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Abstract 

A dual surface modification of an SOFC metallic interconnect with a Gd2O3 layer and an 

MnCo2O4 coating was evaluated. The tested samples were oxidized for 7000 h in air at 1073 

K. Oxidation products were characterized using XRD, SEM-EDS, and confocal Raman

imaging, and ASR was measured. The effect of gadolinium segregation at grain boundaries in 

Cr2O3 was evaluated using S/TEM-EDS. Area specific-resistance was measured and fuel cell 

tests investigating electrochemical performance and Cr contamination of electrodes were also 

performed. The results show that the proposed dual modification was more advantageous than 

either modification applied separately. The fuel cell tests performed after aging in humidified 

hydrogen at 1073 K and involving an actual interconnect made of this dual-modified material 

showed that after 250 h of aging its electrochemical parameters were nearly identical to those 
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of the non-aged reference electrode. Moreover, the modification protected the electrodes from 

Cr poisoning. 

Keywords: Solid oxide fuel cells (SOFC); Metallic interconnects; Oxidation kinetics; 

Microstructure; Electrical conductivity; Chromium poisoning 

1. Introduction

The process of global warming resulting from the extensive use of fossil fuels may be 

slowed down by the use of more environmentally-friendly energy sources such as wind and 

solar power. However, the use of these forms of energy is highly dependent on weather 

conditions, which can cause fluctuations in the supplied electric energy [1]. Potential 

solutions to this problem include the use of systems based on solid oxide fuel cells (SOFCs) 

and electrolyzer cells (SOECs). SOFCs are capable of converting fuel, namely hydrogen, into 

electricity, while SOECs can be used for the reverse process [2]. These two types of devices 

can thus provide a balanced supply of electricity from renewable power sources, and allow 

power to be generated independently of the weather. 

A major advantage of  both SOFC and SOEC modes is that they utilize the same 

materials and design features with regard to the main components of a cell stack. These 

include the interconnect, porous oxygen and hydrogen electrodes, and a dense electrolyte 

[1,3,4]. The interconnect serves several functions – it provides mechanical support to the 

entire device, allows cells to be stacked, transports current and, last but not least, supplies 

gaseous reactants via its channels. Interconnects operate in very harsh conditions, namely 

high temperatures of above 873 K and under exposure to an oxidizing-reducing environment 

on the anode and cathode side. Consequently, in order for interconnects to last for ca. 40000 h 

– their expected lifetime – the materials that are used for their construction need to meet very
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strict requirements. These include high chemical stability, i.e. lack of interactions with 

electrode materials, resistance to high-temperature corrosion in both oxidizing and reducing 

atmospheres, a thermal expansion coefficient that matches those of the remaining components 

of the cell, and a low area-specific resistance (ASR), which should not exceed 0.1 Ω·cm2 [4-

7]. Both metallic and ceramic materials can be used to manufacture  SOFC interconnects. 

However, there is currently more interest in the use of metallic interconnects, especially 

ferritic stainless steels (FSS) with high chromium content, which are characterized by their 

low cost, ease of manufacturing, high thermal and electrical conductivity and, finally, match 

the remaining elements of the cell very well in terms of the thermal expansion coefficient [8-

10]. 

Although the application of FSS has many advantages, it nevertheless poses certain 

challenges. As ferritic steel undergoes high-temperature corrosion, a protective Cr2O3 scale 

forms on its surface; its thickness gradually increases with SOFC operating time. The 

formation of this semiconducting phase leads to an increase in ASR. An excessively high 

electrical resistance caused by the growing scale can lead to a major decrease in stack 

efficiency [11-13]. Another issue associated with the application of ferritic steels is chromium 

evaporation. Chromium reacts with the gas components in the operating space of the 

electrodes. This leads to the formation of volatile chromium compounds, including CrO3 and 

CrO2(OH)2 [14]. These compounds diffuse into the working space of the electrode and 

decompose on its surface, forming unwanted oxide phases. This process is known as electrode 

poisoning, since it results in the degradation of their electrochemical properties and the 

subsequent  decrease in SOFC lifetime [15,16]. 

In order to improve the performance of interconnects based on ferritic steel, a number of 

modifications have been proposed so far. One way to limit the negative effects associated 

with the use of ferritic steels in high temperature conditions is surface modification. Such 
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modifications include the application of so-called "(re-)active elements" (e.g. Y, La, Ce, Gd). 

These metals reduce the growth rate of the Cr2O3 scale and also improve its adhesion to the 

metallic substrate [17,18]. A steel's surface can be modified in several ways. Active element 

ions can be implanted underneath the surface, or layers of nanoparticles of active element 

oxides can be deposited on the surface [19-21]. One of the possible explanations for the 

beneficial influence of active elements on the ferritic steels' resistance to high-temperature 

corrosion is that they cause the predominant oxidation mechanism to change from the outward 

diffusion of metal cations to the inward diffusion of oxidants [22-24]. This is associated with 

the segregation of active element molecules at grain boundaries, which entails that – in order 

to avoid an unnecessary increase in electrical resistance – the applied active element layer 

should be neither thick nor continuous [25]. Up to now, the active element most commonly 

studied from the perspective of application for the surface modification of metallic 

interconnects is yttrium [25-29]. Some authors, however, have reported that lanthanides such 

as Ce [29-32], Nd [19], La [19], and Gd [29,33] are significantly more effective that yttrium 

[19,29]. Gd2O3 has been shown to be particularly effective at reducing the oxidation rate of 

ferritic steels in conditions in which temperature fluctuates in cycles [29]. Lanthanide oxide 

layers were obtained by decomposing rare-earth metal phosphates deposited on the Crofer 22 

APU ferritic steel via electrolysis or dip-coating [29]. Surface modification with other rare 

earth element oxides, including Y2O3, La2O3, or Nd2O3, have also been found to improve the 

corrosion resistance of the Crofer 22 APU ferritic steel when evaluated in studies involving 

over 100 h of oxidation in air at 1073 K [19]. The oxidation rates for samples after surface 

modification with the afore-mentioned three oxides are fairly similar, and are all slightly 

better than the oxidation rate measured for unmodified Crofer 22 APU (parabolic oxidation 

rate coefficients: Crofer 22 APU – 4.8×10−14 g2⋅cm−4⋅s−1, Y2O3 – 1.1×10−14 g2⋅cm−4⋅s−1, La2O3 

– 0.9×10−14 g2⋅cm−4⋅s−1, Nd2O3 – 1.0×10−14 g2⋅cm−4⋅s−1). However, the electrical properties of 
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the steel/scale system for these samples differ to a much more noticeable extent. In the case of 

La2O3 and Nd2O3, the ASR was reduced to 0.004 and 0.016 Ω⋅cm2, respectively, whereas an 

Y2O3 addition resulted in an increased ASR – 0.252 Ω⋅cm2, as measured in air at 800°C [19]. 

