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� Coatings against hydrogen permeation are investigated for up to 7000 h.

� Al-based coatings effectively reduce the dual-atmosphere effect.

� A combined Al2O3//Ce/Co-coating reduces Cr evaporation and the dual-atmosphere effect.

� Al2O3 coatings exhibit high ASR values.
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A key component of a Solid Oxide Fuel Cell (SOFC) is the interconnect, which connects

individual fuel cells in series to form a fuel cell stack to reach a desired electrical potential.

The interconnect is exposed to air and fuel in parallel, these so-called dual-atmosphere

conditions give rise to especially severe corrosion on the air-side. This work investigates

coatings to mitigate this effect. Physical Vapour Deposition (PVD) CeCo-coated AISI 441

samples on the air-side and PVD metallic Al- and Al2O3-coated AISI 441 samples on the

fuel-side were exposed under dual-atmosphere conditions for up to 7000 h. The evolution

of the corrosion products was followed every 1000 h with an optical microscope. Scanning

electron microscopy and energy-dispersive x-ray spectroscopy were performed on cross-

sections of the samples after 3000 h of exposure. The SEM analysis showed that coating

on the air-side improved the sample's life-time by reducing the level of Cr evaporation even

in a dual-atmosphere. The use of fuel-side coatings suppressed the dual-atmosphere effect

since the coatings formed a barrier to hydrogen permeation. The best results were

observed with metallic Al and Al2O3 coating on the fuel-side, which drastically reduced the

dual-atmosphere effect. However, the poor conductivity of Al2O3 makes its use as a coating

challenging.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

In the last few decades, Solid Oxide Fuel Cells (SOFCs) have

attracted interest due to their high electrical efficiency levels

(>60%), low emissions, and high fuel flexibility [1,2]. SOFCs are
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considered a promising technology to address the demand for

more sustainable energy, as they are valid systems to convert

hydrogen or hydrocarbons from renewable sources to elec-

trical energy. However, high production costs and limited life-

times have made commercialisation difficult. A key compo-

nent of an SOFC is the interconnect (IC), which connects the
n Energy Publications LLC. This is an open access article under the CC BY
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individual fuel cells in series to form a fuel cell stack, so as to

reach the desired electrical potential. As fuel cell operating

temperatures decreased, a switch from ceramic interconnects

to Ferritic Stainless Steel (FSS) interconnects became feasible.

The most important parameters to consider in relation to in-

terconnects are: material stability in relation to high-

temperature oxidation; and electrical resistance of the

formed oxide. When oxidised, manganese (Mn)-containing

ferritic stainless steels have been shown to form a (Cr, Mn)3O4

spinel top layer on top of the semi-conductive chromia scale

in the temperature range of the SOFC [3]. The use of low-cost,

commercially available stainless steels, such as AISI 441,

instead of tailor-made alloys may provide substantial cost

savings but may also lead to faster degradation of the inter-

connect. Two well-known degradation processes are active

when an FSS interconnect is exposed at high temperature: (a)

Cr(VI) evaporation from the steel, which poisons the cathode

[4]; and (b) growth of a Cr2O3 layer, which reduces the elec-

trical conductivity [5,6]. In the past decade, several coatings

have been studied and proposed [6e13] as a way to mitigate

these two phenomena. To reduce Cr(VI) evaporation, the

most-heavily commercialised examples are the Mn- and co-

balt (Co)-based spinel coatings (MCO coatings), which are

considered the state-of-the-art for this purpose. An alterna-

tive strategy to obtain MCO coatings is to coat the substrate

with metallic Co. This Co layer will oxidise to form Co3O4 and

becomes enriched in Mn through diffusion from the steel

substrate during stack operation [7,8]. MCO coatings are

highly effective, reducing Cr(VI) evaporation by a factor of

more than 10 compared to uncoated samples [9]. Reactive El-

ements (REs) have been described by Hou et al. [10] as exerting

beneficial effects on Cr2O3-forming alloys through: selective

oxidation of chromium; reducing the Cr2O3 scale growth rate;

or changing the transport mechanism from outward metal

transport to inward oxygen diffusion. A clear difference in

chromia thickness has been observed for samples coated with

a thin layer of ceria, compared to samples without an RE layer

[9,11e13].

The so-called ‘dual-atmosphere effect’ is another typical

degradation process for SOFCs, especially when operated at

intermediate temperatures [14,15]. Chromia former stainless

steels like AISI 441 or Crofer 22 APU, exposed at high tem-

perature in single air or humid hydrogen gas, form a protec-

tive scale of Cr2O3 with a cap of (Mn, Cr)3O4 spinel above (if the

alloy contains Mn) [16]. In a single condition, the diffusion of

Cr toward the surface is faster than its consumption (scale

growth and Cr evaporation) so the formation of the scale is

ensured. Once a sample is exposed on one side to air, and on

the other side to hydrogen (dual-atmosphere conditions), the

outcome largely changes. Yang et al. [17,18] noticed that an

alloy exposed to a dual environment behaves differently from

one exposed to a single atmosphere. Although it has been

addressed that diffused hydrogen from the fuel-side affects

the air-side oxidation, the mechanism behind the protective

oxide scale breakdown is not fully clear. Moreover, the

severity of the dual-atmosphere effect varies widely among

studies [19e22]. At high temperatures (800 �Ce850 �C), several
authors [17,18,23,24] noticed an iron enrichment of the pro-

