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Abstract 

Protonic ceramic fuel or electrolysis cells (PCFC/PCEC) have shown promising performance at 

intermediate temperatures. However, these technologies have not yet been demonstrated in a 

stack, hence the oxidation behavior of the metallic interconnect under relevant operating 

environments is unknown. In this work, ferritic stainless steels 430 SS, 441 SS, and Crofer 22 

APU were investigated for their use as interconnect materials in the PCFC/PCEC stack. The bare 

metal sheets were exposed to a humidified air environment in the temperature range from 450 °C 

to 650 °C, to simulate their application in a PCFC cathode or PCEC anode. Breakaway oxidation 

with rapid weight gain and Fe outward diffusion/oxidation was observed on all the selected 
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stainless steel materials. A protective coating is deemed necessary to prevent the metallic 

interconnect from oxidizing.  

 

To mitigate the observed breakaway oxidation, state-of-the-art protective coatings, Y2O3, 

Ce0.02Mn1.49Co1.49O4, CuMn1.8O4 and Ce/Co, were applied to the stainless steel sheets and their 

oxidation resistance was investigated. Dual atmosphere testing further validated the effectiveness 

of the protective coatings in realistic PCFC/PCEC environments, with a hydrogen gradient 

across the interconnect. Several combinations of metal and coating material were found to be 

viable for use as the interconnect for PCFC/PCEC stacks. 

 

Keywords: Protonic ceramic fuel cell; Protonic ceramic electrolysis cell; Interconnect oxidation; 

Protective coatings; Dual atmosphere; Oxidation 

 

1. Introduction 

Protonic ceramic electrochemical cells (PCEC) that incorporate proton-conducting oxides as 

electrolyte materials have attracted increasing research attention in recent years. Compared with 

the oxide-ion conducting electrolytes used in conventional solid oxide fuel/electrolysis cells, 

proton-conducting oxides possess higher ionic conductivity at an intermediate temperature range 

(400–600 °C), therefore enabling higher performance of protonic ceramic fuel and electrolysis 

cells (PCFCs/PCECs) in this temperature range [1-6].  

 

Protonic ceramic cells offer many other advantages. Compared to conventional solid oxide fuel 

cells (SOFC), protonic ceramic fuel cells have higher methane conversion [1, 7] and higher 

carbon coking and sulfur-poisoning resistance [8]. Protonic ceramic cells also can be operated as 
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electrolyzers for high temperature water splitting and for co-electrolysis of CO2 and H2O [9-12]. 

To split water, steam is supplied to the oxygen electrode of the PCEC and dry hydrogen is 

produced in the fuel electrode, so removal of steam from hydrogen is not needed, and 

electrochemical compression of H2 can be achieved [4, 5]. For co-electrolysis of CO2 and H2O, 

the lower operating temperature of PCECs favors in-situ Fischer–Tropsch reactions [13], which 

are the rate-controlling reactions for co-electrolysis in solid oxide electrolyzer cells (SOEC) [14]. 

The lower operating temperature further allows the use of less expensive interconnect and 

balance-of-plant (BoP) materials, resulting in lower manufacturing costs [15]. 

 

Although protonic ceramic cell technology has shown great promise, most of the research and 

development efforts have focused only on the single cell level [1, 2, 4, 7, 16-19]. Recently, 

researchers from South Korea demonstrated a scaled-up (5 × 5 cm2) single protonic ceramic fuel 

cell that showed exciting high initial performance at intermediate temperatures [20]. Up to now, 

however, stack development of protonic ceramic cells has not been reported. Much work is still 

needed to realize large-scale application of protonic ceramic cell stacks. 

 

To implement protonic ceramic cells at a stack/system scale, it is important to select interconnect 

materials that are compatible with PCFC/PCEC operating atmospheres and temperatures. For 

PCFC, one side of the interconnect is exposed to a fuel-water mixture (water is needed for 

internal reforming), and the other side is exposed to air and generates humidity (humidity is 

present because protons react with oxygen molecules in air), as shown schematically in Fig 1. 

When a protonic ceramic cell is used for steam electrolysis, steam is supplied to the air electrode, 

with oxygen produced on the same side, while dry hydrogen is generated at the fuel electrode. It 
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is important to realize that the working environment of a PCFC/PCEC interconnect is very 

different from that of a SOFC/SOEC interconnect. In both PCFC and PCEC cases, one side of 

the interconnect is exposed to high steam content in an oxidizing environment (especially in the 

case of electrolysis), which may result in rapid degradation of the interconnect at intermediate 

temperatures.  

 

 

Figure 1. Schematic of protonic ceramic fuel cell (PCFC) and protonic ceramic electrolysis cell 

(PCEC) operation in the stack. 