Another way to improve the performance of SOFCs is by applying protective-

conductive coatings onto the surface of the interconnect. Numerous chemical compounds 

have been investigated as potential materials for such oxide coatings, including the following: 

La1-xSrxCrO3 [34,35] and La1-xCaxCrO3 [34] perovskites, MnxCo3-xO4 [36-41], Mn1+xCr2-xO4 

[41], and Mn2-xCo1+xMex (where Me=Cu, Ni, or Fe) [42-45] spinels and M-Cr-Al-Y-O 

compounds (where M=Ti, Co and/or Mn) [46]. CuxMn3-xO4 systems have likewise been 

garnering increased interest [47-52]. Several methods of deposition, such as slurry spraying 

[53], screen printing [54,55], electroplating [56] or sputtering [57,58], were reported upon in 

recent studies. Taking into account the complicated shape of the bipolar plates arranged to 

form a system of channels that supply gas reactants to a particular working area of the SOFC 

stack, it seems that the use of the electrophoretic deposition method in combination with the 

appropriate thermal treatment should guarantee that uniform spinel coatings that do not 

exhibit any significant degree of open porosity are obtained [36,38,59-61]. Coatings based on 

manganese-cobalt spinel are especially popular owing to their unique transport properties. 

Studies indicate that the use of Mn-Co-O coatings with a spinel structure ensures that scale 

growth is reduced and strongly inhibits the rate of chromium evaporation. The fact that such 

layered systems have been shown to retain low area-specific resistance during long-term tests 

is another important advantage [62-65]. Work in this area of research has so far been geared 

towards the application of a single surface modification of ferritic steels, achieved using either 

active elements alone or via the deposition of spinel coatings containing an active element, 

including materials in the Mn-Co-Y-O system [55,66]. In each of these cases, improvements 

in both corrosion resistance and the electrical properties of the layered systems were 
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observed. However, the result achieved when the yttrium-containing spinel coating was 

applied was not spectacular, because the amount of yttrium incorporated into the crystal 

lattice of the manganese-cobalt spinel was insufficient to ensure the desired corrosion 

resistance of the newly obtained dual-layer interconnect material. The question therefore 

arises whether both ASR and the chromium evaporation rate can be kept at a sufficiently low 

level via a single modification via the deposition of active elements or protective-conductive 

coatings, considering the long operating time of SOFCs. This is especially true of the cathode 

side of the SOFC, which is exposed to very aggressive reaction conditions. 

The first attempt to combine the deposition of nanoparticles of active element oxides 

with the electrophoretic deposition of spinel coating proved to be a success [33]. During the 

first step of the performed procedure, the surface of unoxidized Crofer 22 APU was dip-

coated to deposit a layer of gadolinium nitrate, which transformed into layer consisting of 

Gd2O3 nanoparticles during the applied thermal treatment. The steel modified in this way was 

coated with aMnCo2O4 layer via electrophoresis. The layered system obtained as described 

was characterized by a lower oxidation rate, lower ASR, and reduced chromium evaporation 

rate in comparison to all previously studied layered systems [33]. However, these promising 

results were obtained for a relatively short oxidation time of 1000 h [33]. To comprehensively 

verify these results in a proper long-term oxidation study, further research was required. 

Consequently, the present study investigated the effect of a double modification of the 

interconnect surface, which involved the deposition of a thin layer of Gd2O3 and the 

electrophoretic deposition of MnCo2O4 coating, on the electrical properties, oxidation 

products as well as the electrode poisoning caused by chromium. For this purpose, samples 

were oxidized for 7000 h in an air atmosphere at 1073 K – the operating temperature of 

SOFCs. The oxidation products were investigated using both conventional methods and 

certain state-of-the-art techniques like atomic-resolution scanning transmission electron 
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microscopy as well as confocal Raman imaging, which is rarely used in this type of research 

and yet shows great potential. In order to determine the effect of electrode poisoning by 

chromium, a novel approach to the exposure of the electrode to the evaporating Cr was 

undertaken. Until now, the interconnect had been placed directly on top of the electrode when 

conducting cell aging tests [67]. However, this does not reflect the actual position of the 

interconnect in a cell. In the modified method, the sample representing the interconnect was 

placed at a certain distance from the electrode surface [68]. This allows the ability of the 

applied coatings to mitigate chromium evaporation to be determined with far more precision. 

Finally, the performance of the fuel cell based on the developed material was also tested. 

 

2. Experimental section 

2.1. Preparation of ferritic steel 

The material used as the steel substrate was the Crofer 22 APU ferritic steel (Thyssen 

Krupp VDM GmbH, Germany). The chemical composition of the investigated steel, 

expressed in wt%, is presented in Table 1. 

The samples had a rectangular shape, with dimensions of 20×10×1mm. Prior to use, the 

metallic substrates were polished using SiC abrasive paper graded from 1000 to 2000-grit. 

 

Table 1. Chemical composition of the Crofer 22 APU steel (wt%) [69]. 

Steel 
Chemical composition [wt%] 

Cr Fe C S Mn Si Al Ti La P Cu 

min. 20.0 
Bal. 

  0.30   0.03 0.04   

max. 24.0 0.03 0.02 0.80 0.50 0.50 0.20 0.20 0.05 0.50 

 

The samples were washed in acetone in an ultrasonic bath. Before deposition, each 

sample was pre-treated for 1 hour in air at 1073 K. This pre-oxidation stage was applied to 
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reduce the growth rate of the intermediate reaction layer between the steel substrate and the 

coating, formed as a result of the outward diffusion of Fe and Cr [70]. 

2.2. Deposition of Gd2O3 layer 

Dip-coating was applied to deposit gadolinium oxide on the ferritic steel surface. The 

procedure utilized a gadolinium nitrate solution with a concentration of 0.1 M, prepared from 

an analytical grade Gd(NO3)3×6H2O reagent supplied by Sigma Aldrich and ethyl alcohol 

supplied by POCH Poland S.A. – likewise of analytical grade. The metallic substrates 

underwent three immersions, each lasting 10 s. After the first two immersions, the substrates 

were heated for 15 min in air at 673 K in order to decompose the gadolinium nitrate and 

obtain gadolinium oxide. After the last immersion, the samples were heated for 30 minutes 

under the same conditions. 

2.3. Electrodeposition of MnCo2O4 coating and thermal treatment procedures 

Two types of Crofer 22 APU substrates were coated with manganese-cobalt spinel via 

electrophoretic deposition. One substrate was unmodified steel, while the other one was a 

steel sample which had gadolinium oxide nanoparticles deposited on it by means of dip-

coating. The solution applied during electrophoresis was prepared specifically for the 

procedure using a commercially available MnCo2O4 spinel powder (fuelcell materials). A 

50:50 mixture of ethanol (Chempur, 99.8%) and isopropanol (Chempur, min. 99.7%) was 

used to synthesize a powder suspension with a 1 wt% concentration. Iodine (0.5 g⋅dm-3, 

Sigma-Aldrich, ≥99.8%) acted as the dispersant. Zirconia balls were also added to the 

suspension, which then underwent 5 days of homogenization, and was also additionally 

homogenized for 15 minutes in an ultrasonic bath just before the electrophoretic deposition, 

increasing homogeneity even further. The conditions of the electrophoretic deposition were as 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


9 
 

follows: voltage – 60 V, distance between the electrodes – 10 mm, deposition time – 30s. The 

applied electrophoretic process yielded fully homogeneous and reproducible coatings, which 

were subsequently dried for 10 h in air at 353 K. The samples were then heated over two 

separate stages – first for 2 h in an Ar+10% H2 mixture at 1173 K, and then for 4 h in air 

900°C. This ensured that the spinel coatings had the desired density. 