tective scale on the air-side. At lower temperatures (600 �C
Please cite this article as: Tomas M et al., Novel coatings for protectin
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�700 �C) the air-facing side of the sample undergoes severe

corrosion with the formation of hematite nodules and later

formation of a thick hematite scale [15,25,26]. Iron oxides are

not protective, thus, the scale grows several orders of

magnitude faster than chromium oxide leading to faster ma-

terial degradation and loss of performance. This effect was

found on various alloys [27] like AISI 441 [14,19,28], AISI 430

[29,30], Sanergy HT [31], AISI 444 [32] and Crofer APU 22 [33], to

cite the most used ones in terms of interconnect applications.

Other authors [18,26,34,35] have stated that a beneficial effect

of a higher Cr concentration in the alloy may help reduce the

dual-atmosphere effect. Several explanations have been pro-

posed to explain this phenomenon. Rufner et al. [21] suggested

that the pO2 on the air-side could be locally modified by the

permeated hydrogen. Yang et al. [18] instead pointed out that

it may be due to an increased number of cation vacancies

close to the air-side, which leads to hydroxide species for-

mation that enhances scale growth rate. Other authors [36,37]

proposed theories in which the lattice is distorted because of

hydrogen presence. Recently Gunduz et al. [15] showed how

the hydrogen diffusion into the alloy might affect the Cr

diffusion, thus promoting non-protective Fe-oxide formation.

Goebel et al. [38] have shown that thicker steel sheets reduce

the ingress of hydrogen to some extent.

However, in those studies, the samples were not coated.

Previous research [39] has demonstrated the effect of Ce/Co-

coated samples exposed to a dual-atmosphere at 850 �C. It
has been established that Ce/Co coating helps to mitigate the

dual-atmosphere effect at higher operating temperatures.

However, samples exposed at 600 �C suffer severe corrosion

after a short period of time. This is in accordance with previ-

ous research that described the inverse temperature effect

[19].

While air-side coatings have been extensively studied,

there are only very few studies on fuel-side coatings. Some

studies [40,41] show the efficiency of Y-based coatings in a

reducing environmentwith high humidity by the formation of

a stable YCrO3 phase that is electrically conductive. Another

study [42] described ceria as potential fuel side coating with

good electrical conductivity for SOFC application. Ceria seems

to inhibit the interdiffusion processes between the ferritic

steel and the Ni-anode. Ni-coatings has been studied, on

Crofer 22H in fuel environment, leading to the formation of

different Cr-rich oxides formed within the Ni layer [43]. Other

studies on Fee22Cr steels show the formation of an austenitic

phase, caused by the diffusion of Ni within the substrate,

reducing the growth rate of the chromia layer [44].

However, to the best of our knowledge, no previous studies

were performed in dual-atmosphere conditions with

hydrogen-barrier coatings on the fuel-side.

The main indication for the efficiency of fuel-side coatings

in dual-atmosphere conditions comes from Goebel et al. [28],

who examined the effect of pre-oxidation time and location

and showed that an oxide scale on the fuel-side is particularly

effective in mitigating the dual-atmosphere effect.

In the present work, barrier coatings developed to reduce

the dual-atmosphere corrosion for Intermediate-Temperature

Solid Oxide Fuel Cells (IT-SOFCs) are presented for the first

time. The state-of-the-art Ce/Co coating on the air-side is
g solid oxide fuel cell interconnects against the dual-atmosphere
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exposed in combination with novel coatings on the fuel-side:

metallic Al and Al2O3 deposited via Physical Vapour Deposi-

tion (PVD). Coating the fuel-side is expected to reduce the

ingress of hydrogen into the alloy and to reduce the dual-

atmosphere effect on the air-side. Uncoated samples that

are pre-oxidised for 5 h at 800 �C are exposed as a reference.

All the coatings are exposed under simulated SOFC working

conditions for 3000 h.
Materials and methods

Dual-atmosphere set-up

To simulate dual-atmosphere conditions, steel samples

were simultaneously exposed in air þ3% H2O on one side

and Ar e 5% H2 e 3% H2O on the other side, at 600 �C. All the

experiments were conducted in a dual-atmosphere using

the experimental set-up described by Alnegren et al. [14].

The sample holder construction is based on a design by

Montana State University, and further information on this

set-up can be found elsewhere [21]. Gold rings were used to

seal the circular samples to the set-up, to ensure gas-

tightness.

Sample characteristics and preparation

The compositions and characteristics of the materials used in

this study are described in Table 1 and Table 2.

