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Abstract 17 

Spinel oxides with the general formula Mn1.7Cu1.3-xFexO4 (x= 0, 0.1, 0.3, 0.5) were prepared and 18 

evaluated in this work for their properties at high temperatures. The effect of partially substituting 19 

Cu by Fe has not been studied so far for this group of materials and is thus evaluated in this work. 20 

Mn1.7Cu1.3-xFexO4 powders were synthesised by a soft chemistry process and studied in terms of 21 

crystallographic phase analysis, electrical conductivity, thermal expansion, and sinterability behaviour. 22 

The results show that the Fe content has a significant influence on the phase composition and the 23 

resulting properties. Characterisation of the dilatometry and conductivity coupled with XRD phase 24 

analysis across a wide temperature range allowed the relations between the materials properties and 25 

compositions to be observed. The results indicate that Mn1.7Cu0.8Fe0.5O4is a promising material for use 26 

as a protective coating for interconnects in intermediate temperature Solid Oxide Fuel Cells. 27 
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2 

Introduction 29 

Spinel oxides form a remarkable group of ceramic materials with a wide range of potential applications 30 

[1]. The general formula of a “regular” spinel is AB2O4 with either a cubic or tetragonal structure, where 31 

A is a divalent cation, and B is a trivalent cation, which occupy tetrahedral and octahedral sites, 32 

respectively. The spinel mineral is MgAl2O4, which has a regular structure. A spinel can also adopt an 33 

“inverse” structure, where half of the trivalent B cations occupy the tetrahedral sites, and the divalent 34 

A cations and the remaining half of the B cations occupy the octahedral sites. Due to these broad 35 

possibilities, many different spinel materials can be synthesised. Indeed, spinels have found wide use 36 

in Li-ion batteries as electrodes [2], supercapacitor electrodes [3], thermal barrier coating material [4], 37 

as well as in other devices [5–7]. Depending on the chemical composition as well as on the preparation 38 

method/thermal history, spinels can be characterised by a broad range of electrical transport 39 

properties. It was reported that the electronic conductivity of a spinel occurs mainly by electron 40 

hopping between octahedral sites [8,9], and the cation arrangement can depend on the thermal 41 

history of the sample. 42 

Manganese-copper-based spinels are interesting materials that have been studied for range of 43 

important applications [10–13]. The abundance and low toxicity of Mn and Cu makes the material of 44 

interest, especially as a possible replacement of Mn-Co-based spinels, where the mining issues and 45 

toxicity of cobalt are problematic. Mn-Cu spinels are already recognised as a potential catalyst for the 46 

steam reforming of methanol [14], as a ceramic film for spectrally selective solar-derived 47 

applications [15], and also as a protective coating on the interconnects in solid oxide fuel cells [16]. 48 

The phase diagram of Mn-Cu-O shows that a pure spinel phase forms only in a relatively narrow 49 

compositional and temperature window [17,18]. For this reason, most studied compositions have 50 

focused on Mn2CuO4 or a slightly modified Mn1.7Cu1.3O4 [19–21]. A increased Cu content shifts the 51 

compositions towards a mixture of spinel and CuO, whereas a decreased Cu content, towards a mixture 52 

of manganese oxide and spinel. 53 

Petric and Ling investigated the electrical conductivity of Mn1.7Cu1.3O4, which achieved a very high value 54 

of 225 S/cm at 750 °C [22]. This is much higher than the electrical conductivity reported for the widely 55 

used MnCo2O4 spinel (~60 S cm-1 at 800 °C). Since this work, interest in Mn-Cu spinels has increased. 56 

They have been tested as a protective coating for steel interconnects, and as a contacting mesh 57 

element in high temperature fuel cells [23–26]. 58 

Partial substitution of one of the cations is a well-known way to improve the properties of spinel-based 59 

ceramics. This approach has been extensively used to tailor the properties of MnCo2O4 spinels. Partial 60 
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substitution of Co by either Fe or Cu has been reported to influence the electrical conductivity and 61 

thermal expansion [27–29]. Talic et al. showed that the addition of iron (MnCo1.5Fe0.5O4) decreased the 62 

electrical conductivity and the thermal expansion coefficient, whereas the addition of Cu 63 

(MnCo1.5Cu0.5O4) resulted in higher electrical conductivity and a higher thermal expansion 64 

coefficient [30]. Other studies considered the effect of the addition of Fe/Cu on high temperature 65 

corrosion and chromium evaporation of steel interconnects [31–34]. 66 

The effects of elemental substitutions in Mn-Cu-based spinels have been studied to a much lesser 67 

extent. Bhandage et al. have studied a CuxCd1-xMn2O4 system [11]. For x = 1, pure cubic phase spinel 68 

was obtained, whereas for a composition with x < 0.5, a tetragonal phase was found. The same author 69 

also studied the NixCu1-xMn2O4 system [12]. Ni substitution in the Mn-Cu spinel was considered as a 70 

protective coating and for its effect on high-temperature corrosion protection by Joshi and Petric [35]. 71 

Ni stabilised the cubic spinel phase and resulted in a small decrease of electrical conductivity. 72 