 

2.4. Long-term oxidation tests 

Tests were conducted for four different types of samples: unmodified steel, steel that 

had a thin layer of gadolinium oxide, steel with a manganese-cobalt spinel coating, and a steel 

sample that had received both of the afore-mentioned modifications. These samples are 

subsequently referred to as Crofer 22 APU, Crofer 22 APU/Gd, Crofer 22 APU/MC, and 

Crofer 22 APU/Gd/MC, respectively. 

Oxidation was performed in laboratory air at a temperature of 1073 K and under cyclic 

temperature conditions, in a horizontal tube furnace. The total oxidation time was 7000 h. The 

oxidation kinetics of the samples were measured using thermogravimetry – by determining 

the mass gain after time intervals ranging from 160 to 290 h. To allow this, they were first 

removed from the furnace and left to cool to ambient temperature, after which they were 

weighed with a Radwag XA 210 laboratory balance (accuracy – 1.0×10-5 g). 

 

2.5. Phase composition and morphology studies 

The X’Pert Pro diffractometer with CuKα radiation was used to determine the phase 

composition of the tested samples. 

The morphology and chemical composition of the surfaces and cross-sections of the 

samples were analyzed by means of scanning electron microscopy (SEM) with energy 

dispersive X-ray analysis (EDS). A Phenom XL (Thermo Fisher Scientific) desktop SEM 
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equipped with an integrated energy dispersive X-ray (EDX) microanalyzer was used for this 

purpose. Imaging was performed at an accelerating voltage of 10 kV using backscattered 

electron detection, whereas the EDX analyses were performed using a 15 kV electron beam. 

For cross-sectional analysis, the samples were vacuum-mounted in an epoxy resin (Struers 

EpoFix) and polished down to a 1 µm finish (Struers Tegramin-20 system with Struers 

consumables). 

 

2.6. Confocal Raman imaging 

In order to dispel any uncertainties concerning the phase composition of the investigated 

multilayered system, Raman spectroscopy was also applied. The WITec alpha 300 M+ 

spectrometer (air-cooled solid-state 488 nm laser, ZEISS Epiplan-Neufluar objective 

(100×/0.9 NA), UHTS 300 spectrograph, 600 grooves⋅mm-1 grating, and Andor CCD 

detector) and the WITec Control FIVE software were used to perform confocal Raman 

imaging of the Crofer 22 APU/Gd/MC sample – a 20×20 µm region was investigated using 2s 

of acquisition time per spectrum and 0.5 µm sampling density. This region was in the close 

vicinity of the site on the cross-section where SEM images had been taken and EDS mapping 

had been done. In total, 1600 Raman spectra were acquired within the 120-1800cm-1 range 

and with a 3.0 cm-1 spectral resolution. Subsequently, the data was pre-processed with the 

WITec Project FIVE 5.3 PLUS software according to the standard protocol, including 

baseline correction (3rd polynomial order) and cosmic spike removal (CRR filter). Two types 

of analyses were then carried out to obtain the chemical concentration maps. Firstly, the k-

means cluster analysis (KMC) was performed to receive so-called cluster maps and 

corresponding average spectra of the defined classes. Secondly, an integration filter (with the 

given position and width of the band) was used for characteristic spectral regions (i.e. the 

1597 cm-1 band for carbon present in the conductive resin); this made it possible to generate 
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the chemical distribution maps and the corresponding average spectra. Both methods yielded 

the same results. 

 

2.7. Transmission electron microscopic observation 

The ZEISS NEON CrossBeam 40EsB was used to prepare a lamella for microscopic 

observations via the focused ion beam (FIB) technique. Since the dimensions of the lamella 

cannot exceed 10×7 µm, the first step was to remove the protective-conducting spinel layer 

from an area in the reaction zone in the material using the gallium beam. The lamella was 

then cut from the sample and thinned in a Fischione NanoMill 1060 to a thickness of 40 nm, 

which was thin enough to allow an electron beam to pass through. 

S/TEM investigations were conducted by means of an atomic-resolution Titan Cubed 

G2 60-300 S/TEM microscope with the ChemiSTEM system (FEI), operated by the AGH 

UST International Centre of Electron Microscopy for Materials Science. The microscope is 

equipped with a state-of-the-art X-FEG electron source based on field emission and a dodeca-

pole corrector of the spherical aberration of magnetic condenser lenses, which gives it a 

resolution of up to 70 pm at an accelerating voltage of 300 kV [71]. When operating the 

device in the S/TEM mode, a high-angle annular dark-field (HAADF) detector was used. 

Energy-dispersive X-ray spectroscopy (S/TEM-EDS) was applied for the analysis of the 

material's chemical composition. 

 

2.8. Area-specific resistance measurements 

Area-specific resistance – defined as the product of resistance and the contact surface 

area of the oxide and the steel – is commonly used as a measure of the electrical resistance of 

a material which had undergone oxidation. The symmetrical design of the samples allowed 
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the area-specific resistance of the samples to be calculated from the obtained values of 

resistance by means of the formula: 

2
ARASR ⋅

=       (1) 

where: R − electrical resistance [Ω] and A − surface area of the Pt contact layer [cm2]. 

In order to measure the electrical resistance of the oxidation products, a DC 2-probe 4-

point method was used. The measurements took place while the samples were cooling from 

1073 to 623 K. Additional details regarding the entire procedure may be found in another 

paper [68]. 

 

2.9. Aging and fuel cell tests 

To determine the influence of the interconnect coating on the electrochemical 

performance of the fuel cellsas well as its ability to block chromium evaporation, an 

interconnect with the dual-modified surface (Crofer 22 APU/Gd/MC) and an uncoated 

interconnect (Crofer 22 APU) were placed in a tube furnace together with anode-supported 

solid oxide fuel cells (ASC-SOFCs, Taipei Tech, Taipei, Taiwan) and aged for 250 h at 1073 

K. Humidified air (3 vol% H2O) flowed (100 ml⋅min-1) through the furnace continuously. 

Each applied cell had a diameter of 2.54 cm and consisted of a Ni-YSZ porous support, a Ni-

YSZ active electrode, a 25-µm-thick YSZ electrolyte, an 8-µm-thick CGO diffusion barrier 

layer, and a 30-µm-thick LSCF (La0.6Sr0.4Co0.2Fe0.8O3-d) oxygen electrode with an active 

surface area of 1 cm2. The electrochemical performance of the aged cells with interconnects 

was then characterized and compared with that of two types of reference cells – a "fresh" cell, 

as-received from the producer – and a cell aged for 250 h to mimic the same conditions to 

which the aged cells with interconnects had been applied. The procedure applied for this 

purpose assesses the potential gas-transport-induced chemical poisoning of the oxygen 
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electrode of the cells (LSCF) and can be used as an indicator of the vaporization of Cr species 

relevant to solid oxide fuel cell operation. It is described in more detail in previous studies 

[67,68]. 