Samples were coated by Sandvik Materials Technology AB

using a proprietary PVD process. Coin-shaped samples

(Ø 21 mm) were stamped out of a metal sheet using a hy-

draulic press. The experimental matrix and exposure char-

acteristics are listed in Table 2. A cleaning procedure that

consisted of washing for 20 min in acetone and 20 min in

ethanol was performed before any thermal treatment. All the

samples were then pre-oxidised at 800 �C ± 5 �C for 5 h in air

þ3% H2O with a ramp rate of 1 �C,min�1, under a flow of

280 mL,min�1.
Table 1 e Compositions of the studied alloys (in wt%), as spec

Materials Fe Cr C Mn Si

AISI 441

Thickness: 0.3 mm

Bal. 17.53 0.016 0.40 0.59

Batch: 89,893

Table 2 e Experimental matrix of the materials used and their

Materials Coating

Fuel-side

AISI 441 Al2O3 (~500 nm)

AISI 441 Al (~1000 nm)

AISI 441 Al (~1000 nm)

AISI 441 Uncoated

AISI 441 Uncoated

Al coating is protected by the patent number: EP3256617B1 [45].

Please cite this article as: Tomas M et al., Novel coatings for protectin
effect, International Journal of Hydrogen Energy, https://doi.org/10.1
Exposures

All samples were exposed to a humid dual-atmosphere. The

following gases were used: Ar - 5% H2 e 3% H2O with a flow

rate of 120 smL,min�1 on the fuel-side; and airþ3%H2Owith a

flow rate of 8800 smL,min-1 on the air-side. This resulted in an

airflow speed of around 27 cm,s�1 inside the quartz tube;

therefore, kinetically controlled, flow-independent chromium

evaporation rates were achieved [46]. To adjust the humidity

level to 3%, all gases were bubbled through water baths with

temperature-controlled reflux condensers set to 24.4 �C. All
exposures were conducted at a temperature of 600 �C ± 5 �C. A
ramp of 1 �C,min�1 was used to heat up and cool down the

samples, to minimize oxide spallation. The exposure was

interrupted after 500 h, 1000 h, 2000 h, and 3000 h, to docu-

ment the evolution of the oxide scale. Selected samples were

exposed for up to 7000 h to assess life-time. All the experi-

ments involving exposure for 3000 h were repeated to ensure

data reproducibility.

Microscopy

Photographs of the samples were taken at different exposure

times using a Nikon SMZ800 camera equipped with a ring

light. For the cross-section analyses, the samples were cut

with an oil-free, low-speed saw (Struers Minitom). Cross-

sections of all the samples were then prepared using a Leica

EMTIC 3X Broad Ion Beam (BIB) with an acceleration voltage of

8 kV and a current of 3 mA. The resulting cross-sections were

analysed using the JEOL 7800F Prime SEM. Imaging was per-

formed with an acceleration voltage of 10 kV, and Energy-

Dispersive x-ray (EDX) analysis was performed with an ac-

celeration voltage of 15 kV.

Area-specific resistance (ASR) measurement

To determine the ASR contribution of the fuel side coatings

selected samples were pre-oxidised accruing to the procedure

described above and subsequently exposed for 168 h in Ar e

5% H2 þ 3% H2O at 600 �C. The ASR is the measured resistance
ified by the manufacturer.

Ni Ti Nb Al N P S

0.15 0.172 0.41 0.007 0.015 0.024 <0.001

exposure times.

Exposure time (h)

Air-side

Uncoated 3000

Uncoated 3000

10 nm Ce/600 nm Co 7000

10 nm Ce/600 nm Co 3000

Uncoated 3000

g solid oxide fuel cell interconnects against the dual-atmosphere
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(R) multiplied by the contact area (A). A sputter mask with

dimensions of 10 � 10 mm2 was placed on the sample, which

was then coated with gold for 30 min using the Quorum 150

sputter coater and a sputtering current of 60 mA. This pro-

cedure was repeated for the reverse side of the sample. The

sputtering step was used to produce electrodes with a defined

area and to ensure good contact between the sample and the

platinum electrodes. The exposed samples were then moun-

ted in a ProboStat™ (NorECs, Norway) measurement set-up

using a 1 cm2 Pt wire and grid to contact the sample elec-

trodes. The resistance was measured by the 2-point, 4-wire

method at 600 �C in air. The ASR was measured in Ar e 5%

H2 þ 3% H2O for 1 h. During the subsequent cooling of the

sample, the ASR was monitored too to check for semi-

conductive behaviour. The uncoated side of the sample was

ground before the Au sputtering to minimize the contribution

of the uncoated side of the sample. Hence, the obtained values

were not divided by two.
Results & discussion

Visualisation of the dual-atmosphere effect throughout the
exposure

Fig. 1 shows the evolution of all the samples exposed for up to

3000 h to the dual-atmosphere conditions. During the first

500 h, there are no apparent signs of severe corrosion. The

protective behaviour is attributed to the long duration of pre-
Fig. 1 e Photographs of the air-facing sides of AISI 441 coupons

(Ar-5% H2 þ 3% H2O//Air þ 3% H2O) at 600 �C.