 

For conventional SOFC/SOEC stacks, the interconnect and its coating materials have been 

extensively developed [21-31]. At present, ferritic stainless steel alloys are the most popular 

choice for intermediate temperature (approximately 600 to 800 °C) SOFC interconnects or 
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substrates, due to low manufacturing cost, suitable oxidation rate, close thermal expansion match 

with SOFC components, and high electrical and thermal conductivity [28, 32-36]. For 

PCFC/PCEC, the choice of metallic interconnect is further supported because ceramic 

interconnect materials do not have comparable electrical conductivity at relatively lower 

operating temperature. Very few investigations of metallic interconnect materials under 

PCFC/PCEC operating conditions have been reported. Skilbred et al. reported that Sandvik 

Sanergy HT (a ferritic stainless steel that is not the same composition as the newer Sandvik 

Sanergy HT 441 used in this work) is a potential interconnect material for a LaNbO4-based 

PCFC [37, 38]. However, the study focused on relatively high temperature, 700 to 1000°C. 

Alnegren et al. investigated the dual atmosphere effect on corrosion behavior of stainless steel 

441 at 600 °C [39-41]. So far, no oxidation study has evaluated a PCFC/PCEC interconnect in 

both an intermediate temperature range and a higher humidity oxidizing environment. 

Furthermore, oxidation-resistant interconnect coatings have not yet been explored under relevant 

PCFC/PCEC conditions. 

 

In this study, the feasibility of using existing SOFC metallic interconnect materials in 

PCFC/PCEC applications is evaluated. Stainless-steel sheets, type 430, 441, and Crofer 22 APU, 

are exposed to relevant PCFC/PCEC operating conditions (mainly in humidified air) and the 

oxidation behavior is analyzed. In addition to bare alloys, state-of-the-art protective coatings, 

reactive element oxide coating Y2O3, spinel oxide coatings Ce0.05Mn1.475Co1.475O4 (Ce-MC) and 

CuMn1.8O4 (CuMn), and metallic conversion coating Ce/Co, were applied on the metallic 

interconnect, and the effectiveness of the coatings for reducing the oxidation rate is determined. 

A dual atmosphere oxidation study using humidified air and dry hydrogen on opposite sides of 
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the metal further validates the effectiveness of the protective coatings in PCFC/PCEC 

environments with a hydrogen gradient. The objectives of this study are (1) to illustrate the 

oxidation behavior of ferritic stainless steels in PCFC/PCEC environments, and (2) to identify 

material sets from previous SOFC research that are viable for PCFC/PCEC stack development. 

 

2. Experimental 

2.1. Assessment of oxidation resistance 

Stainless steel sheets, 430 SS (McMaster, USA), 441 SS (Alleghany Ludlum, USA), and Crofer 

22 APU (Nexceris, USA) were obtained commercially. These materials were selected because (a) 

their coefficients of thermal expansion (CTE) are all near 12 × 10-6/K, close to that of the 

commonly used PCFC electrolyte and electrode materials (such as BZCY); and (b) they are 

commonly used as SOFC interconnect materials, thus available knowledge can be transferred to 

PCFC/PCEC applications. Table 1 summarizes the composition of the selected stainless steels.  

 

 

 
Fe Cr C Mn Si S P Ti Ni Nb La Cu Al 

430 SS bal. 16-18 
0.12 

(max) 
1 

(max) 
1 

(max) 
0.03 

(max) 
0.04 

(max) 
- 

0.5 

(max) 
- - - - 

441 SS bal. 17.5-18.5 
0.03 

(max) 
1 

(max) 
1 

(max) 
0.015 

(max) 
0.04 

(max) 
0.1-0.6 - 

1 

(max) 
- - - 

Crofer 

22 APU 
bal. 22-24 

0.03 

(max) 
0.3-0.8 

0.5 

(max) 
0.02 

(max) 
0.05 

(max) 
0.03-0.2 - - 

0.2 

(max) 
0.5 

(max) 
0.5 

(max) 

 

Table 1. Composition (wt%) of stainless steels investigated in this study. 

 

The metal sheets were about 0.15 mm thick as received. The sheets were cut into 1.5 × 1.5 cm2 

coupons and rinsed with acetone and ethanol before oxidation experiments. Oxidation behavior 
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of the specimens was evaluated at various PCFC/PCEC operating temperatures (450, 550, and 

650 °C) by placing the specimens in an alumina sample holder in a tube furnace. A thermocouple 

was placed next to the samples, and the temperature of the samples deviated less than 5 °C from 

the target temperature. Weight gain of the samples was measured intermittently for up to 500 

hours. At least two identical samples were used for each condition to ensure repeatable results 

and weight gain values were averaged. A Mettler Toledo XP205 analytical balance (with 

precision of 0.01 mg) was used for weight gain measurements. Ramping rates for furnace heating 

and cooling were set at 5 °C/min. Samples were oxidized in humidified air to simulate the PCFC 

cathode/PCFC anode environment. The absolute humidity was controlled by bubbling air 

through a distilled water tank with the tank temperature maintained at the required dew point. A 

Teflon tube downstream of the water bubbler was heated above 100 °C by heating tape to avoid 

undesired condensation. For comparison, some samples were also exposed to ambient air (Air-

~1.5%H2O), humidified H2 (2.8%H2-Ar-50%H2O), and dry H2 (2.8%H2-Ar), which simulated 

atmospheres found in an SOFC cathode, an SOFC anode, and a PCFC anode, respectively.  

