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Abstract 

The Cu doping of the Mn-Co spinel is obtained “in-situ” by electrophoretic co-deposition of CuO 

and Mn1.5Co1.5O4 powders and subsequent two-step reactive sintering. Cu-doped Mn1.5Co1.5O4 

coatings on Crofer22APU processed by electrophoretic co-deposition method are tested in terms 

of long term oxidation resistance and area specific resistance tests up to 3600 hours. The 

introduction of Cu in the spinel lead to higher level of densification of coatings for all the considered 

aging periods at 800°C and stabilizes the cubic phase of the Mn1.5Co1.5O4 spinel. Corrosion rate of 

the Cu-doped Mn1.5Co1.5O4 coated Crofer22APU is ~10x lower than for the uncoated Crofer22APU. 

The stabilization of the cubic phase due to Cu doping, which reduces the extent of the tetragonal-

cubic phase transition and limits possible thermal stresses due to mismatch of coefficients of 

thermal expansion or volume changes, is reviewed and discussed by means of electrical 

conductivity measurements together with diffraction patterns and elemental analyses. These novel 

electrophoretic co-deposited Cu-doped MnCo spinel coatings represent an innovative approach to 

obtain coatings with higher density and have future applications in the view of reaching lower rates 

of Cr evaporation form the steel.  
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1. Introduction 

Solid oxide cells (SOC) technology represents a promising and efficient approach for energy 

and/or hydrogen production. The working principle of these devices is based on electrochemical 

reactions between a fuel and an oxidant in a cell, composed of two porous electrodes (anode and 

cathode) separated by a solid electrolyte. The interconnects are used for separation of gas 

compartments of the neighbouring cells and electrically connect cells in  the stack [1,2]. In planar 

stack designs, Cr-containing alloys are used as interconnect materials [3]. Ferritic stainless steels 

such as Crofer22APU, Crofer22H or AISI441 are the most commonly used to date, with a Cr 

content between 17 wt.% and 23 wt.%. These materials are exposed to the typical severe SOC 

operating conditions (i.e. 700-900 °C, oxidising and reducing atmospheres for at least 40,000 h 

with possible intentional and unintentional thermal cycles) [1,2,4–6]. These challenging operating 

conditions lead to the necessity to protect the interconnect with coatings that should act as physical 

barriers between the metal and the oxidising atmosphere at high temperatures, limiting the oxygen 

diffusion towards the interconnect and the Cr evaporation from it [7–9]. In the first case an 

excessive oxidation could lead to a surface oxide scale which is too thick (in the case of Cr-

containing steels, mainly made of Cr2O3 and (Mn,Cr)3O4). High scale thickness may produce 

spallation effects (with consequent corrosion phenomena of the steel) [6,10,11] and excessively 

increase the area specific resistance (ASR) of the interconnect, lowering the stack efficiency 

[6,12,13]. On the other hand, the evaporation of Cr from metallic interconnects is well known to be 

detrimental for the cathode (cathode poisoning) [14–16]. Both these effects can compromise the 

durability and the efficiency of cells in the stack. Therefore, an effective protective coating should 

limit these phenomena (thanks to an appropriate thickness and densification). Moreover, a good 

coating should also be electrically conductive as well as thermochemical and thermomechanical 

compatible with the substrate. The latter is particularly important when we consider the typical 

operating conditions and possible thermal cycling to which these devices are subjected [7,8]. 

Among the most promising materials for the oxygen side, MnCo-spinel based coatings represent 

an effective protective solution, thanks to their high electrical conductivity and suitable coefficient of 

thermal expansion (CTE) [17,18]. In the last decade, few studies have focused on the deposition of 

these spinels by electrophoretic deposition (EPD) [12,18–26]. 

EPD has recently gained a strong interest in the fields of advanced ceramics processing and 

coatings deposition [27–29]. Its popularity is due to its cost effectiveness and simple set-up as well 

as to the possibility to deposit several materials even on complex shaped substrates and to 

produce graded or multi-layered coatings [27–29]. Through the use of this technique, in SOC 

protective coatings technology, it has been possible to obtain coatings with suitable thickness and 

high densification (necessary to limit the O and Cr diffusion) after post-deposition sintering 

treatments [26,30]. 
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Several efforts have further been made to improve the properties (i.e. densification or electrical 

conductivity) of MnCo-spinel based coatings by doping with transition metals such as Fe, Cu or Ni 

[15,19,20,31–40]. The doped spinels are often produced by “ex-situ” processes, in which doped 

powders are first produced and then deposited. For powder synthesis methods such as sol-gel, 

precipitation or mechano-chemical syntheses are used [32,34–38,41]. These methods are energy 

intensive and time consuming. The approach presented in this work evaluates the possibility to 

form Cu-doped spinels in-situ, by a single co-deposition process. The idea behind proposing this 

solution is that commercially manufactured powders, which are produced in large quantities can be 

used and tailored specifically for applications at the point-of-fabrication by appropriate co-doping 

with secondary phases. Thus, there is no need to produce new powders in large quantities. This 

approach might be beneficial in several aspects and is interesting to evaluate scientifically. 