Fuel cell tests were performed in an OpenFlange V5 setup from Fiaxel Sarl, Lausanne, 

Switzerland. The setup featured dedicated Cr-free contacting elements, which is why the 

presence of Cr in the electrodes could only be attributed to aging. The fuel cell tests were 

performed using dry H2 from a hydrogen generator (LNI, Switzerland) and dry, compressed 

air, with a 100 ml⋅min-1 flow in both cases. For electrochemical characterization, the Solartron 

1260 frequency response analyzer coupled with the Solartron 1287 potentiostat/galvanostat 

(Solartron Analytical, Leicester, UK) were used. Impedance spectroscopy was measured at 

open circuit voltage (OCV), using an excitation voltage of 10 mV and over a range of 

frequencies from 100 kHz to 0.1 Hz. Data analysis was performed using the ZView 3.2 

application (Scribner Associates, USA). 

 

3. Results and discussion 

3.1. Oxidation kinetics 

Figure 1 presents the oxidation kinetics for the Crofer 22 APU sample (unmodified 

steel) as well as the modified samples (Crofer 22 APU/Gd, Crofer 22 APU/MC, Crofer 22 

APU/Gd/MC), recorded over 7000 h of oxidation in air at 1073 K. The results are shown both 

in a linear (Fig. 1A) and parabolic (Fig. 1B) presentation, and represent mass gain per unit 

area in a function of oxidation time. 

The plots indicate that the oxidation of all examined samples approximately follows the 

parabolic rate law, which entails that the diffusion of reagents in the scale is the slowest 

process that determines the oxidation rate [72,73]. The ferritic steel sample that had 

undergone a dual surface modification (Crofer 22 APU/Gd/MC) clearly exhibited the highest 
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resistance to oxidation, whereas – as expected – the opposite can be said of unmodified steel 

(Crofer 22 APU). 

 

Figure. 1. Oxidation kinetics plots for investigated samples oxidized 

over 7000 h in air at 1073 K: A) linear plot, B) parabolic plot. 

 

In the case of the samples with single modifications (Crofer 22 APU/Gd and Crofer 22 

APU/MC), the oxidation rates were similar. It is worth mentioning that although the Gd2O3 

nanoparticles deposited on the steel were slightly more effective than the MC spinel layer at 

protecting the material against oxidation over the first 5050 h, this trend reversed in the 

remaining 1950 h, with the sample modified with the MC layer eventually having a somewhat 

lower mass gain at the end of the test period. 

These data are reflected by the parabolic rate constants (kp) estimated for the samples by 

means of the Pilling-Bedworth equation (2) [72]: 

Ctk
A
m

p

2
+⋅=






 ∆      (2) 

where: ∆m/A – mass gain per unit area [g⋅cm-2], kp – parabolic rate constant [g2⋅cm-4⋅s-1], t − 

reaction time [s], and C − integration constant, a measure of deviation from parabolic 

oxidation kinetics in the initial stage. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


15 
 

The parabolic rate constants, the time intervals in which the samples obeyed the 

parabolic rate law, and the correlation coefficients (r) from regression analyses are listed in 

Table 2. 

 

Table 2. Parabolic oxidation rate constants of the samples oxidized for 7000 h in air at 1073 

K. 

Sample 

Time interval 
of compliance with 
parabolic rate law 

[h] 

kp 
[g2·cm-4·s-1] r 

Crofer 22 APU 480-4000 
4000-7000 

8.22×10-14 
1.53×10-13 

0.9961 
0.9943 

Crofer 22 APU/MC 490-3800 
3800-7000 

4.65×10-14 
6.57×10-14 

0.9942 
0.9964 

Crofer 22 APU/Gd 490-4000 
4000-7000 

4.18×10-14 
9.01×10-14 

0.9937 
0.9907 

Crofer 22 APU/Gd/MC 0-1750 
1750-7000 

5.58×10-15 
1.21×10-14 

0.9835 
0.9935 

 

It should be noted that two stages with different oxidation rates were observed for every 

sample (Fig. 1B). Interestingly enough, in the case of the dual-modified steel the oxidation 

rate in the second stage is significantly lower than for all other samples (Table 2). It had been 

concluded in a previous paper [33] that Gd2O3 nanoparticles deposited on steel can reduce the 

oxidation rate – however, the long-term oxidation study showed that for longer periods of 

over 4000 h it is highly recommended that the MC spinel layer also be applied, since the latter 

can provide an effective barrier against high-temperature oxidation, and acts in synergy with 

the former modification (Fig. 1, Table 2). Indeed, the oxidation rate constant of the Crofer 22 

APU that had undergone a dual surface modification is lower by as much as an entire order of 

magnitude than the constant determined for the unmodified steel. Moreover, the parabolic 

oxidation rate constant determined for this dual-modified steel was lower than the kp values 

reported in studies dealing with the oxidation kinetics of ferritic steels classified as chromia 
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formers, which have been the materials of choice in the production of SOFC interconnects. 

For reference, the kp value reported for the Crofer 22 APU with a deposited MnCo2O4 after 

merely 1000 h of oxidation at 1073 K in ref. [74] is 3.90×10-14 g2·cm-4·s-1, whereas the value 

given in ref. [39] is 0.64×10-14 g2·cm-4·s-1. In the case of the Mn1.5Co1.5O4 coating deposited 

on the same steel and oxidized over the same time interval, the reported kp values include 

1.45×10-14 g2·cm-4·s-1 [75] – for the oxidation temperature of 1073 K – and 7.30×10-13 g2·cm-

4·s-1 [55] – when the oxidation temperature was 923 K. These values are much higher than 

those determined for the samples studied in the present work and oxidation times ranging 

from 0 to 1750 h (Table 2). One of the papers on the subject investigated longer oxidation 

times of up to 4500 h and the kp value its authors determined for Crofer 22 APU samples with 

an MnCo2O4 coating was slightly lower than the value observed in the present paper. 

However, it should be emphasized that the difference in oxidation times was rather significant 

– 2500 h. 

 

3.2. Morphology and phase composition 

After the oxidation of the four studied samples, scanning electron microscopic 

observations combined with XRD investigations were conducted to determine what oxidation 

products had formed as well as the thickness and composition of the corresponding layers. 

The SEM images of sample cross-sections and the obtained XRD patterns are shown in 

Figure 2. 

Upon examination of the specimens' surface, different morphological structures were 

found. For unmodified steel, two types of grains were observed – smaller oval grains and 

larger grains with well-formed growth planes. Some grain agglomerates were also present. 