Please cite this article as: Tomas M et al., Novel coatings for protectin
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oxidation treatment (5 h at 800 �C), in line with the earlier

works of Goebel et al. [28] and Reisert et al. [47], which showed a

direct relationship between the length of the pre-oxidation

step and the onset of breakaway corrosion. Nevertheless,

after 1000 h of exposure, the uncoated and Ce/Co-coated

samples show signs of breakaway corrosion, while the other

samples remain protective. The Ce/Co-coated sample appears

to be slightly more protective than the uncoated sample.

However, once the sample experiences 2000 h of exposure, the

Ce/Co-coated sample exhibits corrosion comparable to that of

the uncoated sample. The sampleswith fuel-side coatings still

showno visible sign of breakaway corrosion at this point. After

3000 h of exposure, the uncoated and Ce/Co-coated samples

display similar levels of corrosion,while the samples coatedon

the fuel-side do not show visible signs of breakaway oxidation

and seem to behave in a similar manner. Nevertheless, as will

be discussed below, their conditions are highly different.

The efficiency of the Ce/Co coating in terms of delaying

corrosion has been demonstrated previously in a single at-

mosphere [9,11,12]. On theotherhand, coatingsof the fuel-side

are expected to act as a barrier to the ingress of hydrogen in a

manner similar to that shown for pre-oxidation [48,49].

Microstructural analysis

Uncoated sample exposed for 3000 h
Fig. 2 shows the SEM micrographs of the uncoated sample.

The top-view of the air-side (see Fig. 2a) and the fuel-side (see

Fig. 2b) after pre-oxidation, depict a homogeneous oxide scale
taken during exposure to a discontinuous dual-atmosphere

g solid oxide fuel cell interconnects against the dual-atmosphere
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Fig. 2 e SEM micrographs representing: a) top-view of the air-side of the pre-oxidised sample; b) top-view of the fuel-side of

the pre-oxidised sample; c) top-view of the air-side; d) cross-section of the air-side; e) top-view of the fuel-side; and f) cross-

section of the fuel-side of 441 uncoated samples pre-oxidised for 5 h exposed to the dual-atmosphere (Ar-5% H2 þ 3% H2O//

Air þ 3% H2O) for 3000 h at 600 �C. Inset: higher-magnification image of selected scale regions.
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covering the sample. No visible signs of breakaway oxidation

can be observed on any of the samples after any of the

exposures.

After 3000 h of exposure, the air-side of the uncoated

sample exhibits a surface that is partially covered with he-

matite nodules (see Fig. 2c) that are roughly 300 mm in width.
Please cite this article as: Tomas M et al., Novel coatings for protectin
effect, International Journal of Hydrogen Energy, https://doi.org/10.1
On top of these nodules, whiskers can be observed. Previous

studies [21,29] have also documented the presence of hema-

tite nodules on 430 and 441 steel samples exposed to similar

dual-atmosphere conditions. A protective oxide is observed

between the nodules. The cross-section of the air-side (Fig. 2d)

confirms the observations made from Fig. 2c, showing a
g solid oxide fuel cell interconnects against the dual-atmosphere
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nodule of Fe2O3 and a thin (<1 mm) protective oxide scale

comprised of (Cr, Mn)3O4 spinel and chromia. According to

previous research [14,50], this layer is mainly composed of (Cr,

Mn)3O4 spinel and chromia. The thickness of the breakaway

corrosion product is about 25 mm as a result of the poor pro-

tective behaviour of the iron-rich oxide. Beneath the Fe2O3

nodule, a (Fe, Cr)3O4 spinel layer is present, and an internal

oxidation zone (IOZ). This degradation morphology has been

reported in previous studies [14,15]. The top-view micrograph

of the fuel-side (see Fig. 2e) depicts an oxide scale covering the

sample's surface, together with the presence of extremely

small nodules (~2 mm) following the rolling direction. This

morphology is very similar to that observed after pre-

oxidation (see Fig. 2b). The cross-section of the fuel-side

(Fig. 2f) exhibits a protective, thin, dense, and homogeneous

oxide scale, which has been identified as containing a (Cr,

Mn)3O4 spinel and chromia.

Those observations accord with those made in previous

studies [14,28] showing that uncoated AISI 441 ferritic stain-

less steel suffers severe corrosion after 1000 h of exposure at

600 �C to the dual-atmosphere, even when it is pre-oxidised

for 280 min. Fe-rich nodules are identified on the surface of

the air-facing side of the sample. The pre-oxidation step aims

to simulate the conditioning of the stack before operation.

Furthermore, it is expected to provide a protective Cr2O3 layer

that acts as a diffusion barrier to both oxidation of the alloy

and the transport of hydrogen from the fuel-side to the air-

side [18,28]. Kurokawa et al. [51] exposed Fee16Cr steel at

800 �C and showed that after a continuous chromia layer has

formed, the permeation of hydrogen was drastically reduced

by four orders of magnitude.

10 nm Ce/600 nm Co-coated sample exposed for 3000 h
Fig. 3 depicts SEM micrographs of the Ce/Co-coated sample.

The plan-view of the air-side after pre-oxidation (see Fig. 3a)

shows a fully protective Co spinel covering the surface of the

sample. No signs of breakaway corrosion are observed. The

top-view of the fuel-side (uncoated) after the pre-oxidation

treatment (see Fig. 3b) exhibits an oxide scale that covers the

entire surface of the sample, with no visible signs of break-

away corrosion.