Addition of Cu is reported to enhance the densification and the electrical conductivity of undoped 

MnCo-spinel based coatings [35,37,39,42]. For example, Brylewski et al. [39] studied the effect of 

different amounts of Cu as dopant in Mn1.25Co1.75O4 and found that the doping enhanced the 

electrical conductivity, increased the CTE of the spinel from 13.8 x10-6 K-1 (Mn1.25Co1.75O4) to 14.8 

x10-6 K-1 (Cu0.5MnCo1.5O4) and increased the relative density from ~88% (Mn1.25Co1.75O4) to ~97% 

(Cu0.5MnCo1.5O4). Szymczewska et al. have shown, using model thin films, that partial substitution 

of Co by Cu in MnCo2O4 spinel results in increased grain growth/densification of the spinel [33]. 

Other materials focused studies including the evaluation of Fe,Cu doping of the spinel were 

performed by Masi et al [37,43]. Authors also pointed towards the possibility of tailoring the 

chemical composition of the spinels for designing materials for specific purposes/interconnect 

steels. 

However, to the authors best knowledge, there is a lack of studies of protective coatings based on 

these modified materials, on the performances and possible interactions with the substrates of 

doped coatings for long periods (more than 1000h) and the effect of doping on long term 

performances. For example, Talic et al. [19] found that there are no appreciable beneficial effects 

of Cu and Fe doping of MnCo2O4 on ASR and oxidation resistance in long term test (more than 

4000h). However, they also found that the reaction layer between the steel and the coatings is 

limited in presence of doping for long term oxidation at 900°C. 

The present study extends our previous investigation on Cu-doped MnCo spinel based coatings 

[22]. It is focused on the evaluation of performances of Cu doped Mn1.5Co1.5O4 coatings in long 

term oxidation resistance (up to 3000h) and ASR tests (up to 3600h). As described in [22] the 

studied coatings were produced by an electrophoretic co-deposition of CuO (in different amounts: 

5 wt.% and 10 wt.%) and Mn1.5Co1.5O4; the doping of the spinel was then obtained “in-situ” by 

reactive sintering. The compatibility between these coatings and the substrates after the tests is 

assessed and discussed together with the oxide scale growth and the Cr-diffusion. The co-
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deposition and in-situ doping of MnCo-spinel approaches offer a flexible and versatile method, 

allowing to save time and lowering the costs of this process compared to the “ex-situ” methods 

mentioned above. The aim of this paper is to investigate the effect of the Cu-doping on the long 

term stability of the Mn-Co based coatings, obtained with EPD co-deposition and in situ doping, 

with respect to their effectiveness in providing corrosion protection and Cr diffusion limitation. 

 

2. Experimental 

Undoped and Cu-doped Mn1.5Co1.5O4 coatings were deposited on Crofer22APU substrates by 

using EPD. Mn1.5Co1.5O4 powders from American Elements (USA) were used to produce the spinel 

coatings, while CuO powders from Alfa Aesar were used as dopant precursor during the co-

deposition. The suspension was composed of a solution of deionized water and ethanol 

(EtOH/H2O 60/40 vol.%) as dispersant medium; the overall solid content was 37.5 gr L-1. This 

parameter was maintained constant for all the depositions, varying the relative wt% of Mn1.5Co1.5O4 

and CuO in order to obtain different doping levels. Three different amounts of CuO were 

considered: pure spinel (0 wt% CuO) as a benchmark, 5 wt% CuO and 10wt % CuO. The obtained 

coatings were labelled respectively MCO, 5CuMCO and 10CuMCO. The deposition was carried 

out for 20 seconds with a constant applied DC voltage of 50 V. The different suspensions were 

maintained under magnetic stirring and subjected to sonication before each deposition in order to 

ensure high homogeneity and avoid possible sedimentation phenomena. Dynamic light scattering 

(DLS) was used to determine the size distributions and Z potential of MCO and CuO powders in a 

60%Ethanol-40%H2O solution by a Malvern Zetasizer Nano Series instrument. 

The theoretical compositions of the Cu-modified spinel coatings can be calculated balancing the 

cations fractions in the EPD suspensions and assuming that MCO and CuO powders deposit 

homogeneously and completely react during sintering. In this regard, 5CuMCO suspension 

corresponds to Mn1,43Co1,43Cu0,14O4 (Cu/(Mn+Co+Cu) = 0,047), whereas 10CuMCO to 

Mn1,35Co1,35Cu0,30O4 spinel (Cu/(Mn+Co+Cu) = 0,1). 