The image of the cross-section (Fig. 2A) showed that the scale was composed of two layers. 
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The bottom layer consisted of Cr2O3, while the top one was formed by a mixture of Mn2O3 

and (Mn,Cr)3O4. 

 

Figure 2. SEM micrographs of polished sample cross-sections and the X-ray diffraction 

patterns recorded for the studied samples after 7000 h of oxidation in air at 1073 K: 

A) Crofer 22 APU, B) Crofer 22 APU/MC, C) Crofer 22 APU/Gd, 

D) Crofer 22 APU/Gd/MC, E) X-ray diffraction patterns. 
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These phases were identified by means of XRD (Fig. 2E). The presence of manganese-

chromium spinel had been reported earlier [76] and is associated with its high thermodynamic 

stability at 1073 K. Manganese oxide formed due to the manganese content of the steel, since 

it is used as an alloying additive. The thickness of the formed scale varied between 9 and 12.5 

µm, which was bound to significantly affect the ASR value. 

Observations of the surface of the Crofer 22 APU/MC sample revealed uniformly 

distributed, fine grains of the coating material and a small number of well-formed (Mn,Co)3O4 

crystals. The only phase detected via XRD diffraction studies (Fig. 2E) was the MnCo2O4 

spinel with a cubic structure, i.e. the coating material. The sole presence of the spinel phase 

suggests that the coating was continuous and did not contain secondary phases that might 

have been the result of interactions with chromium. This is important in the context of 

reducing chromium evaporation rates. Indeed, a high coating density and low number of 

closed pores was indicated by the cross-section shown in the Fig. 2B. However, SEM-EDS 

also revealed the presence of a Cr2O3 intermediate reaction layer with a thickness that varied 

from 3.5 to 4.5 µm and good adhesion to the metallic core. 

The third type of sample, i.e. Crofer 22 APU/Gd, exhibited similarity to unmodified 

steel in terms of phase composition (Fig. 2E). The SEM micrograph of the cross-section this 

sample (Fig. 2C) likewise revealed two layers; however, the thickness of the scale was far 

lower than in the case of unmodified steel – between1.1 and 2.3 µm at the site where the 

Gd2O3 layer was found (represented by the thin white layer), and around 8.5 µm over areas 

without the Gd2O3 layer underneath. The perovskite phase of GdCrO3, which had been found 

in the authors' previous study that featured a shorter oxidation time, was not observed [33]. A 

possible explanation is that the perovskite phase might have been "obscured" by other 

oxidation products formed over the considerably longer oxidation time applied in the present 

study. It should also be emphasized that the deposited layer of Gd2O3 nanoparticles was not 
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continuous, as confirmed by observations of the surface. Although the amount of this 

compound was sufficient for it to effectively perform its function, it was nevertheless too 

small to produce a signal from the afore-mentioned secondary perovskite phase strong enough 

to be detected using XRD. This phase was only eventually confirmed using the applied 

confocal Raman spectroscopy technique (see section 2.4). 

As for the sample obtained via dual modification (Crofer 22 APU/Gd/MC), the XRD 

study showed the sole presence of cubic MnCo2O4 (Fig. 2E). As in the case of steel with the 

spinel coating, this was an indication that the spinel phase had not reacted with the chromium 

in the intermediate reaction layer, and secondary phases that could be attributed to such 

reactions were not present. Observations of the surface revealed uniformly distributed, fine 

grains of spinel. The cross-section micrograph (Fig. 2D), in turn, showed that the obtained 

coating was dense, significantly reducing the chromium evaporation rate. In the presented 

cross-section, a well-formed Gd2O3 layer could be distinguished. Below this layer, the 

presence of a two-layer scale was also shown to be present by SEM-EDS. The bottom layer 

consisted of Cr2O3, while the top one was formed by a mixture of MnO2 and (Mn,Cr)3O4 

(Section 2.4). The scale formed between the protective coating and the metallic core had a 

thickness of between 1.5-3.5 µm (a thicker scale had formed due to the presence of cavities in 

the steel) and had good adhesion to the metallic core. 

Morphological observations combined with phase composition studies provided 

valuable information about the oxidation products formed in the case of each sample, 

especially with regard to electrical properties. However, it can occasionally be very hard to 

determine the phase composition of the oxidation products and correlate this information with 

the morphological observations. To fully investigate oxidation products in more complex 

systems, complementary techniques are required (see sections 3.3 and 3.4). 
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3.3. Transmission electron microscopic observations 

Atomic-resolution S/TEM observations were carried out for a region of the reaction 

zone in the steel sample after dual modification (Crofer 22 APU/Gd/MC) – at the site where 

the layer composed of Cr2O3 had been found. Figure 3A shows the triple junction between 

grains in chromia, whereas Figures 3B and 3C show the respective areas marked with squares 

under increasing magnification. 

 

Figure 3. Triple junction in Cr2O3 grains – S/TEM-HAADF image (A) and respective areas 

marked with squares under increasing magnification (B, C). 

 

Element distribution maps of gadolinium (Fig. 4B) and chromium (Fig. 4C) were then 

obtained using S/TEM-EDS in the grain boundary area. EDS line scan analysis was also 

performed for Gd, Cr and O (Fig. 4D) along a line perpendicular to the grain boundary (white 

dotted line in Fig. 4A). 
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Figure 4. S/TEM-HAADF image of the grain boundary (A), element distribution maps 

of Gd and Cr determined via S/TEM-EDS(B,C), and EDS line scan analysis 

for Gd, Cr and O across the white dotted line in Fig. 5A (D). 

 

The performed investigations showed that the grain boundaries in chromia have higher 

gadolinium content than grain interiors. This finding is significant, since the segregation of 

active elements at grain boundaries in Cr2O3 had been found to improve the oxidation 

resistance of alloys that form protective chromia scales via what is known as the reactive 

element effect (REE) [77,78]. 

This effect was first observed in the 1920s for Ni-Cr alloys with a small alloying 

addition consisting of a mixture of active elements [79]. Subsequent research found that this 

effect also occurs when the ions of an active element are implanted into the surface layer of 
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alloys that form protective Cr2O3 scales, when it is applied in the form of nanoparticles in a 

material's bulk in the case of oxide dispersion-strengthened (ODS) alloys [80,81], or when it 

is applied in the form of layer of nanoparticles on an alloy's surface [19,25,29]. 

The present study shows that the segregation of active elements at grain boundaries in 

chromia is still observed after oxidation times as long as 7000 h. It should be noted that 

Gd2O3 segregation reduces the oxidation rate by a significant factor (see section 3.1), yet at 

the same time the presence of this compound in the form of precipitates prevents the ASR of 

the investigated layered system from being overly affected (see section 3.5). This phenomena 

can be very significant from the standpoint of application in SOFC interconnects. 