 

2.2.Coating materials and procedure 

State-of-the-art coating materials were also applied to the alloy surfaces to evaluate their 

oxidation resistance. These included: (a) Y2O3, (b) Ce0.02Mn1.49Co1.49O4 spinel (Ce-MC), and (c) 

CuMn1.8O4 spinel (CuMn). A sol-gel dip coating was used to prepare the Y2O3 coating [42-46]. 

Y(NO3)3∙6H2O (Sigma-Aldrich, 99.8%) was mixed with citric acid monohydrate (as a chelating 

agent) in ethylene glycol to make a sol-gel solution with a Y concentration of 4 M. The solution 

was stirred on a hot plate at 80 °C for 24 h, after which the precursor solution was formed. The 

dip coating was performed with a customized dip coater with a dip speed of 10 cm/min. After the 
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substrates were submerged in the solution for 1 min, the samples were withdrawn and dried in an 

oven at 80 °C for 3 h. The coating process was completed by annealing the samples in a muffle 

furnace at 650 °C for 3 h. 

 

The Ce-MC coating was applied by ultrasonic aerosol spraying. The spinel oxide powder was 

synthesized via the glycine-nitrate combustion process. After the spinel powder was obtained, it 

was attrition-milled and mixed with a binder system to form a slurry. After applying the slurry 

on both sides of the metal substrate by spraying, the coated specimens were dried in an oven and 

then heat-treated in hydrogen at 850 °C for 5 h and then annealed in ambient air at 1000 °C for 1 

h. Details of the Ce-MC coating process can be found elsewhere [47-49]. 

 

The CuMn coating was produced by electrophoretic deposition (EPD). The spinel oxide powder 

was produced via the glycine-nitrate combustion process. The synthesized powder was calcined 

and ball-milled, and then mixed with ethanol, acetone, and iodine to form a suspension for EPD. 

EPD was performed with a constant voltage of 20 V for 10 min, with 1.5 cm separation between 

the electrodes. After EPD was completed, the samples were heat-treated in a reducing 

environment (2% H2 - Ar) for 12 h at 1000 °C and then annealed in ambient air at 750 °C for 100 

h. Details of the CuMn1.8O4 spinel coating preparation can be found elsewhere [28, 50]. 

 

Sanergy® HT 441 (Sandvik Materials Technology), which is 441 steel with a 10 nm Ce/ 640 nm 

Co coating prepared via physical vapor deposition (PVD), was also investigated [51, 52]. Prior to 

the oxidation study, the Ce/Co coated Sanergy HT 441 was pre-oxidized at 900 °C for 10 min to 

convert metallic Co into Co3O4.  
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Table 2 lists the coating materials and methods, and compares their coefficients of thermal 

expansion (CTE) to the substrate materials. 

 

 

Coating Material Coating Method CTE (20-800 ◦C) Stainless Steel CTE (20-800 ◦C) 

Y2O3 Sol-gel dip coating 8.1 × 10-6/K 430 SS 11.9 × 10-6/K 

Ce0.02Mn1.49Co1.49O4 Aerosol spraying 11.5 × 10-6/K 441 SS 12.4 × 10-6/K 

CuMn1.8O4 Electrophoretic deposition 12.2 × 10-6/K Crofer 22 APU 11.9 × 10-6/K 

Co3O4 a Physical vapor deposition 9.3 × 10-6/K   

a For the Ce/Co coating, the CTE of Co3O4 is listed because Co3O4 is the major coating material 

after converting metallic Co [52]. 

 

Table 2. Coefficient of thermal expansions of stainless steels and coating materials investigated 

in this study. 

 

2.3. Dual atmosphere testing 

Selected combinations of substrate and coating were also subjected to dual atmosphere oxidation 

to simulate the realistic operating condition of a metallic interconnect in PCFC/PCEC stacks. 