The Crofer22APU substrates were used as counter electrodes during EPD and the distance 

between the electrodes was fixed at 1 cm. Crofer22APU substrates were cleaned in an ultrasonic 

bath with acetone before the deposition. Two different coupon shapes were considered as 

substrates, respectively for the oxidation resistance (OR) and area specific resistance (ASR) tests. 

In the first case 2 x 2 cm2 Crofer22APU coupons were coated on both sides (the deposition was 

carried out on one side and later on the other side rotating the sample of 180°). 5 samples for each 

variant (MCO, 5CuMCO and 10CuMCO) were produced in this case, to include multiple samples 

for reproducibility, in addition 5 bare Corfer22APU coupons were included as reference. For the 

ASR measurements, rectangular samples were considered (4 x 2 cm2 with active area 2 x 2 cm2), 
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and the deposition was carried out only on one side. The deposition proved to be cathodic for all 

the three studied suspensions (powders depositing on the negative electrode), thus demonstrating 

that both the MCO and CuO powders develop a positive surface charge when dispersed in the 

EtOH/H2O suspension (pH=7.5).  

As deposited coatings were sintered following a two step-sintering procedure: 900 °C for 2 h in 

Ar/H2 (5 vol% of H2) followed by a second step at 900 °C for 2 h in static air. The first treatment (in 

reducing atmosphere) aimed at the formation of metallic Co and Cu; the formation of metallic 

species had the purpose to promote higher coatings densification and facilitate the doping of 

Mn1.5Co1.5O4 spinel with Cu during the following re-oxidation step in air [23]. The oxidation 

resistance test was carried out exposing the samples at 800 °C in air in a chamber furnace for 

3000 hrs. Each sample was cyclically weighed (0.1 mg accuracy, Mettler Toledo XP204 balance) 

every 250 hours and selected samples were removed from the furnace after different aging periods 

(e.g. 1000 and 3000h) for subsequent analyses. Cross-scale electrical resistivity measurements 

(represented by Area Specific Resistance - ASR) were carried out for ~3600 hours at 800 °C. 

Coated and uncoated steel coupons were sandwiched with (La,Sr)MnO3 contacting elements and 

were measured under constant current load of 500 mA cm-2 [19,34]. 

Morphological and chemical analyses were carried out for the as-prepared sample and samples 

after aging for 1000 h and 3000 h respectively. These investigations were performed using Hitachi 

TM3000 Scanning Electron Microscope with a backscatter electron detector (BSD). The SEM/EDS 

analyses were performed on both surfaces (top-views) and polished cross sections of the samples. 

In latter case the samples were embedded in epoxy resin and polished (using Struers EpoFix 

epoxy and polishing consumables with final polishing step of 1 µm). The same samples were 

studied by X-ray diffractometry (Bruker D8 Advance system with CuKα radiation) in 2θ 

configuration (20-70°, with a step size of 0.01° and a collection time per step of 2 sec). 

In order to study the effects of Cu content on the sintering and electrical conductivity of the spinel, 

pellets were prepared by mixing Mn1.5Co1.5O4 and CuO in different amounts (0 wt%, 5 wt% and 10 

wt% of CuO) reproducing the composition of the used EPD suspensions. Weighed powders were 

ball milled overnight with 3 mm zirconia balls to ensure good mixing/dispersion. The powders were 

then pressed under 50 MPa in a steel die. The pellets were sintered either in air at 900 °C or with 

the same procedure used for the EPD coated Crofer22APU coupons (as described above). The 

electrical conductivity was evaluated by the van der Pauw method in air. Platinum contacts were 

painted on sample periphery and were connected to platinum wires. Measurements were 

performed under voltage control working mode under a 50 mV voltage excitation using Keithley 

2400 using an automated laboratory-made switching setup. Shrinkage of the samples was 

measured by analysis of samples diameters before and after sintering using an electronic micro-

caliper (Mitutoyo). 
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3. Results and Discussion 

 

Fig. 1 provides Scanning Electron Microscope (SEM) images of MCO (a) and CuO (b) powders 

used for the preparation of the EPD suspensions and ceramic pellets. The morphology of the two 

powders differs considerably. MCO is composed of irregular fragments (150-750 nm, d50=634 nm), 

whereas CuO particles present a more distinct spheroidal shape (450-700 nm, d50=526 nm).  

 

Figure 1 HERE 

Fig. 1. SEM images of a) MCO and b) CuO powders used for the co-deposition. 

 

Zeta potential results obtained by DLS analysis of the two studied suspensions (37.5 10-3 gL-1 at 

pH=7.5) were found to be +13 mV for MCO and around +6 mV for the CuO powders, thus 

determining a cathodic EPD co-deposition mechanism. 

Based on the mixed powders, properties of the sintered pellets and protective coatings were 

evaluated. Producing doped spinels “in-situ” after the co-deposition gives a broad doping range 

possibility and as an important merit, the doping phase can be selected among other materials, 

which will be evaluated in future works (e.g. Fe2O3). 