 

3.4. Confocal Raman imaging 

Figure 5 illustrates the results of applying confocal Raman imaging to study the cross-

section of the oxidized steel sample after dual modification (Crofer 22 APU/Gd/MC). This 

particular area was chosen for Raman imaging (Fig. 5A) due to the fact that SEM 

observations and EDS analyses were performed in its close vicinity and confirmed the 

occurrence of discernible layers of Mn-Co spinel and Gd-based phases (Fig. 2). The 

application of two alternative techniques (KMC – Fig. 5B and integration filter – Fig. 6C) 

unambiguously confirmed the presence of five different phases in the studied specimen (Fig. 

5D), aside from the graphite-like carbon originating from the mounting resin (Fig. 5E; bands 

at 1379 and 1597 cm-1 [82]), which filled the pores of the protective spinel coating. 

Starting with the top layer in the multilayered system, the presence of the protective 

coating based on MnCo2O4 (marked in blue) is confirmed based on the occurrence of bands at 

ca. 155, 480, 520, and 600 cm-1 (the most intense) [83-86]. Even though bands within 670-

690 cm-1 are usually considered the most characteristic for different types of spinel-type 

oxides [87], in the above-cited works the presence of similar spinel structures was proved 
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without these bands being observed, using a similar temperature of spinel formation. Their 

disappearance may be mostly due to the fact that most Mn cations occupy octahedral sites 

within the spinel structure, which results in both the broadening and a shift of bands towards a 

lower Raman shift than is generally observed [83,84]. Therefore, in this case the MnCo2O4 

protective spinel may be assumed to be present. Underneath the spinel phase, the next, nearly 

continuous layer (marked in red) can be discerned. Five distinctive bands at ca. 208, 490, 620 

(the most intense and characteristic) and 668 cm-1 may be attributed to the perovskite-type 

oxide phase with possible GdCr1-xMnxO3 stoichiometry, where x is very likely equal to ca. 

0.7-0.8. 

Such high content of Mn3+ cations was deduced not only from spectra recorded in [88-

90], but also from the broadness and high intensity of both bands at 620 and 668 cm-1, which 

suggest the occurrence of the so-called Jahn-Teller effect, frequently induced by the presence 

of Mn3+ cations within the perovskite structure [87]. Taking into account the authors' previous 

work [33] (in which the formation of similar perovskite (GdCrO3) was observed), the 

presence of Gd2O3 confirmed therein was also expected. However, in this case, the absence of 

a pronounced characteristic band at around 360 cm-1 [91] strongly suggests that this phase 

was likewise not present. Nevertheless, it should be noted that even if the imaging was 

conducted in a representative area of this specimen, Raman measurements are local in 

character, hence it is impossible to state beyond any doubt that gadolinium oxide was absent. 

Underneath the protective coatings, two other layers were distinguished. In the case of 

the first one (marked in green), bands attributed to the (Mn,Cr)3O4 spinel phase [87] were 

observed at around 196, 515 and 681 cm-1 (the most intense and characteristic), while bands 

attributed to MnO2 (ramsdellite/nsutite) [92,93] were observed at 538, 579 along with 635 cm-

1 (the most characteristic). 
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Figure 5. Confocal Raman imaging of the cross-section of the Crofer 22 APU/Gd/MC sample 

oxidized at 1073 K for 7000h: A) confocal image (red square corresponds to area investigated 

with Raman laser), B) k-means cluster analysis, C) combined distribution image, D) overlay 

bitmap for images A and B. Raman distribution images (obtained via the integration of the 

most characteristic band for a particular phase along with the value of its Raman shift given in 

brackets) are complemented with the average Raman spectra: E) resin (1597 cm-1), 

F) MnCo2O4 (600 cm-1), G) GdCr1-xMnxO3 (620 cm-1), H) Cr2O3 (555 cm-1), 

I) (Mn,Cr)3O4 (681 cm-1) / MnO2 (538 cm-1). Each average spectrum is also marked with 

bands that can be unequivocally attributed to the corresponding phase(s). 
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Neither the KMC nor the filter integration technique was able to differentiate the 

distribution of these two phases, as both bands responsible for Mn-O vibrations cannot be 

completely separated from the spectrum. This suggests that an MnO2 minority phase can be 

homogenously distributed within the Mn-Cr spinel layer, which is known to nucleate during 

the oxidation of the Crofer 22APU steel [94]. In the case of the second layer (marked in 

orange), slightly thicker than the mixed Mn-Cr spinel+MnO2 one, bands were observed at ca. 

305, 353, 555 (the most intense and characteristic) and 615 cm-1, and these can be considered 

to definitely originate from Cr2O3 [95]. In summary, the extremely wide spectrum of 

possibilities offered by a method like confocal Raman imaging is evident. Despite being non-

destructive and both time- and cost-efficient, its popularity in investigations of the phase 

composition of samples oxidized at high temperatures remains low. 

 

3.5. Area-specific resistance 

Figure 6 shows the temperature dependence of area-specific resistance (ASR), as 

measured in air at temperatures in the range of 623-1073 K for the investigated samples 

oxidized for 7000 h in air at 1073 K. 

The linear increase in ASR with temperature suggests that in the case of the studied 

samples charge transport is thermally activated. Assuming that small polaron hopping takes 

place in these samples, their area-specific resistance may be expressed as follows [6]: 








 −
⋅=

kT
E

exp
T
AASR c     (3) 

where: A − pre-exponential factor [Ω⋅cm-2⋅K-1], Ec − activation energy [kJ⋅mol-1], k − 

Boltzmann constant [eV⋅K-1], and T – absolute temperature. 
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Figure 6. Temperature dependence of area-specific resistance for tested layered systems 

after 7000 h of oxidation in air at 1073 K, presented in an Arrhenius plots. 

 

These data show that the steel sample that had undergone dual surface modification 

Crofer 22 APU/Gd/MC) was characterized by the lowest ASR across all measurement 

temperatures, while the opposite was true of unmodified steel. These differences grew less 

pronounced as measurement temperature increased. Intermediate ASR values were measured 

for the two samples that underwent single surface modifications – Crofer 22 APU/MC and 

Crofer 22 APU/Gd – with the latter exhibiting slightly higher area-specific resistance. The 

differences between the values observed for these two samples grew broader as measurement 

temperature increased. 

Table 3 lists the ASR values measured for the investigated samples as well as their 

activation energies of electrical conduction, as determined from the ln(ASR/T) = f(1/T) linear 

dependences in the temperature range of 623-1073 K. 
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Table 3. Area-specific resistance (ASR) at 1073 Kand activation energy of electrical 

conduction (Ea) for the investigated layered systems after 7000 h of oxidation in air at 1073 

K. 

Material ASR at 1073 K 
[Ω·cm2] 

Ea 
[eV] 

Crofer 22 APU 0.1356 0.63 
Crofer 22 APU/MC 0.0600 0.60 
Crofer 22 APU/Gd 0.0951 0.56 

Crofer 22 APU/Gd/MC 0.0190 0.50 
 

As expected, the lowest ASR values over the entire investigated range were observed 

for the dual-modified sample (Crofer 22 APU/Gd/MC). For the samples that underwent single 

modifications, these values were still below the ASR threshold for interconnect materials, i.e. 