After 3000 h of exposure, the air-side of the sample exhibits

some iron-rich nodules that are roughly 150 mm in width with

whiskers on top,while the largest part of the surface is covered

by a thin protective oxide scale (see Fig. 3c), similar to that

observed after pre-oxidation. There are no signs of spallation

of the oxide scale on the sample, indicating good adherence of

the oxidised coating. The cross-section of the air-side of the

sample is shown in Fig. 3d, and two different microstructures

are evident: the nodules and the protective scale. The nodule

consists of threedistinct layers. The top layer comprises an (Fe,

Co)3O4 spinel. EDS analysis shows that the top layer contains

Fe (~20at%), Co (~10at%), anda lowpercentageofCr (~5at%). In

this case, it appears that Fediffusedwithin theoxidescale even

with thepresence of a ceria layer. Underneath this layer, an Fe-

rich oxide with thickness of about 20 mm is found. Below the

original sample surface, there is an (Fe, Cr)3O4 spinel with

thickness similar to that of the Fe-rich oxide phase observed

previously. The overall thickness of the nodules is approxi-

mately 40 mm. The nodules are fewer but more localised and
Please cite this article as: Tomas M et al., Novel coatings for protectin
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thicker than those observed in uncoated samples. The pro-

tective oxide scale comprises a very thin (~100 nm) (Co,Cr)3O4

spinel on top, which contains 10 at% of Co and 10 at% of Cr,

followed by 1-mm-thick Co3O4 spinel with a thin (~200 nm)

Cr2O3 layer. The presence of Cr in the top layer is attributed to

Cr evaporation from the sample holder. Skilbred et al. [39]

observedsimilar cubic-shapedgrainson the top layerofCe/Co-

coated samples exposed to dual-atmosphere conditions at

850 �C,. Furthermore, in their study, the cross-section depicts a

thin Co3O4 layer followed by a thin Cr2O3 oxide scale. However,

there are no signs of Fe-rich nodules. This is mainly attributed

to the less-severe dual-atmosphere at high temperatures, as

well as the short exposure time (150 h), which did not allow

sufficient time for the breakaway [15]. Fig. 3e depicts the top-

view of the fuel-side of the sample exposed to H2 þ 3% H2O,

where some small nodules (~2 mm) are present. The surface

state is identical to that observed right after the pre-oxidation

step (see Fig. 3b) and similar to that of the uncoated sample

(Fig. 2f). From the top-view analysis, these nodules appear to

have grown underneath the top layer and do not seem to

promote the breakdown of the oxide scale. Fig. 3f represents

the cross-section of the fuel-side. The image shows a very thin

(~100 nm), dense, and homogeneous (Cr, Mn)3O4 spinel and

chromia layer. A similarmorphologywasobserved byNiewolak

et al. [3].

The superior resistance to the dual-atmosphere effect of

the Ce/Co-coated sample, as compared to the uncoated sam-

ple, is in line with previous findings [11,12,52,53] for samples

exposed to a single atmosphere. It has been shown that

regardless ofwhether the top layer is Co3O4, (Co,Mn)3O4 or (Co,

Mn, Fe)3O4, the Cr evaporation rate at 650 �C is significantly

lower for Ce/Co-coatedmaterials than for uncoated FeCr steel.

Thus, the depletion of Cr from Ce/Co-coated materials over

time is less extensive than from uncoated samples, which is

expected to result in less-severe breakaway oxidation.

Aluminium (~1000 nm)-coated sample exposed for 3000 h
Fig. 4 shows the SEM micrographs of the sample with Al

coating on the fuel-side. After pre-oxidation, the uncoated air-

side of the sample (see Fig. 4a) reveals a surface that is

partially covered with small nodules, following the rolling

direction of the sample. On top of these small nodules, some

“plate-shaped” features, roughly 5 mm in width, can be

observed. Between these small nodules, an oxide scale,

similar to the one observed for the uncoated sample (see

Fig. 2a), is present. The fuel-facing side of the sample (see

Fig. 4b) depicts a surface that is fully covered with Al-rich

oxide, with no visible signs of corrosion products.

After 3000 h of exposure, the air-side of the sample is still

covered with small nodules (see Fig. 4c) that seem to be

aligned with the rolling direction of the steel sheet. These

nodules aremuch smaller than those on the uncoated and Ce/

Co-coated samples, which explains they were not visible in

the optical overview image (see Fig. 1). On top of these nod-

ules, “plate-shaped” features can be seen, which differ from

the whiskers present on the uncoated and Ce/Co-coated

samples. A protective oxide is present between the nodules.