 

3.1. Densification and electrical conductivity of Cu doped Mn1.5Co1.5O4 pellets 
 

Based on the results obtained after sintering of the MCO, 5CuMCO and 10CuMCO pellets in air, 

the addition of copper clearly improved the sinterability of the spinels. MCO pellet shrank (linear 

shrinkage values are given) ~5.8%, 5CuMCO shrank by 6.6% and 10CuMCO shrank by 10.6% 

after sintering at 900 °C for 2h. The addition of copper is thus beneficial for obtaining denser 

microstructures of spinels. In general, it was hard to prepare high quality pellets sintered in a 

reducing-oxidizing procedure. Large volume changes caused by sequential reduction and oxidation 

caused severe cracking of the pellets. Only pure MCO and 10CuMCO pellets were obtained with 

high quality (with no visible cracks) and measured electrically. 

Fig. 2 summarizes the results of the electrical conductivity (σ) measurements on the obtained 

pellets. The collected conductivity values together with the temperature profile as a function of time 

are reported in Fig. 2a and Fig. 2b, respectively, for MCO and 10CuMCO. The values of σ vs. T 
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are shown in Fig. 2c. Following the conductivity data of MCO upon cooling, a clear change in the 

slope is visible around 550-600°C. It corresponds to the phase transition of the spinel, changing 

from cubic at high temperatures to a mixture of tetragonal and cubic at lower temperatures. This 

transition seems to be suppressed in the case of Cu-doped spinel, which should be treated as a 

beneficial effect; though the overall conductivity of the Cu doped sample is lower than conductivity 

of the undoped spinel, it must be noted that the level of conductivity is still much higher than the 

required one [44]. The same behaviour is evident observing Fig. 2a and Fig. 2b: in the case of 

MCO σ decreases faster with the decreasing of T at T<600°C, the same cannot be said for 

10CuMCO. Considering a polaron hopping conduction mechanism, Arrhenius plots can be 

constructed in accordance with the following equation: 

   
 

 
    

   

  
  (1) 

where A is a pre-exponential factor [S cm-1 K], T is the absolute temperature [K], k is the 

Boltzmann constant [eV K-1], Ea is the activation energy for the polaron hopping [eV] and σ is the 

electrical conductivity (S cm-1). The Arrhenius plots (Ln (σT) vs. 1000/T) are reported in Fig. 2d for 

both MCO and 10CuMCO. From the slope of the linear interpolation Ea can be calculated. 

Sample 10CuMCO follows a single straight line in the Arrhenius plot suggesting one conduction 

mechanism, whereas for pure MCO two temperature regimes can be differentiated. At lower 

temperatures (<450 °C) MCO has higher activation energy (~ 0.50 eV), whereas for higher 

temperatures it is characterized by lower activation energy (~ 0.45 eV). Similar results for pure 

spinel have been reported also by other authors [45,46]. The change in activation energy and its 

mechanism is most probably connected to the change of the crystallographic structure. More 

hopping centres (e.g. Mn3+/Mn4+ pairs in the centres of edge-connected octahedra) are available in 

the cubic structure, as it has been determined previously for the spinels [46,47]. The change in 

activation mechanism might be also due to change in grain / grain-boundary contributions of the 

respective phases.  

Figure 2 HERE 

Fig. 2. Results of electrical conductivity (σ) collected on the pellets of MCO and 10CuMCO: σ and 
T vs. time (a and b), σ vs. T (c) and Arrhenius plots (d). 

 

3.2. Corrosion properties evaluation 
 

In addition to basic studies performed on pellets, Crofer22APU steel interconnect samples coated 

with the ceramic protective coatings based on spinel by means of EPD were tested more 

extensively to evaluate their potential to be used practically. In order to determine corrosion 
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kinetics, i.e. the oxide growth rate, the weight gain of the samples was measured cyclically. In 

general, the higher the weight gain, the higher the oxidation extent. 

Fig. 3 reports the results of the oxidation resistance test. In Fig. 3A the average mass gain per unit 

of area (in mg cm-2) of each type of coating is plotted as function of time, together with the values 

of bare Crofer22APU. Based on the individual samples measurements, the relative error (based on 

standard deviation) for the average weight gain was ~10%. Samples showed good reproducibility 

and small differences might be due to different surface finish, small area differences etc. The mass 

gain after 3000h results shows a reduction of the weight gain due to the coatings of approximately 

3.5 times (from ~0.77 mg cm-2 to ~0.22 mg cm-2), thus confirming the effectiveness of these 

coatings in reducing the oxidation extent of the underlying steel. However, the doping of MCO does 

not appear to substantially affect the oxidation resistance: no significant differences in the mass 

gains between the undoped and Cu doped coated samples were observed. All the samples show a 

parabolic oxidation behaviour as it is in case of diffusion controlled processes. The oxidation rate in 

this case can be described by the following equation: 

