure 13(a) and (e) it would appear as if the surfaces in the pores in the spinel
coated samples are more corroded (pores are clogged) than the surfaces in the pores of the
uncoated MS sample (more open pores), although the initial porosity was higher in the latter,
making a direct comparison difficult. However, the observed relatively thick continuous oxide scale
on the uncoated MS samples probably blocked gas access through the pores on the surface

restricting the degree of corrosion within the metal body.

A similar oxide scale structure is observed on the spinel coated MS sample as was observed on the
surface of the spinel coated MSHC sample. The MS structure of the Ni-CGO coated MSHC sample is
however equipped with a significantly thinner oxide after 500 h corrosion at 850°C, although the
initial thickness of the coating was also smaller, which could affect the final results. As illustrated in
Figure 13 for the spinel and Ni-CGO coated MSHC samples in (c, d) and (g, h) respectively the metal
phase in the ScYSZ/FeCr cermet anode functional layer is severely corroded with obvious break-away
oxidation as a result. This is causing the ScYSZ electrolyte to break off. The coatings were clearly not
efficient enough at protecting the metal surfaces at this temperature in the ScYSC/FeCr-cermet.
However the surface area of the metal phase versus its bulk in the ScYSC/FeCr-cermet layer is also
high making it extremely vulnerable, as also found by Molin et al.[25] The break-away oxidation
observed for the pre-oxidized MS and MSHC may be associated with the decrease of Cr

concentration in the metal particles.[26,27]

As expected the degree of corrosion rate was less at 650°C, (Figure 14). Both the spinel (exposed 500
h) and the uncoated MS (exposed for 2000 h) samples have a few restricted areas where more
extensive oxidation has taken place. They do however not seem to be spreading out of control.
Disregarding these heavily oxidized areas and studying the surface of the spinel coated MS sample in
Figure 14 (a, b) the oxide scale is non-continuous, with numerous alloy “chips” reminiscent of the
corresponding sample corroded at 850 °C in Figure 13 (a, b). The oxide scales inside the pores of the

spinel coated MS sample seem thicker and more continuous than the oxide scale on the surface. The
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oxide scales on the surface and inside the pores of the uncoated MS sample in Figure 14 (e, f)
exposed for 2000 h are in general presenting a thin, continuous appearance if the few heavily
oxidized areas are disregarded. This illustrates the key role played by the starting microstructure,
morphology and surface characteristics of the MS or MSHC in achieving effective corrosion
resistance. These characteristics appear to affect not only the initial quality of the produced coating

but also subsequent oxidation behavior.

The oxide scales in the MS structure of the Ni-CGO coated MSHC sample in Figure 14 (g, h) are
difficult to discern with the resolution of the used microscope used to collect the micrographs in
Figure 13 and Figure 14. On the metal phase in the ScYSZ/FeCr-cermet layer a continuous oxide scale
is clear to observe though (enhanced by the bright contrast of the surrounding ScYSZ) as well as
areas with the beginnings of heavy oxidation. The pre-oxidation of the metal particles for chromia
scale formation, and the repeated low temperature oxidation treatments, during infiltration of Mn
nitrate solution were detrimental to the final oxidation resistance, after obtaining the spinel layer
inside the metal supports. The spinel coating did not seem to be efficient enough to hinder break

away oxidation of the entire metal phase in the ScYSZ/FeCr-cermet layer.

4 Conclusions

Continuous and relatively thin (<1 um) coatings were successfully prepared on porous metal
scaffolds by scavenging a thin oxide chromia layer into MnFeCr based spinels by using Mn nitrate
solutions. The quality of the coating and means to produce it was found to strongly depend on the
quality of the surface of the metal supports. The surface of clean metal supports was highly
hydrophobic and as such isopropanol based Mn nitrate solutions were used successfully to produce

coatings on such surface. Metal surfaces with trace contamination of silicon oxide were hydrophilic
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and thus aqueous solutions could be used for infiltration in this case. However, in this case, a silicon-
rich layer would persist between the metal and the coating.

The corrosion resistance tests suggest that the effectiveness of coatings is dictated not only by the
composition and structure of the coatings but also by the microstructure and surface characteristics
of the metal scaffolds because the latter affect the quality of the initial coating and subsequent

oxidation behaviour.
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Figure 2 Schematic representation of infiltration process and intermediate thermal treatments applied; Calcinations at

350 °C and 600 °C, in air.
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Figure 3 Calculated phase diagrams of oxide systems under low pO, conditions for in-situ coating of metal supports for
SOFC application.
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Figure 4 Graphic representations of the solvents which demonstrated better results in terms of wetting the metal
surface.
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Figure 5 Mn infiltrated in a 1 % 3YSZ-MS : (a) and (b) — Surface micrograph; (c) and (d) — Cross section micrographs of the
sample after the final thermal treatment at 900 °C for 4 hours in 5%H,/Ar.
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Figure 6 EDX maps collected at the interface spinel/MS
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Figure 7 Transmission electron microscopy and EDX analysis on the spinel coated MS, showing the existence of a thin
layer of Si at the interface spinel/MS.
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Figure 8. Cross-sectional micrographs of MS infiltrated with: (a) and (b) CeO, followed by Mn nitrate in ethanol solution;
(c) and (d) CeO, as emulsion of the ethanol nitrate solution with terpineol/PVB, infiltrated under vacuum on MS.
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Figure 9. X-ray diffraction patterns collected on MS after: (a) infiltration with ceria as emulsion ethanol/terpineol (PVB),
under vacuum (b) sequential infiltration with ceria and Mn oxide as emulsions ethanol/terpineol (PVB), under vacuum.
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Figure 10. X-ray diffraction patterns collected after infiltration with Mn nitrate —

vacuum and subsequent thermal treatments on (a) MS and (b) MSHC.

Figure 11.Cross-sectional micrographs of MS after infiltration with Mn nitrate —
subsequent thermal treatments.
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(d)

Figure 12 Cross-sectional micrographs of MSHC after infiltration with Mn nitrate — IPA solution, under vacuum and
subsequent thermal treatments.
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Figure 13. Cross-sections of (a,b) spinel coated MS sample, (c,d) spinel coated MSHC sample, (e,f) uncoated MS sample
and (g,h) Ni-CGO infiltrated MSHC sample corroded at 850°C for 500 h in an atmosphere consisting of Ar/H,0/H; where
pH20/pH;=9 to simulate anode outlet gas with 90% fuel utilization.
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Figure 14. Cross-sections of (a,b) spinel coated MS sample, (c,d) spinel coated MSHC sample, (e,f) uncoated MS sample
and (g,h) Ni-CGO infiltrated/coated MSHC sample corroded at 650°C for 500 h in an atmosphere consisting of Ar/H,0/H,
where pH,0/pH,=9 to simulate anode outlet gas with 90% fuel utilization, except the uncoated MS sample that was
corroded for 2000 h.
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