The morphology is identical to that observed after pre-

oxidation (see Fig. 4a), which indicates that the Al coating is

protective against hydrogen permeation. Fig. 4d depicts the
g solid oxide fuel cell interconnects against the dual-atmosphere
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Fig. 3 e SEM micrographs representing: a) top-view of the air-side of the pre-oxidised sample; b) top-view of the fuel-side of

the pre-oxidised sample; c) top-view of the air-side; d) cross-section of the air-side; e) top-view of the fuel-side; and f) cross-

section of the fuel-side of the 10 nm Ce/600 nm Co-coated 441 sample exposed to the dual-atmosphere (Ar-5% H2 þ 3% H2O//

Air þ 3% H2O) for 3000 h at 600 �C. Inset: higher magnification of selected scale regions.
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cross-section of the air-side of the sample. The outer part of

each small nodule consists of Fe2O3. These nodules appear to

be thinner (~5 mm) than the nodules observed in the uncoated

(~25 mm) and Ce/Co-coated (~40 mm) samples. Beneath the

nodules, an (Fe, Cr)3O4 spinel was identified by EDS analysis.

The protective layer present between the nodules is composed
Please cite this article as: Tomas M et al., Novel coatings for protectin
effect, International Journal of Hydrogen Energy, https://doi.org/10.1
of a (Cr, Mn)3O4 spinel layer followed by a Cr2O3 layer. The

protective scale is dense, homogeneous, and approximately

200 nm in thickness, similar to the scale reported for the un-

coated sample. The plan-view of the fuel-side (see Fig. 4e)

depicts an Al-rich oxide phase that covers the entire surface of

the sample, identical to that observed after pre-oxidation. The
g solid oxide fuel cell interconnects against the dual-atmosphere
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Fig. 4 e SEM micrographs representing: a) top-view of the air-side of the pre-oxidised sample; b) top-view of the fuel-side of

the pre-oxidised sample; c) top-view of the air-side; d) cross-section of the air-side; e) top-view of the fuel-side; and f) cross-

section of the fuel-side of the 441 aluminium (~1000 nm)-coated sample exposed to the dual-atmosphere (Ar-5% H2 þ 3%

H2O//Air þ 3% H2O) for 3000 h at 600 �C.Inset: higher magnification of selected scale regions.
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metallic aluminium coating has been oxidised during the pre-

oxidation (5 h) step to an Al-rich oxide phase. The cross-

section of the fuel-side (see Fig. 4f) exhibits a very thin and

homogeneous Al-rich scale. The surface is wavy, although the

layer thickness is homogeneous at around 500 nm. X-ray

diffractometry showed that it is g-Al2O3 phase (not shown).
Please cite this article as: Tomas M et al., Novel coatings for protectin
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The coating thickness was 1000 nm, which upon oxidation to

Al2O3 would have generated a layer thickness of around

1300 nm. Therefore, some Al is “lost”, which will be discussed

in more detail below. No signs of spallation of the oxide scale

have been recorded for the sample, indicating good adherence

of the oxidised coating.
g solid oxide fuel cell interconnects against the dual-atmosphere
016/j.ijhydene.2023.01.313

https://doi.org/10.1016/j.ijhydene.2023.01.313


i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 9
Aluminium (~1000 nm)//10 nm Ce/600 nm Co-coated sample
exposed for 7000 h
Fig. 5 shows the SEM micrographs of the Al//Ce/Co-coated

sample that were exposed for 7000 h in dual-atmosphere

conditions. After the pre-oxidation step, the air-facing side
Fig. 5 e SEM micrographs representing: a) top-view of the air-sid

the pre-oxidised sample; c) top-view of the air-side; d) cross-sec

section of the fuel-side of the 441 sample with Al-coating on the

dual-atmosphere (Ar-5% H2 þ 3% H2O//Air þ 3% H2O) for 7000 h

regions. An Au layer was sputtered on the fuel-side to increase

Please cite this article as: Tomas M et al., Novel coatings for protectin
effect, International Journal of Hydrogen Energy, https://doi.org/10.1
of the sample (see Fig. 5a) shows a protective Co-rich oxide

that covers the entire surface and the presence of small

nodules (~5 mm-thick) located under the oxide scale. The fuel-

side of the sample (see Fig. 5b) depicts a surface fully covered

with an Al-rich oxide.
e of the pre-oxidised sample; b) top-view of the fuel-side of

tion of the air-side; e) top-view of the fuel-side; and f) cross-

fuel-side and Ce/Co-coating on the air-side, exposed to the

at 600 �C. Inset: higher magnification of selected scale

the contrast of the cross-section.
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A longer exposure time was selected for this specific