0.1 Ω⋅cm2 [96]. However, they were much higher than that obtained for the dual-modified 

sample. This may be related to the fact that the dual modification significantly reduced the 

growth rate of the Cr2O3 scale and, consequently, its thickness. On the other hand, the scale 

formed on the unmodified steel was the thickest. Cr2O3 itself has low electrical conductivity 

of (~0.01 S⋅cm-1) and even the formation of an Mn-Cr-O spinel layer (~0.05 S⋅cm-1) does not 

improve conductivity to any significant degree [76]. The ASR of the tested systems can 

therefore be concluded to strongly depend on scale thickness, since all scales formed on them 

had satisfactory adhesion to the ferritic steel substrate upon completion of the 7000-hour 

oxidation test. This was evident both from the determined oxidation kinetics and the observed 

morphology of the samples (see sections 2.1, 2.2 and 2.4). A clear correlation between the 

ASR values and the activation energy of electrical conduction can be observed when 

analyzing the data obtained for all investigated samples – both parameters are the lowest for 

the steel sample after dual modification and the highest for the unmodified steel (Table 3). 

When the obtained ASR values are compared with the literature data, it is clear that the 

proposed dual modification improves this parameter. For example, the ASR reported for the 
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Crofer 22 H surface-modified with an Mn1.5Co1.5O4 spinel coating after 1200 h of oxidation at 

1073 was 0.0527 Ω·cm2 [97]. The ASR of a layered system consisting of this coating 

deposited on a Crofer 22 APU substrate after 1000 h of oxidation at 1073 K was 0.013 Ω·cm2 

[39]. For longer oxidation times and depending on the method used to deposit this coating on 

the substrate, several different ASR values were obtained: 0.020 Ω·cm2 – for 2500 h [36], 

0.014 Ω·cm2 – for 4000 h [63], and 0.020-0.050 Ω·cm2 – for 5000 h [37]. After 1000 h of 

oxidation at 1023 K, a layered system with an MnCo2O4 spinel coating deposited on the 

Crofer 22 APU exhibited an ASR of ca. 0.005 Ω·cm2 [58], whereas for the same temperature 

and an even longer oxidation time of 5000 h its ASR was 0.017 Ω·cm2 [64]. The ASR 

obtained after the dual modification proposed in the present work is either below the above-

cited values or just slightly above them – in the latter case, however, this is mostly due to the 

shorter oxidation times investigated in the cited works. 

The obtained results show that applying the proposed dual modification helped increase 

the margin between the threshold set for materials applied in SOFC interconnects and the 

actual ASR value measured, even after 7000 h of oxidation in 1073 K. Maintaining a low 

ASR value over extended periods is a step towards reaching the target SOFC operating time 

of 40000 h, and may help reduce production costs and promote wider commercialization. 

 

3.6. Aging and fuel cell test results 

Since the target application of the investigated steel/coating layered system is the 

construction of SOFC stacks, it was necessary to take into consideration the effect of the 

proposed modification on the electrochemical properties of the LSCF cathode material 

operating in the electrochemical cell mode. 

Figure 7 presents the current voltage (I-V) and power density (PD) curves (Fig. 7A) as 

well as Nyquist plots obtained via impedance spectroscopy (EIS) (Fig. 7B) for the cells 
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operating at 1073 K, with continuously flowing synthetic air as the oxidant and dry hydrogen 

as fuel. 

 

Figure 7. Plots recorded for the examined cells at 1073 K: A) I-V curves, B) Nyquist plot 

(IC – interconnect). 

 

There were no pronounced differences in the current-voltage characteristics (Fig. 7A) 

between the "fresh" cell, the aged cell with no interconnect and the aged cell with the dual-

modified interconnect (Crofer 22 APU/Gd/MC). All cells exhibited an open circuit voltage 

(OCV) of ~1.075 V and a maximum power density (Pmax) of ~1.1 W⋅cm-2 at 1073 K. Aging 

the cell with the uncoated interconnect (Crofer 22 APU) for 250 h leads to a ~20% decrease in 

maximum power density – to ~0.9 W⋅cm-2 – which makes the necessity of applying a 

protective coating evident. 
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The comparison of the presented values with the literature data revealed certain 

differences with regard to the power density of the cells. For example, in paper [67] the 

maximum power density observed for a cell aged by placing it in the proximity of an 

interconnect with an Mn-Co-O spinel coating for 100 h and setting the temperature to 1073 K 

was 0.95-0.98 W⋅cm-2. The cell investigated in the cited paper was composed of the LSM 

material instead of the LSCF applied in the present study. However, paper [68] reported a 

study featuring an LCSF cathode aged for 250 h at a slightly lower temperature, i.e. 1023 K, 

placed near a steel interconnect consisting of the Crofer 22 APU substrate with an 

Mn1.5Co1.5O4 coating. The power density of this cell was reported to be ca. 0.71-0.72 W⋅cm-2. 

Electrochemical impedance spectroscopy (EIS) (Fig. 7B) performed at OCV revealed 

that the cells exhibited comparable ohmic resistance (Rohm) in the range of 0.14-0.16 Ω⋅cm2. 

However, while the fresh cell and the aged cell with the dual-modified interconnect were both 

characterized by a polarization resistance [67,68] (Rpol) of ~0.4 Ω⋅cm2, this parameter 

increased significantly for the aged cell with the uncoated interconnect – to ~0.54 Ω⋅cm2. The 

polarization resistance of the aged cell without the interconnect is visibly lower (~0.28 

Ω⋅cm2), but this is believed to have been caused by higher humidity of the hydrogen gas due 

to saturated drying stage of the hydrogen generator (confirmed afterwards by drying the 

columns). This can be confirmed further by calculating the tangent ASR values of the cells 

based on the I-V plots (Fig. 7A). The ASR can be calculated via a linear fit in the current 

density range of 0.7 A⋅cm-2 and 1.1 A⋅cm-2, in which the I-V curves are linear. For these 

measurement conditions, the humidity of the fuel gas will play a small role, as steam is 

generated during the current flow. Even though the power density will be lower due to the 

slight shift in OCV, the tangent ASR values can be used to compare cell performance in a 

reliable manner (given relatively small differences in fuel gas humidity). The ASR values for 

the "fresh" cell, the aged cell with no interconnect and the aged cell with the dual-modified 
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interconnect were 0.248 Ω⋅cm2, 0.256 Ω⋅cm2 and 0.252 Ω⋅cm2, respectively. The ASR for the 

aged cell with uncoated interconnect was higher – 0.287 Ω⋅cm2. The tangent ASR value 

confirms the protective properties of the coated interconnects in fuel cell tests. 

 

3.7. Post-mortem microstructural characterization 

After the electrochemical tests, polished cross-sections of the cells were analyzed by 

means of SEM-EDX to determine whether any Cr poisoning of the oxygen electrode had 

occurred. Figure 8 shows the SEM images of fuel cell cross-sections after 250h of aging at 

1073 K, taken for the cell with the dual-modified interconnect (Crofer 22 APU/Gd/MC) (Fig. 

8A), the cell with the uncoated interconnect (Crofer 22APU) (Fig. 8B), and the cell without 

interconnect (Fig. 8C), as well as the results of EDX point analyses for these three cells. 