The schematic of the dual atmosphere exposure setup is shown in Fig. S1. Metal coupons were 

fixed on top of a metal tube with a glass seal (GM31107, Schott). On one side of the sample, 50% 

humidified air was circulated to simulate the environment in PCFC cathode or PCEC anode 

channels. The other side of the sample was exposed to 2.8%H2-Ar mixture to simulate a dry H2 
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environment in the PCFC anode or PCEC cathode channels. Flow rates of both air and 2.8%H2-

Ar were maintained at 200 ml/min. The specimen was exposed at 650 °C for 500 h without 

interruption, and the leak tightness was checked every 24 h to ensure there was no cross-leak 

through the glass seal. After dual atmosphere exposure, the microstructure of the samples was 

examined. 

 

2.4. Materials Characterization 

For bare alloys, the oxide scale phases formed after exposure to humidified air were examined by 

XRD using a Bruker D2 PHASER X-ray diffractometer with CuKα radiation. After the single or 

dual atmosphere oxidation was completed, cross sections of the samples were mounted in epoxy 

and polished down to 0.05 μm. The microstructure of the oxide scales and coatings were 

observed with scanning electron microscopy (SEM, JEOL-7500F) and energy dispersive X-ray 

spectroscopy (EDS, Thermo Scientific).  

 

3. Results and Discussion 

3.1. Oxidation behavior of uncoated stainless steels 

The uncoated stainless steels (430 SS, 441 SS, and Crofer 22 APU) were first exposed to 

different SOFC/SOEC and PCFC/PCEC conditions at 650 °C for 100 h to identify the 

environment of interest, that which imposes the most severe oxidation. The temperature 650 °C 

was selected because it is within the temperature range for operation of both oxygen and proton 

conductors, and is at the upper end of the range expected for PCFC/PCEC. Four atmospheres 

were used: (1) ambient air, which simulates the SOFC cathode or SOEC anode environment; (2) 

2.8%H2-Ar-50%H2O, which simulates the SOFC anode under very high fuel utilization or the 
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SOEC cathode with high steam input; (3) 2.8% H2-Ar, which simulates the PCFC anode or 

PCEC cathode environment; and (4) 50% air-50% H2O, which simulates the PCFC cathode with 

high performance or the PCEC anode environment with high steam input. In contrast to 

SOFC/SOEC experience, where high fuel humidity is the primary concern, we found that for 

PCFC/PCEC, high oxygen-side humidity is the primary concern, Fig. 2a. The rapid oxidation is 

referred to as “breakaway oxidation,” which is typically caused by formation of Fe-rich oxide 

scales under conditions where the rate of oxidation exceeds the rate of Cr diffusion from the bulk 

of the alloy to the surface [53-56]. Note that for normal oxidation resulting in a continuous 

chromia scale, the oxidation rate is much lower and typically follows parabolic growth rate 

kinetics, governed by the rates of oxygen uptake and diffusion through the continuously-

increasing chromia scale thickness [57-59]. Under these conditions, acceptable weight gain at the 

end of life is approximately 1.57 mg cm-2, corresponding to 3 m thickness, as discussed further 

in Section 3.2. The results clearly showed that at 650 °C, the PCFC cathode/PCEC anode 

environment could potentially cause more severe breakaway oxidation than the well-studied 

SOFC anode/SOEC cathode environment. Since the oxidation of stainless steels under 

SOFC/SOEC conditions have been studied extensively [60-63], the present study focuses on 

PCFC/PCEC conditions. 

 

3.1.1. Effect of steam content 

To determine the steam content that most accelerates oxidation, weight gain after 100h was 

measured as a function of steam content in air at 650 °C, Fig. 2b. It was found that breakaway 

oxidation of 430 SS starts at (or lower than) 10% humidity, and weight gain decreases slightly 

with increasing steam content. In contrast to 430 SS, the weight gain of 441 SS and Crofer 22 
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APU gradually increased with higher steam content and reach their maximum values at ~ 50% 

steam content. Interestingly, at 75% and 90% steam content, both 441 SS and Crofer 22 APU did 

not show significant weight gains, presumably due to lower oxygen partial pressure in the high-

steam atmosphere. Note that 441 SS shows the lowest weight gains at all humidity levels 

compared to the other stainless steels. For the majority of this work, a 50% steam/50% air 

atmosphere was therefore used because it can evidently promote breakaway oxidation of all three 

types of stainless steels. 

 

 

Figure 2. Impact of atmosphere. (a) Area-specific weight gain of uncoated alloys after exposure 

for 100 h at 650 °C in different fuel cell/electrolysis operating environments: ambient air, 

2.8%H2-Ar-50%H2O, 2.8%H2-Ar, and 50%air-50%H2O. (b) Area-specific weight gain of 

uncoated alloys as a function of steam content in air after exposure at 650 °C for 100 h. 