sample because optically it appeared to be completely pro-

tective after 3000 h. The top-view of the air-side of the sample

(see Fig. 5c) shows the presence of a few large Fe-rich nodules,

comparable to the nodules observed on the Ce/Co-coated

samples (see Fig. 3c). The nodules are of equivalent size and

are present at the same frequency in the two samples. Smaller

nodules are visible and seem to be covered by an oxide scale

and follow the rolling direction, as previously observed after

pre-oxidation (see Fig. 5a). The cross-section of the air-side

(see Fig. 5d) shows two different microstructures: a homoge-

neous 4-layer microstructure and a small-nodule micro-

structure. The outer layer of the homogeneous part consists of

a (Cr, Co)3O4 spinel that contains approximately 19 at% of Cr

and 15 at% of Co. The Cr in the top layer is believed to originate

from the sample holder, which is a chromia former steel. The

second layer consists of an almost-pure Co3O4 spinel that

contains roughly 4 at% of Fe. The third layer is a (Fe,Co)3O4

spinel with 14 at% of Fe, 14 at% of Co, and low percentages of

Cr andMn (6 at% and 3 at%, respectively). Closest to themetal,

a thin Cr2O3 layer is present. Overall, this 4-layer microstruc-

ture appears to be porous and is roughly 1 mm-thick. The

second part consists of Fe-rich small nodules located under-

neath a (Co,Cr)3O4 spinel, and beneath this, a (Fe,Cr)3O4 spinel

is present. The small-nodulemorphology on the air-side of the

Al//Ce/Co-coated sample differs from the morphology of the

small nodules observed on the Ce/Co-coated sample, since an

oxide layer covers them. The top-view of the fuel-side (see

Fig. 5e) does not show visible signs of severe corrosion and has

the same morphology as that observed after pre-oxidation.

The Al-rich layer is homogeneous and covers the sample.

Fig. 5f depicts the cross-section of the fuel-side. As specified in

Table 2, the oxide scale is much thinner than the nominal

coating thickness (1000 nm) and is less homogeneous as that

observed on Al-coated sample. No signs of spallation of the

oxidised coatings have been noted, indicating good

adherence.

Al2O3 (~500 nm)-coated sample exposed for 3000 h
Fig. 6 shows the SEM micrographs of the oxide scales on the

air-side and fuel-side of the Al2O3-coated sample. After pre-

oxidation, the uncoated air-facing side of the sample (see

Fig. 6a) shows an oxide scale that is covering the surface,

similar to the uncoated sample (see Fig. 2a), together with

the presence of some small nodules that are around ~2 mm

in thickness and still covered by the oxide scale. The fuel-

side (see Fig. 6b) shows a surface that is fully covered with

Al2O3.

After 3000 h of exposure, very few Fe2O3 nodules are pre-

sent on the air-side (Fig. 6c). Closer examination uncovers

small nodules that are still covered with the oxide, as

observed after pre-oxidation. The nodule size (~2 mm) is

similar to that observed after pre-oxidation (see Fig. 6a). The

cross-section of the air-side (Fig. 6d) shows a thin (~200 nm)

and homogeneous (Cr, Mn)3O4 protective spinel and the

presence of small (Fe, Cr, Mn)3O4 nodules, as previously seen

in the top-view image (see Fig. 2c) for uncoated samples. The

plan-view of the fuel-side (Fig. 6e) shows a protective Al2O3

oxide scale covering the sample, identical to that observed

after pre-oxidation (see Fig. 6b). However, small micro-cracks
Please cite this article as: Tomas M et al., Novel coatings for protectin
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are visible on the sample surface after 3000 h of exposure. The

top layer of the fuel-side (Fig. 6f) consists of a continuous Al2O3

oxide layer (~500 nm thick) and, closest to the metal, a thin Cr

rich oxide scale (~150 nm in thickness). It is assumed that

oxygen diffused through the micro-cracks and oxidised the

steel underneath the protective Al2O3 layer. No signs of

spallation of the oxide scale were recorded for the sample,

indicating good adherence of the sputtered oxide. The desired

phase for this application is a-Al2O3, as it has the lowest

permeability to hydrogen [54e56]. Grazing Incidence X-ray

Diffractogram (GI-XRD) confirms the presence of corundum

type phase, corresponding to Cr2O3 and a spinel phase

(Cr,Mn,Fe)3O4. No crystalline Al oxide was detected. Hence the

layer is considered amorphous.

The Al2O3-coated sample on the fuel-side displays very few

Fe2O3 nodules along the surface, indicating good protection

against the dual-atmosphere effect. Previous research [57] has

established the high density, low porosity, low number of

defects and good stability of alumina.

Initial interactions of the Al coatings and Al2O3 coatings with
the substrate
The thickness of the Al coating observed here (see Figs. 4f and

5f) does not match the initial thickness of the Al coating (see

Table 2). To investigate this further, the initial stages of the

interactions of the Al and Al2O3 coatings were investigated.

From Fig. 7 it is clear that the observed coating thicknesses

before exposurematchwell with the nominal thicknesses (see

Table 2). The bottom part of Fig. 7 shows that after 5 h of pre-

oxidation at 800 �C, the 1-mm-thick Al coating has shrunk to a

thickness of approximately 500 nm. The thickness of the Al2O3

coating is unchanged.

The loss of Al is attributed to interdiffusion between the

coating and the steel substrate. To quantify this, a line-scan

analysis was conducted on the Al-coated 441 sample that

was pre-oxidised for 5 h. The analysis revealed that after 5 h of

pre-oxidation at 800 �C, Al had diffused into the alloy (to a

depth of ~15 mm). Fig. 8 displays the line-scan data for the

relevant species from the surface to the bulk. Beneath the Al

rich surface layer, the Al concentration gradually decreases

from 4% to the detection limit of the EDS. The EDS line-scan

also indicates the presence of Fe within the top layer (at

~10 at%). The analysis was repeated twice to ensure repro-

ducibility. This proves that Al diffuses inside the alloy during

the pre-oxidation step. Due to the slow heating rate evapo-

ration of metallic Al is considered unlikely but cannot be

excluded (see Fig. 8).