  
  

 
         (2) 

where Δm is the mass gain [g], A is the area of the sample [cm2], kp is the oxidation rate [g2 cm-4 s-

1], t is the time [s] and C is an integration constant. It is possible to calculate kp plotting (Δm/A)2 vs. 

t (Fig. 3B), from equation (2). kp is represented from the slope of the linear interpolation of the 

points. The kp values obtained in this way are reported in Table 1. In case of coated samples, kp 

resulted to be approximately 10 times lower than in case of bare Crofer22APU. The oxidation rates 

of the Cu-doped coated samples do not significantly differ from the one of pure MCO, in 

accordance with what was discussed above. In Fig. 3c different values of kp calculated for each 

oxidation time separately are reported. The instantaneous corrosion rate kp(t) was calculated by 

using the following equation: 

       
 

 
 
     

 
 
 

 (3) 

where  m(t) is the mass gain [g] after time t [s], A is the area of the sample [cm2]. 

The graph reveals that no significant changes occurred in the oxidation kinetics over the time. The 

values of kp remain almost constant (or even slightly reduce) after the first 500h of aging, 

suggesting that all the samples reached a steady state during their oxidation process 

 

Figure 3 REVISED HERE 
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Fig. 3. Results of oxidation resistance test at 800°C in air: weight gain vs. time (a), weight gain 
squared vs. time (b) and instantaneous corrosion rate vs. time (c) for bare Crofer22APU 

(reference) and MCO, 5CuMCO, 10CuMCO coated samples. 

 

Table 1 HERE 

Table 1 Corrosion rates (kp) calculated from the slope of the weight gain curves shown in Fig. 3B.  

 

 

 

 

3.3. Post-mortem microstructural evaluation 
 

XRD analyses of samples surfaces were performed after different aging periods of the oxidation 

resistance test: 0h, 1000h and 3000h. The indexed patterns are reported in Fig. 4. The presence 

of both cubic (MnCo2O4, PDF #023-1237) and tetragonal (Mn2CoO4, PDF #077-0471 and #018-

0408) phases of the spinel were detected in each diffraction pattern. It is well known that 

Mn1.5Co1.5O4 is a dual spinel composed by both phases [24]. Furthermore, in none of the collected 

patterns peaks of the unreacted CuO are present. This suggests the effective doping of the MCO 

spinel with Cu thanks to the two-steps reactive sintering process. The aging seems to increase the 

relative amount of the tetragonal phase in all the investigated coatings. The relative intensity of all 

the peaks related to this phase (marked as T in the figure) progressively increased after aging for 

1000h and 3000h. This might be due to diffusion of elements (i.e. Mn) from the steel that stabilize 

the tetragonal spinel. On the contrary, doping with Cu seems to stabilize the cubic phase. 

Comparing the patterns of MCO (Fig. 4a), 5CuMCO (Fig. 4b) and 10CuMCO (Fig. 4c) after the 

same aging periods the intensity of the tetragonal peaks gradually decreases, increasing the 

amount of Cu. These effects are especially evident observing Fig. 4d, which reports a portion (2θ 

between 28° and 40°) of the patterns related to MCO and 10CuMCO.  

The stabilization of the cubic phase due to Cu has been already reported in other studies 

[22,31,40]. For example, Xu [31] et al. studied Mn1.5Co1.5O4 doped with different amounts of Cu, a 

similar trend has been found in the XRD pattern of these spinels. This effect may reduce the extent 

of the tetragonal-cubic phase transition, to which Mn1.5Co1.5O4 undergoes, during heating-cooling 

around 400°C [18], thus limiting possible excessive thermal stresses due to CTE or volume 

changes [31]. Furthermore, these findings are coherent with the results discussed in section 3.1 

concerning the electrical conductivity. The difference between MCO and 10CuMCO in Fig.2c are 

related to the limited tetragonal-cubic phase transition in the doped spinel. 
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Figure 4 HERE 

Fig. 4. XRD indexed patterns for MCO (a), 5CuMCO (b) and 10CuMCO (c) collected after aging for 
0h, 1000h, 3000h together with a magnification (2θ 28°-40°) of the spectra of MCO and 10CuMCO 

(d).  