 

3.1.2. Effect of temperature 

There is a pronounced effect of operating temperature on oxidation behavior at 650, 550, and 

450 °C, Fig. 3. For 430 SS, breakaway oxidation occurred at 650 °C within the first 25 h, 

followed by slower oxidation starting from 100 h, resulting in total weight gain of 4 mg/cm2 after 
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500 h. Similar breakaway oxidation also occurred at 550 °C, but less rapidly than at 650 °C. At 

450 °C, the oxidation rate was significantly reduced, showing a smooth increase of weight gain 

to 0.67 mg/cm2 at 500 h. For 441 SS, the behavior was similar to that of 430 SS at 650 °C, 

displaying rapid breakaway oxidation within the first 25 h, but with smaller final weight gain 

(1.5 mg/cm2) at 500 h compared to 430 SS. At 450 °C, the oxidation of 441 SS was negligible 

during the 500 h exposure. 

For Crofer 22 APU, breakaway oxidation at 650 °C was delayed relative to 430 and 441, and 

reached a final weight gain of 3.4 mg/cm2 at 500 h. Similar to 441 SS, Crofer 22 APU did not 

oxidize significantly within 500 h at 450 °C. 

 

 

Figure 3. Impact of temperature. Area-specific weight gain of uncoated (a) 430 SS, (b) 441 SS, 

and (c) Crofer 22 APU, as a function of time in 50% humidified air at 450, 550, and 650 °C. 

 

The microstructures of the oxide layers that formed on the bare alloys after exposure were in 

good agreement with the weight gain data. After the oxidation test, breakaway oxidation was 

confirmed by examining specimen cross sections with SEM and EDS, and surfaces with XRD, 

Fig. 4. For those samples that displayed high weight gain (Fig 3), an outer scale mainly 

comprised of Fe and O, and an inner oxide scale with Fe depletion and Cr and Mn enrichment 
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are observed. For 430 SS, significant oxidation occurred at all temperatures (Fig. 4a, d, g). The 

thicknesses of the oxide scales are approximately 16 and 13 μm, respectively at both 650 and 

550 °C, consistent with the similar final weight gains observed at these temperatures. The scales 

are significantly thinner, 4 and 3 μm, at 450 °C. For 441 SS, significant breakaway oxidation 

only occurred at 650 and 550 °C, and appears to be barely initiated at 450 °C (Fig. 4b, e, h). The 

thicknesses of the outer and inner scale layers are approximately 8 and 1 μm at 650 °C, and 5 and 

3 μm at 550 °C. For Crofer 22 APU, breakaway oxidation was evident at 650 and 550 °C, but 

was not observed at 450 °C (Fig. 4c, f, i). The thicknesses of the oxide scales are 15 and 13 μm 

at 650 °C, and reduced significantly to 4 and 4 μm at 550 °C. For all metals, XRD confirms the 

formation of α-Fe2O3 (hematite) in the outer scale and a cubic spinel structure which is likely (Cr, 

Mn, Fe)3O4 in the inner scale, as seen in Fig. 4m. 

 

In summary, it was demonstrated that bare 430 SS, 441 SS, and Crofer 22 APU all experienced 

breakaway oxidation at 650 °C and 550 °C in a 50% humidified air condition. Fe was observed 

to be depleted below the alloy surface, and converted to Fe2O3 as an outer scale, with (Cr, Mn, 

Fe)3O4 formation as an inner scale (due to outward Cr diffusion and inward O diffusion). At 

450 °C, breakaway oxidation still occurred on 430 SS, but was not prominent on 441 SS and 

Crofer 22 APU. This result suggests that bare 441 SS and Crofer 22 APU could be used directly 

as interconnect materials for a PCFC/PCEC stack if the operating temperature were sufficiently 

low. At 450 °C, however, the state-of-the-art performance of PCFC/PCEC is not yet high enough 

to be attractive for commercialization. Based on these results, it is not feasible to use bare ferritic 

stainless steels as a PCFC/PCEC interconnect, and a protective surface modification or 

protective coating is necessary. 
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Figure 4. Oxide scale analysis for bare metals after oxidation in 50% humidified air for 500 h. 

Cross-sectional SEM images of (a, d, g) 430 SS, (b, e, h) 441 SS, and (c, f, i) Crofer 22 APU at 
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(a-c) 650 °C, (d-f) 550 °C, and (g-i) 450 °C. EDS elemental mapping of O, Cr, Fe, and Mn in (j) 

430 SS, (k) 441 SS, and (l) Crofer 22 APU after oxidation at 650 °C. (m) XRD traces of the 

surface of 430 SS, 441 SS, and Crofer 22 APU after oxidation at 650 °C. 