 

Figure 8. Post-mortem SEM images taken for: A) aged fuel cell with Crofer 22 APU/Gd/MC 

interconnect, B) aged fuel cell with Crofer 22 APU interconnect, 

C) aged fuel cell without an interconnect, D) EDX spectra for the studied samples. 
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EDX analysis performed for LSCF cathode layer, which directly faced the uncoated 

steel interconnect, indicated the presence of chromium (Fig. 8B). Chromium content across 

this cathode layer was uniform and around ~0.8-0.9 at %. For comparison, EDX analysis did 

not reveal the presence of chromium in the cathode layer facing the dual-modified 

interconnect (Fig. 8A), nor did it find any chromium for the electrode in the aged cell with no 

interconnect, which served as the reference (Fig. 8C). 

Due to the overlapping peaks of CrKα and LaLβ (Fig. 8D), it is difficult to establish the 

chromium content in the LSCF perovskite via EDX. However, the relative intensity ratio of 

LaLα/(LaLβ+CrKα) can be used to confirm that chromium content has changed [98]. For the 

cathode layer of the aged reference cell, this ratio was 4.1 and in the case of the aged cell with 

the dual-modified interconnect it was 4.2, whereas for the one with uncoated interconnect the 

corresponding value was 2.8. This confirmed that the cathode layer of the latter cell was the 

only one that contained chromium. 

 

4. Conclusions 

The study aimed to evaluate if a dual-surface modification of materials for SOFC 

metallic interconnects – in this case one that involved the deposition of nanoparticles of 

Gd2O3 – a reactive element – and a cubic MnCo2O4 spinel protective coating can bring with it 

any advantages over a single modification via only one of the two afore-mentioned methods 

used to improve oxidation resistance. Dip-coating was used to deposit the gadolinium oxide 

nanoparticles, while the spinel coatings were deposited electrophoretically. The performed 

long-term tests involving 7000 h of oxidation in air at 1073 K showed that, when applied 

concurrently, the two modifications allowed the thickness of the corrosion product and 

thereby the parabolic rate constant of oxidation to be reduced significantly in comparison to 

both unmodified steel and steel samples with single modifications, and yielded the highest 
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resistance to corrosion. The dual-modified steel also proved to exhibit the lowest area-specific 

resistance value – far below the threshold for  materials designed for application in SOFC 

interconnects. The observations conducted using the Titan Cubed G2 60-300 S/TEM 

microscope for this sample revealed that gadolinium oxide nanoparticles deposited on the 

surface of a high-chromium ferritic steel consistently improve oxidation resistance owing to 

the segregation of gadolinium at grain boundaries in the Cr2O3 scale formed between the steel 

and the spinel layer. An associated effect is the significantly improved adhesion of the 

chromia scale to the metallic phase. Confocal Raman imaging provided unambiguous 

information about the phase composition – based on the integration of characteristic bands, 

the existence of a multilayered system consisting of MnCo2O4/GdCr1-xMnO/ 

(Mn,Cr)3O4+MnO2/Cr2O3 scale was confirmed, and the method also allowed each phase to be 

located within the cross-sectional microstructure with high-precision. Based on the 

electrochemical and post-mortem microstructural characterization of fuel cells aged for 250 h 

in humidified hydrogen at 1073 K and a non-aged reference cell, it was established that the 

aged cell with the dual-modified interconnect was similar to the non-aged reference one in 

terms of performance. No Cr could be found in the LSCF oxygen electrode layer of the 

former cell, proving that no poisoning of the electrode had occurred and that the dual 

modification provided effective protection against the evaporation of Cr species. 
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Highlights 

• Crofer 22 APU underwent single and dual modifications via dip-coating and/or EPD 

• Dual modification reduced the oxidation rate to a larger degree than single ones 

• Confocal Raman imaging allowed the phase compositions to be identified 

• ASR of dual-modified material after 7000 h of oxidation was excellent 

• Dual modification effectively protected electrode materials from Cr poisoning 
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List of figure captions 

 

Fig. 1. Oxidation kinetics plots for investigated samples oxidized over 7000 h in air at 1073 

K: A) linear plot, B) parabolic plot. 

 

Fig. 2. SEM micrographs of polished sample cross-sections and the X-ray diffraction 

patterns recorded for the studied samples after 7000 h of oxidation in air at 1073 K: 

A) Crofer 22 APU, B) Crofer 22 APU/MC, C) Crofer 22 APU/Gd, D) Crofer 22 

APU/Gd/MC, E) X-ray diffraction patterns. 

 

Fig. 3. Triple junction in Cr2O3 grains – S/TEM-HAADF image (A) and respective areas 

marked with squares under increasing magnification (B, C). 

 

Fig. 4. S/TEM-HAADF image of the grain boundary (A), element distribution maps of Gd 

and Cr determined via S/TEM-EDS(B,C), and EDS line scan analysis for Gd, Cr and 

O across the white dotted line in Fig. 5A (D). 

 

Fig. 5. Confocal Raman imaging of the cross-section of the Crofer 22 APU/Gd/MC sample 

oxidized at 1073 K for 7000 h: A) confocal image (red square corresponds to area 

investigated with Raman laser), B) k-means cluster analysis, C) combined 

distribution image, D) overlay bitmap for images A and B. Raman distribution 

images (obtained via the integration of the most characteristic band for a particular 

phase along with the value of its Raman shift given in brackets) are complemented 

with the average Raman spectra: E) resin (1597 cm-1), F) MnCo2O4 (600 cm-1), G) 

GdCr1-xMnxO3 (620 cm-1), H) Cr2O3 (555 cm-1), I) (Mn,Cr)3O4 (681 cm-1) / MnO2 
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(538 cm-1). Each average spectrum is also marked with bands that can be 

unequivocally attributed to the corresponding phase(s). 

Fig. 6. Temperature dependence of area-specific resistance for tested layered systems after 

7000 h of oxidation in air at 1073 K, presented in an Arrhenius plots. 

Fig. 7. Plots recorded for the examined cells at 1073 K: A) I-V curves, B) Nyquist plot 

(IC – interconnect). 

Fig. 8. Post-mortem SEM images taken for: A) aged fuel cell with Crofer 22 APU/Gd/MC 

interconnect, B) aged fuel cell with Crofer 22 APU interconnect, C) aged fuel cell 

without an interconnect, D) EDX spectra for the studied samples. 
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List of table captions 

Table 1. Chemical composition of the Crofer 22 APU steel (wt%) [69]. 

Table 2. Parabolic oxidation rate constants of the samples oxidized for 7000 h in air at 

1073 K. 

Table 3. Area-specific resistance (ASR) at 1073 K and activation energy of electrical 

conduction (Ea) for the investigated layered systems after 7000 h of oxidation in 

air at 1073 K. 
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