 

Fig. 5 compares the SEM (backscattered) micrographs collected after 0h (as-prepared), 1000h 

and 3000h of aging on the surface of the samples coated with MCO (Fig. 5 A, B, C), 5CuMCO 

(Fig. 5 D, E, F) and 10CuMCO (Fig. 5 G, H, I). In Fig. 5 A, D, G no metallic particles are visible, 

thus suggesting the effective re-oxidation during the second step of the sintering treatment (900 °C 

2h in air). Moreover, all micrographs indicate homogeneity in the composition and morphology of 

all the investigated surfaces. The surfaces of the coatings seem quite porous. This is however 

caused by the constrained sintering process, where the ceramics cannot densify fully in all 

directions due to the non-shrinking substrate restriction, and the outer layer thus seems porous. As 

will be shown later, the cross-sections show good densification of the coatings. The surface 

observation confirms the XRD results discussed above, since no residual CuO was present after 

the sintering treatment as well as after 1000h and 3000h of aging. The introduction of Cu in the 

spinel phase seems to lead to higher level of surface densification for all the considered aging 

periods. Addition of Cu leads to formation of denser islands regions in comparison to the non-

modified spinels. 

 

Figure 5 HERE 

Fig. 5. SEM images (top-view) of coated samples after different aging periods (0h, 1000h, 3000h): 
MCO (A, B, C), 5CuMCO (D, E, F) and 10CuMCO (G, H, I). 

 

One of the main tasks of the applied ceramic coatings is protection against chromium diffusion 

which can poison the oxygen electrodes. In order to quantify the extent of Cr diffusion, chemical 

analyses of the surfaces were performed to check how much chromium diffused from the 

alloy/chromia scale to the surface and how much Cr can be found inside the coatings in the cross-

sectional analyses. 

Chemical EDS analyses were performed on the areas shown in Fig. 5. The results (at. %) are 

summarized in Table 2. The relative amount of Mn on the surface of the coatings increased after 

the aging for all the selected samples, suggesting a possible diffusion of this element from the steel 

towards the surface. All samples contained ~20-21 at. % Mn in the beginning, which has increased 
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to ~23 at. %, similarly for all samples. This results may explain the increased intensity of the 

tetragonal peaks in the XRD patterns (Fig. 4). Mn-rich spinel phase, e.g. Mn2CoO4 is characterized 

by tetragonal structure, whereas cobalt rich spinels, e.g. MnCo2O4 have a pure cubic structure, 

with the intermediate compounds showing mixed phases. Typically, for the uncoated Crofer22APU 

steels, a mixed Mn-Cr spinel forms on top of chromia due to Mn diffusion, and here, in the case of 

coated samples, the outwardly diffusing Mn seems to enrich the deposited MnCoCu spinel phase. 

The amount of Cr and Fe on the surface of the coatings is negligible (< 0.5 at. %), even after aging 

for 1000h and 3000h, thus confirming the very good performance of all the deposited coatings as 

barrier layers against diffusion at operating temperature of 800°C. No considerable differences 

between Cu-doped and undoped coatings are evident: the addition of Cu did not negatively affect 

the diffusion-blocking effect of MCO-based spinel coatings produced here. 

The presence of Cu in all the doped samples confirms the effectiveness of the EPD co-deposition 

process. In addition, the increase of the CuO amount in the EPD suspensions leads to a higher 

level of Cu in the coatings (detected by EDS). The mean Cu content in the 10CuMCO coatings is 

approximately 1.7 times higher than in 5CuMCO ones. The content of Cu in the coating seems to 

scale linearly with the content of Cu-phase in the slurry used for the EPD co-deposition. This has 

been also observed for other contents, showing usefulness of the EPD co-deposition method to 

produce composite structures. 

Furthermore, the content of Cu in the coatings did not show significant changes in terms of at% 

during the aging (especially in case of 10CuMCO), thus suggesting a high stability of the Cu-

doping over the time, despite the long term aging in relevant conditions. 

The absence of peaks beholding to CuO in the XRD patterns, together with the homogeneity 

shown in the SEM pictures (Fig. 5) and the corresponding EDS results just discussed, confirm that 

the Cu entered the spinel structure after the reactive sintering process. This finding is in 

accordance with our previous study [22]. This behaviour does not seem to change with the aging at 

800°C in air. 

 

Table 2 HERE 

Table 2 Results of EDS semi-quantitative analyses collected on the surfaces of the coated 
samples reported in Fig. 5. 

 

The SEM pictures collected on the cross-sections of the samples after different aging periods are 

reported in Fig. 6. The effects of both the aging and doping on the morphology of the coatings can 

be seen. These results confirm the trend found in Fig. 5. As shown in the Fig. 6 a-c, the 
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introduction of Cu considerably improves the densification already in the as-sintered state. For the 

non-doped and the 5CuMCO samples some remaining open porosity can be observed. The 

10CuMCO sample shows mostly closed porosity, which should be beneficial for protecting against 

gaseous chromium transport. Microstructure of the 10CuMCO coating, obtained after reduction-re 

oxidation sintering procedure with the reduction step carried out at 900 °C is similar to the 

microstructure obtained for pure spinel after sintering at 1000 °C [23]. Thus the addition of Cu 

leads to lowering of the sintering temperature, which is a beneficial effect as the steel interconnect 

will oxidize much less at 900 °C than at 1000 °C. As shown by Bobruk et al. [23], oxide scale 

formed after reactive sintering of MnCo2O4 at 900 °C was ~0.25 µm thick, whereas for coatings 

sintered at 1000 °C, the oxide scale thickness almost doubled (~0.45 µm). 