 

3.1.3. Oxidation in a dual atmosphere condition 

Oxidation behavior of stainless steel at elevated temperatures and in ambient air, e.g. SOFC 

cathode environment, follows parabolic rate law with relatively slow Cr2O3 scale formation and 

growth observed in the microstructure [44, 61, 64]. In contrast, anomalous oxidation behavior 

was observed previously for SOFC interconnects tested under a dual atmosphere effect (one side 

exposed to air and the other exposed to hydrogen or fuel) [38-40, 65-72]. Yang et al., Kuorokawa 

et al., and Li et al. observed that oxidation was more severe under a higher hydrogen 

concentration gradient across the metal, with formation of Fe2O3 and Fe-depleted layers, similar 

to the microstructures observed above in Section 3.1.2. They proposed that the dual atmosphere 

effect is due to the fast hydrogen diffusion from the fuel side to the air side, which results in 

higher humidity formation on the air side [65, 67, 69]. Here, we assess dual atmosphere 

oxidation with a hydrogen gradient across the alloy for conditions relevant to PCFC/PCEC 

stacks. Bare 441 SS was oxidized with dry hydrogen and wet air on opposite sides for 500 h at 

650 °C. Instead of the continuous Fe2O3 outer scale observed in single atmosphere testing, 

localized nodules of Fe2O3, together with a Fe-depleted inner zone, was observed on the air side 

of the stainless steel after dual atmosphere exposure, as shown in Figs 5 and supplementary S2. 

Interestingly, oxidation in dual atmosphere exposure was less aggressive compared to single 

atmosphere oxidation, but rapid non-protective Fe2O3 growth was still observed.  
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Figure 5. Dual atmosphere oxidation. SEM image and EDS elemental maps of the cross section 

of bare 441 SS after dual atmosphere oxidation for 500 h at 650 °C with dry hydrogen on one 

side and 50% steam/50% air on the other. 

 

3.2. Oxidation of coated metals 

Rapid breakaway oxidation occurs for bare ferritic stainless steels in both single and dual 

atmosphere conditions relevant to PCFC/PCEC interconnects, as discussed in Section 3.1 The 

presence of Cr vapor species evolved from the stainless steel is also known to be detrimental to 

PCFC electrolytes and electrodes at intermediate temperatures [20, 73, 74]. Therefore, a 

protective coating is deemed necessary to mitigate both Cr evaporation and corrosion of the 

PCFC/PCEC metallic interconnect. 

 

The impact of four different protective coatings, Y2O3, Ce-MC, CuMn, and Ce/Co, is evaluated 

here. The thicknesses of the Y2O3, Ce-MC, CuMn, and Ce/Co coatings were approximately 200 

nm, 11 μm, 18 μm, and 2 μm, respectively, as seen in Fig. 6. The Y2O3 coating was thin with 

nonuniform morphology (Fig 6a). Both the Ce-MC and CuMn coatings were relatively thick and 

uniform, with high density at the coating-substrate interface (Fig. 6b and 6c). The CuMn coating 

showed a relatively denser structure than the Ce-MC coating, which was primarily due to its 
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higher reducing heat-treatment temperature (1000 °C for CuMn and 850 °C for Ce-MC) and 

longer treatment time (see Section 2.2 for details of the coating processes). Fig. 6d displays the 

microstructure of the Ce/Co coating after pre-oxidation at 900 °C for 10 min, showing a uniform 

and thin oxide layer formation on the substrate. The pre-oxidation process was conducted to 

convert the metallic Co to Co3O4 prior to oxidation testing. 

 

Figure 6. Cross-sectional SEM images of (a)Y2O3 coated metal, (b) Ce-MC coated metal, 

(c) CuMn coated metal, and (d) pre-oxidized Ce/Co coated metal. 

 

Pre-oxidation is suggested in the literature as a way to improve oxidation resistance of bare 

alloys by forming a protective oxide scale prior to the test [41, 75]. Scale growth can also be 

expected to occur during the heat treatment of the coatings listed above. In order to determine the 

impact of pre-oxidation alone, uncoated stainless steel samples were pre-oxidized at 850 °C for 

10 h. The coated, pre-oxidized, and baseline uncoated stainless steels were subjected to oxidation 

in 50% humidified air for a duration of 500 h at 650 °C. Table 3 lists the combinations of metal 

and surface modifications/coatings investigated, and summarizes the results. The weight gains of 

the stainless steels with different surface modifications or coatings are shown in Fig. 7, and the 

post-mortem microstructures of coated metals after oxidation are shown in Fig. 8. 
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Figure 7. Impact of coatings on oxidation. Area-specific weight gain of (a) 430 SS, (b) 441 SS, 

and (c) Crofer 22 APU, with different surface modifications or coatings over 500 h in 50% 

humidified air at 650 °C. (d) Comparison of coated metals with final weight gains less than 0.2 

mg/cm2. (e) Detailed comparison of Ce-MC- and CuMn-coated Crofer APU, and Ce-MC-coated 

441 SS. (f) Parabolic rate plot with dashed lines showing the best linear fit. 
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Figure 8. Post-oxidation analysis of coated metals. Cross-sectional SEM images of (a) Y2O3 

coated 430 SS, (b) Y2O3 coated 441 SS, (c) Y2O3 coated Crofer 22 APU, (d) Ce-MC coated 430 