Investigation of the conductivity of the alumina coatings
The electrical conductivity of the coated interconnects

directly influences the final performance of a fuel cell.

Therefore, the conductivity value must be kept as low as

possible and should increase as little as possible over time. A

value of <100 mU,cm2 is commonly reported as an acceptable

threshold for ASR [58]. Since Al2O3 is known to be a poor

conductor [59e61], the oxide scale resistance of the Al- and

Al2O3-coated samples were investigated at 600 �C in humid Ar

e 5% H2, to simulate the fuel-side atmosphere (see Fig. 9). The

ASR of the uncoated samplewasmeasured as a reference. The

samples were exposed in Ar e 5% H2 þ3% H2O for 1 week. The
g solid oxide fuel cell interconnects against the dual-atmosphere
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Fig. 6 e SEM micrographs representing: a) top-view of the air-side of the pre-oxidised sample; b) top-view of the fuel-side of

the pre-oxidised sample; c) top-view of the air-side; d) cross-section of the air-side; e) top-view of the fuel-side; and f) cross-

section of the fuel-side of the 441 Al2O3 (~500 nm)-coated sample exposed to the dual-atmosphere (Ar-5% H2 þ 3% H2O//

Air þ 3% H2O) for 3000 h at 600 �C. Inset: higher magnification of selected scale regions.
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oxide layer formed at the air-side during exposurewas ground

off (the uncoated side of the sample) to minimize the contri-

bution from that surface. For the uncoatedmaterial, a value of

about 23 mU,cm2 was recorded, while for the Al-coated

samples, a value of about 75 mU,cm2 was measured and for
Please cite this article as: Tomas M et al., Novel coatings for protectin
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Al2O3-coated sample, a value of roughly 1 U,cm2 was ob-

tained, which ismuch higher thanwhat is considered to be an

acceptable ASR. Although it is an excellent barrier to hydrogen

permeation, Al2O3 seems to be unsuitable for interconnect

applications if anode-side contacting cannot be designed in a
g solid oxide fuel cell interconnects against the dual-atmosphere
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Fig. 7 e Effect of the pre-oxidation step on metallic Al coating. Top panel: As-received Al-coated and Al2O3-coated 441 steel.

Bottom panel: The same surface after 5 h of pre-oxidation with up and down ramp rates of 1 �C/min in humid (3% water

vapour) laboratory air at 800 �C.

Fig. 8 e SEM micrograph representing the line-scan analysis used to determine the inter-diffusion of Al within the sample

for an Al-coated 441 sample exposed for 5 h in humid air (3% water vapour) at 800 �C with up and down ramp rates of 1 �C/
min.
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way to circumvent the insulating Al2O3 layer. The 75 mU,cm2

measured for the Al-coated sample are under the commonly

cited target of 100 mU,cm2, however, this value was obtained

after 1 week and it is questionable to meet the target during

long term operation. The fact that the value is much lower

than Al2O3 is attributed in part to the lower thickness but
Please cite this article as: Tomas M et al., Novel coatings for protectin
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mostly due to the fact that Fe is incorporated into the Al rich

layer. An aliovalent ion such as Fe is expected to significantly

improve the conductivity. Whether it is possible to further

dope the Al rich layer in order to achieve lower ASR values

without compromising the hydrogen barrier function needs to

be studied further.
g solid oxide fuel cell interconnects against the dual-atmosphere
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Fig. 9 e ASR measurements of uncoated, PVD Al-coated and PVD Al2O3-coated samples, exposed to Ar e 5% H2 e 3% H2O

with a flow rate of 120 smL,min¡1 for 168 h at 600 �C. The error bars represent the minimum and maximum measured

values.
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Conclusion

Air-side and fuel-side coatings have been studied in this work

to evaluate their protective properties with respect to miti-

gating dual-atmosphere corrosion of FeCr steel at 600 �C. The
mainoutcome is that coatingson the fuel-side seemtobemore

effective in reducing corrosion on the air facing side of the

sample, than coatings on the air-side. However, coatings on

the air-side are essential to reduce Cr(VI) evaporation in order

avoid cathode poisoning. This works main findings are that.

� CeCo-coated samples on the air-side exhibit a more local-

ised breakaway oxidation than uncoated samples;

� Metallic Al-coated samples exhibit excellent protection

against hydrogen permeation, despite the initial break-

away oxidation that occurs during the pre-oxidation step;

� Al2O3-coated samples display the highest level of protec-

tion against the dual-atmosphere effect; and

� The combination of Ce/Co and Al coatings confers an

excellent protection against the dual-atmosphere effect.
Please cite this article as: Tomas M et al., Novel coatings for protectin
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The metallic aluminium and Al2O3 coatings seem to be the

best barriers against hydrogen permeation. However, ASR

measurements, in particular of the Al2O3 coating show very

poor conductivity, making its use as a coating for SOFC in-

terconnects challenging.
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