Together with an increase in the densification, a decrease of the thickness of the coatings was 

found: from ~20 µm in the case of as-sintered MCO to ~12 µm in the case of as-sintered 

10CuMCO. Decrease of the thickness is connected to materials sintering and decreasing porosity. 

Furthermore, all the coatings appear to have a homogenous microstructure and chemical 

composition without presence of any remaining CuO particles, thus confirming the previous 

discussion on XRD (absence of peaks of CuO) and our previous findings [22]. The two-steps 

reactive sintering procedure allowed the introduction of the Cu in the spinel structure, thanks to the 

formation of Co and Cu as metallic species and MnO. The reactive sintering treatment led also to a 

high degree of densification, likely thanks to the presence of the metallic species. The aging 

improved the densification of the coatings as well; this is particularly visible in the doped coatings 

in comparison with the undoped one. Especially after reaching 3000 hours, both the Cu-doped 

coatings seem dense. The Cr-containing oxide scale is slightly visible as a darker layer at the 

interface between the steel and the coatings. The reduced thickness of this layer, even after aging 

for 3000h at 800°C in air, confirms the effectiveness of the produced coatings against the oxidation 

of the coated Crofer22APU. In Fig. 6i (10CuMCO aged 3000h) a crack is visible in the middle of 

the coating. It seems to form in the porous region, that formed due to pore coalescence. This may 

be dangerous in real operating conditions: a sudden failure of the coating would expose the 

underlying steel at the severe operating conditions of a SOC stack. However, the lower part of the 

coating is still well adherent to the Crofer22APU and despite its reduced thickness (~3.5 µm), its 

high densification guaranteed the protection of the steel during the long term test. This is confirmed 

by the good performance demonstrated by 10CuMCO in the oxidation resistance test discussed 

above. 

 

Figure 6 HERE 

Fig. 6. Cross section SEM images of the coated samples after different aging periods: as-sintered 
(a, b and c), after 1000h (d, e and f) and after 3000h (g, h and i). 
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A more detailed analysis of the 10CuMCO sample after 3000 hours oxidation is shown in Fig. 7. 

EDS mapping shows a homogeneous distribution of the elements throughout the coating. 

Chromium does not seem to be present inside the coating, even close to the chromia interface the 

signal is within an experimental error with no visible Cr peak in the EDS spectra. Elemental map of 

Cr element shows its enrichment at the steel/coating interface due to formation of the chromia 

scale. Chemical analysis of the layers beneath and above the crack shows very similar 

composition of the two layers. EDS point analyses reported in Fig. 7 confirms the good stability of 

Cu in the spinel; the Cu/(Mn+Co+Cu) ratio results 0.1 for point 1 and 0.08 for point 2 (almost 

identical to the theoretical value previously calculated). Moreover, the Mn/Co ratio in the aged 

coating is ~1.2 instead of the initial 1.0: as discussed earlier, this Mn enrichment in the spinel could 

be due to its diffusion from the steel (which contains ~0.5 wt.% of Mn in its composition).  

Figure 7 HERE 

Fig. 7. EDS analysis (elemental maps) of 10CuMCO sample after 3000h oxidation at 800 °C 

 

 

3.4. Area Specific Resistance evaluation 
 

In addition to corrosion exposure and post-mortem analysis, the electrical resistance of coated 

interconnect steels was measured over a long period of time (total of ~3600 hours, with few 

unintentional breaks). Development of the ASR as a function of time is presented in Fig. 8A. All the 

samples showed an initial high ASR value with a fast drop in the first 250h of test, this was due to 

the consolidation and sintering of LSM contact paste and plate on each sample. The fired LSM 

plate undergoes sintering as presented in previous studies [19,34]. The not coated steel has the 

largest initial ASR value, which has also been observed previously. It is believed to originate in a 

worse electrical contact/current restriction issues between the steel/contacting plate than in the 

case of steels with well conducting ceramic protective coatings. The ASR increases (taking into 

account a linear extrapolation) at a higher rate than for the coated samples (~3.6 mΩ cm2 per 1000 

hours). Among the coated samples, the results are very similar, the small difference being possibly 

due to minor experimental differences (contact area). The coated alloys are characterized by a 

roughly 3x slower ASR increase rate, which is important for the long term performance of the 

stacks. By a simple linear extrapolation (representing the worst case scenario), the ASR after 

40000 can be calculated to be ~160 mΩ cm2 for the uncoated sample and ~66 mΩ cm2 for the 

coated samples, remaining below the often cited limit of 100 mΩ cm2 [48]. Clearly the coating can 
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make a large difference in the resistance introduced by the interconnect to the total resistance of 

the stack. 