SS, (e) Ce-MC coated 441 SS, (f) Ce-MC coated Crofer 22 APU, (g) CuMn coated 430 SS, (h) 

CuMn coated 441 SS, (i) CuMn coated Crofer 22 APU, and (j) Ce/Co coated Sanergy HT 441, 

after oxidation in 50% humidified air for 500 h at 650 °C. (k-n) EDS mapping of (d, e, f, h), 

showing Fe2O3 outer scale and (Cr, Fe)3O4 or (Cr, Mn, Fe)3O4 inner scale formation under the 

coating. 
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Pre-oxidation of alloys does not prevent breakaway oxidation at 650 °C in 50% humidified air. 

In the case of 430 SS and 441 SS, pre-oxidation even enhanced breakaway oxidation. The 

formation of Cr2O3 or (Cr, Mn)3O4 spinel alone is clearly not sufficient to protect the substrate in 

the highly humidified environment. 

 

Y2O3 effectively prevented breakaway oxidation of 430 SS and 441 SS, or delayed it to beyond 

the timescale studied here, Figs. 7a,b. After oxidation, the surfaces of 430 SS and 441 SS 

samples are clean, and it appears that Y2O3 diffused into the substrates as a well-defined coating 

layer is no longer present, Figs 8a,b. Breakaway oxidation of Crofer 22 APU was delayed by the 

Y2O3 coating, but similar final weight gain was obtained, Fig. 7c. In contrast to the other alloys, 

bi-layer oxide scales with Fe2O3 formation on the outside and a (Cr, Mn, Fe)3O4 spinel in the 

inner scale were observed, similar to uncoated Crofer 22 APU after oxidation, Figs. 4c and 8c. 

The reason for the failure of Y2O3 to protect Crofer 22 APU is unclear.  

 

The Ce-MC coating effectively prevented breakaway oxidation of 441 SS and Crofer 22 APU, 

but was not protective on 430 SS. The Ce-MC coating microstructure on 441 SS and Crofer 22 

APU is quite similar before and after oxidation, Figs. 6b and 8e,f. In contrast, for 430 SS, thick 

Fe2O3 outer and (Cr, Mn, Fe)3O4 inner oxide layers were formed, and the Ce-MC coating layer 

was consumed with only a remnant remaining at the surface of the formed Fe2O3 layer, Fig. 8d, k. 

The ineffectiveness of Ce-MC on 430 SS is speculated to result from the porosity of the coating, 

which allows steam to diffuse through the coating and reach the metal/coating interface, and very 

low tolerance of 430 SS to steam, as discussed in Section 3.1.1.  
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The CuMn1.8O4 coating is effective for stainless steels investigated in this study, presumably due 

to the relatively dense structure of the CuMn coating which effectively prevents exposure of the 

alloy surface to steam. The dense structure of the CuMn coating results from an EPD process 

where fine particles are first deposited, followed by a high temperature reduction that effectively 

densifies the coating layer. The CuMn coating microstructure is quite similar before and after 

oxidation, Figs. 6c and 8g-i, and a reaction layer containing Cr, Cu, and Mn is observed at the 

coating-substrate interface, Fig. 8n. This is consistent with previous observations after 

annealing/densification of a spinel coating due to interaction between Cr2O3 and the spinel oxide 

[28, 50, 76]. 

 

The Ce/Co coating was only available for Sanergy HT 441. After pre-oxidation at 900 °C for 10 

min, the Ce/Co coating was effective in preventing breakaway oxidation, Fig. 7b. Note that the 

pre-oxidation step is necessary for the Ce/Co coating to be used in a humidified condition, as 

metallic Co has to be converted to Co3O4 to be protective prior to use. The Ce/Co coating 

microstructure is quite similar before and after oxidation, Figs. 6d and 8j.  

 

The effectiveness of the surface modifications/coatings is summarized in Table 3. Several 

combinations of alloy and coating material clearly demonstrated stability in the harsh humidified 

air condition; these are compared in Fig. 7d. All of the coating materials, Y2O3, Ce-MC, CuMn, 

and Ce/Co, are found to be effective on 441 SS. This is not surprising, as uncoated 441 SS 

showed the lowest oxidation of all alloys studied (see Section 3.1.1 and Fig. 2). Oxidation data 

for selected combinations of alloy and coating material that show very low oxidation rate (Crofer 

with Ce-MC and CuMn, and 441 with Ce-MC) are compared in Fig. 7e. Weight gains of these 
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three coated alloys demonstrate parabolic oxidation kinetics. From the (weight gain)2 versus time 

data, parabolic oxidation rate constants at 650 °C are curve-fitted to be 2.58×10-16, 2.41×10-16, 

and 1.07×10-16 g2cm-4s-1, Fig. 7f. These rates are somewhat lower than those reported previously 

for uncoated Crofer 22 H and Sanergy HT at 650 °C in air containing 3% H2O (4.5×10-16 g2cm-

4s-1 for both alloys) [77]. Using the obtained parabolic oxidation rate constants and assuming 

weight gains are due to growth of Cr2O3 scale without Fe breakaway oxidation, times for 3 μm 

scale growth (or 1.57 mg/cm2 weight gain) for Ce-MC, CuMn coated Crofer APU, and Ce-MC 

coated 441 SS, are predicted to be 2654, 2839, and 6385 khr. Above about 3 μm thickness, the 

onset of scale spallation is expected [78]. This timescale for oxidation is much higher than the 

lifetime target of a PCFC stack (40-80 khr), suggesting that interconnect oxidation in the unique 

PCFC/PCEC environment is manageable with appropriate coatings such as those studied here.  

 

Surface modification 

or coating condition 
Breakaway oxidation prevented? 

 
430 SS 441 SS Crofer 22 APU 

Uncoated No No No 

Pre-oxidized 

at 850 °C for 10 h 
No No No 

Y
2
O

3
-coated Yes Yes No 

Ce-MC-coated No Yes Yes 

CuMn-coated Yes Yes Yes 

Co/Ce-coated +  

pre-oxidized 

at 900 °C for 10 min 

Not studied Yes Not studied 

 

Table 3. Combinations of metal alloy and surface modifications/coatings investigated, and 

summary of oxidation behavior. 
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To further validate the effectiveness of the coatings, selected combinations of metals and 

coatings were exposed to dual atmosphere conditions at 650 °C for 500 h, including Ce-MC 

coated 441 SS and CuMn coated Crofer 22 APU. After dual atmosphere exposure, neither 

breakaway oxidation of the substrate nor structural changes of the coating materials were 

observed (supplementary Fig. S3).  

 

4. Conclusions 

This study demonstrated that breakaway oxidation of the metallic interconnect in PCFC/PCEC 

operating condition is an important oxidation mechanism that leads to rapid interconnect failure. 

Breakaway oxidation can be successfully mitigated by selecting effective combinations of 

interconnect alloy and coating material. For PCFC/PCEC stack development in the near future, 

this present work can be used as a guideline to identify cost-effective oxidation resistant 

interconnects and coating materials, as well as to determine the appropriate operating conditions 

to trade off stack performance and degradation.  

 

Ferritic stainless steels, 430 SS, 441 SS, and Crofer 22 APU, were assessed to determine their 

viability as interconnect materials in a protonic ceramic electrochemical cell stack. The study 

found that the PCFC cathode or PCEC anode environment, which contains H2O and O2, leads to 

higher oxidation rates than any SOFC and SOEC environments, and therefore requires focused 

study. A humidified air environment was used to simulate the PCFC cathode/PCEC anode 

environment, and the oxidation behavior of bare metals was investigated at various intermediate 

temperatures (650, 550, and 450 °C). At 650 and 550 °C, breakaway oxidation was found to 

occur rapidly on all the studied metals, with thick Fe2O3 outer scales and (Cr, Mn, Fe)3O4 inner 
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scales observed in the microstructure after exposure for 500 h. For bare metals, the only 

exceptions where breakaway oxidation was not observed were 441 SS and Crofer 22 APU at 

450 °C. As the performance of a PCFC/PCEC at 450 °C is relatively low, a protective coating on 

the metallic interconnect is deemed necessary to mitigate corrosion at higher stack operating 

temperature.  

 

State-of-the-art coating materials (Y2O3, Ce-MC, CuMn, and Ce/Co) were applied on the 

stainless steels, and oxidized in humidified air conditions at 650 °C. Several combinations 

clearly demonstrated low oxidation rate in the harsh humidified air condition, for which the 

normal Cr oxidation mechanism was observed, as evidenced by parabolic oxidation kinetics. 

Others were found to be ineffective, and breakaway oxidation persisted. Dual atmosphere 

oxidation also validated the effectiveness of the selected coatings in preventing breakaway 

oxidation in conditions relevant to PCFC/PCEC stack operation. Future studies should include 

longer-term oxidation, assessment of electrical contact resistance and the impact of applied 

current on oxidation rate, and determining which low-cost interconnect and coating material sets 

should be integrated and demonstrated in a stack. The alloys and coatings studied here were 

adopted from the SOFC field, and therefore do not provide cost savings commonly predicted for 

lower-temperature operation with proton-conducting cells. Future effort may identify lower-cost 

coatings and alloys that are optimized specifically for the conditions of proton conducting 

electrolysis cell operation and maintain low oxidation rate dominated by normal parabolic Cr 

oxide growth.   
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