From the ASR data collected during the cooling phase, presented in Fig. 8B, the activation energy 

for the electrical conduction process can be calculated according to the Arrhenius equation 

(according to modified Equation 1). All samples show quite similar activation energy values with a 

characteristic change of slopes in the intermediate temperature. In the high temperature region 

(500 °C-800 °) the activation energy is in the range 0.8-0.9 eV whereas in the low temperature 

region the activation energy is ~0.4-0.6 eV. These values correspond well to the values reported in 

the literature. Talic et al. [19] reported values in the range ~0.8 eV for Fe/Cu doped spinel on 

Crofer 22 APU. Kruk et al. [49] have shown activation energies ~0.7 eV also for quite similar 

system. Grolig et al. [50] have shown that the obtained activation energy might depend on the 

experimental conditions, but the values were still in the range of 05 – 0.85 eV. The electrical 

conductivity of the oxidized coated alloys shows visibly activation energy than the activation energy 

of bulk spinel materials (as reported in section 3.1) due to the resistance of the chromia layer. The 

similar values of the ASR and activation energy obtained upon cooling might be due to the 

negligible effect of the coating on the total cross-scale conductivity, dominated by a much worse 

conducting chromia layer, which forms in all cases. As the measured weight gain was quite similar 

for all coated samples, the chromia scale thickness and its electrical resistance can be expected to 

be similar, thus resulting in the similar conductivity vs. temperature behaviour. 

 

Figure 8 HERE 

Fig. 8. ASR development as a function of time (A) and Arrhenius plot for calculation of activation 

energy (B). 

 

 

4. Conclusions 

This work showed that it is possible to produce in-situ Cu-doped MnCo spinels, by a single-step 

electrophoretic co-deposition followed by reactive sintering. The proposed method allowed to 

deposit ceramic coatings with controlled chemical composition and desired ratio of phases. Cu 

doping of MnCo spinels reduced the extent of the tetragonal-cubic phase transition thus limiting 

possible thermal stresses due to mismatch of coefficients of thermal expansion. Addition of Cu 

lowers the temperature of the reduction step by ~100 °C. Coatings with closed porosity could be 

processed at 900 °C instead of 1000 °C, thus limiting the initial oxidation of the interconnects. The 

long term evaluation of the Cu-doped MnCo spinels coated Crofer22APU samples, tested up to 
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3000 hrs at 800°C, demonstrated an increased densification together with the stability of the 

copper inside the spinels. Corrosion rate of the interconnects with Cu-doped protective coatings 

was found to be ~10x lower than for the uncoated ones, showing virtually no diffusion of chromium, 

thus remaining protective. The findings of this study suggest that proposed approach can be 

further expanded to study incorporation of other transition metals into the spinel structure. By 

proper selection of in-situ dopant, the electrical conductivity and thermal expansion coefficients can 

be potentially tailored for different steel substrates. 
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 Figure Captions 

Figure 1 SEM images of a) MCO and b) CuO powders used for the co-deposition. 

Figure 2 Results of electrical conductivity (σ) collected on the pellets of MCO and 10CuMCO: 

σ and T vs. time (a and b), σ vs. T (c) and Arrhenius plots (d). 

Figure 3 Results of oxidation resistance test at 800°C in air: weight gain vs. time (a), weight 

gain squared vs. time (b) and instantaneous corrosion rate vs. time (c) for bare 

Crofer22APU (reference) and MCO, 5CuMCO, 10CuMCO coated samples. 

Figure 4 XRD indexed patterns for MCO (a), 5CuMCO (b) and 10CuMCO (c) collected after 

aging for 0h, 1000h, 3000h together with a magnification (2θ 28°-40°) of the spectra 

of MCO and 10CuMCO (d). 

Figure 5 SEM images (top-view) of coated samples after different aging periods (0h, 1000h, 

3000h): MCO (A, B, C), 5CuMCO (D, E, F) and 10CuMCO (G, H, I). 

http://www.kmm-vin.eu/home/
http://www.kmm-vin.eu/home/
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Figure 6 Cross section SEM images of the coated samples after different aging periods: as-

sintered (a, b and c), after 1000h (d, e and f) and after 3000h (g, h and i). 

Figure 7 EDS analysis (elemental maps) of 10CuMCO sample after 3000h oxidation at 

800 °C 

Figure 8 ASR development as a function of time (A) and Arrhenius plot for calculation of 

activation energy (B). 

 

Tables 

Table 1 Corrosion rates (kp) calculated from the slope of the weight gain curves shown in 

Fig. 3B. 

Table 2 Results of EDS semi-quantitative analyses collected on the surfaces of the coated 

samples reported in Fig. 5. 
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Sample: Corrosion rate value  
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MCO 0.53 

5CuMCO 0.71 

10CuMCO 0.62 

Reference 6.11 
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