A number of synthesis methods have been used for the preparation of different spinel powders, 73 

including modified sol-gel [36,37], EDTA gel [38], the glycine nitrate process [39], spray pyrolysis 74 

[28,30], co-precipitation [40], and solid state [41,42]. Among the reported methods, the sol-gel-derived 75 

routes seem to offer the advantage of cation mixing at the atomic level leading to high homogeneity 76 

and formation of small particle sizes [43]. 77 

In the present investigation, the Mn1.7Cu1.3O4 spinel was used as the starting material, and its 78 

derivatives with partial substitution of Cu by Fe were studied. The influence of iron substitution on its 79 

properties, related to SOFC interconnect protection, namely sintering behaviour, crystal structure, and 80 

electrical conductivity was evaluated. 81 

82 

2. Experimental83 

2.1. Powder preparation 84 

Spinel powders with the general formula Mn1.7Cu1.3-xFexO4, where x=0, 0.1, 0.3, and 0.5, were 85 

synthesised by a modified Pechini method [44]. Throughout the paper, the powders and sample 86 

compositions are abbreviated according to Table 1. The starting substrates used in the syntheses were 87 

hydrated nitrate salts of metals: manganese (II) nitrate (Mn(NO3)24H2O, Sigma Aldrich, ≥97%), copper 88 

(II) nitrate (Cu(NO3)2H2O, Sigma Aldrich, 99.999%), and iron (III) nitrate (Fe(NO3)39H2O, Sigma Aldrich,89 

99.999%). Water solutions of dissolved nitrates with known concentrations (pre-standardised 90 

thermogravimetrically) were mixed together in the proper molar ratio corresponding to the intended 91 
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nominal composition of the spinel powders. The water solutions containing all of the desired cations 92 

were heated under constant stirring to 80 °C (controlled using an insertion probe) on a magnetic 93 

stirring hot plate. Citric acid (C6H8O7, Sigma Aldrich, 99%), and EDTA ([CH2N(CH2CO2H)2]2, Sigma Aldrich, 94 

99%) were added to the solution under stirring as chelating agents in the molar ratio 2:1:1-TMI (total 95 

molar ions). To control the pH at the desired level of 8, diluted ammonia (25% aqueous solution) was 96 

added dropwise. To start the transesterification process, ethylene glycol (C2H6O2, Sigma Aldrich, 98%) 97 

was added under continuous stirring, in the amount to obtain a ratio of 1 mol of polyalcohol to 1 mol 98 

of metal cations. The liquid precursor was then held at 80 °C until a dense gel-like structure was 99 

obtained. It was further dried at 130 °C for 4 h. The resulting material was placed in a muffle furnace 100 

and heated to 400 °C for 2 h. The obtained powder was ground in an agate mortar and further calcined 101 

at 900 °C for 2 h. In the end, the powders were again ground in the agate mortar and used for further 102 

studies. 103 

104 

2.2. Pellet preparation 105 

Ceramic pellets were prepared from the synthesised powders by uniaxial pressing in a hydraulic press 106 

(Carver, USA). The powders were compacted using 54 MPa pressure. The obtained disk-shaped green 107 

bodies had a diameter of ~16 mm and a thickness of 1.5–2 mm. The pressed pellets were sintered at 108 

three different temperatures: 900 °C, 1000 °C, and 1100 °C in air. Heating and cooling rates of 109 

3.6 °C min-1 were used with a dwell time of 2 h. The dimensions of the sintered pellets were measured 110 

(using a Mitutoyo micro-caliper) to calculate the linear shrinkage. The porosity of the sintered pellets 111 

was determined from analyses of SEM images of polished cross-sections. For each sample, ten images 112 

were taken at the same magnification, and these images were analysed using the ImageJ software [44]. 113 

114 

2.3. Materials characterisation 115 

The x-ray diffraction (XRD) technique was used to determine the phase composition and the crystal 116 

structure of the fabricated powders. The measurements of the synthesised powders were conducted 117 

at room temperature using a Bruker D2 Phaser 2nd generation diffractometer with CuKα radiation 118 

(λ = 1.5404 Å) and XE-T detectors. Data were collected from 2θ = 10° to 90° with a step size of 0.01° 119 

and acounting time of 0.2 sec for each step. The results were processed by means of LeBail refinement 120 

using the Bruker Topas software. 121 

High temperature X-ray powder diffraction data were collected on a Philips X’Pert Pro diffractometer, 122 

fitted with an X’Celerator detector, using Ni filtered Cu-Ka radiation (l1 = 1.54056 Å and l2 = 1.54439 Å). 123 

Elevated temperature measurements were performed using an Anton-Paar HTK 1200 high 124 
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temperature camera. Data were collected in flat plate θ/θ geometry on a Pt-coated sample holder. 125 

Calibration was carried out with an external LaB6 standard. Diffraction patterns were acquired at room 126 

temperature and at 50 °C intervals from 50 °C to 850 °C in air. Data at room temperature and at 850 °C 127 

were collected over the range 5–105° 2θ, in steps of 0.033°, with an effective scan time of 120 s per 128 

step. Shorter scans were performed for intermediate temperatures with an effective scan time of 40 s 129 

per step. 130 

Thermogravimetric analysis (TGA) of the studied oxides was performed using a Netzsch TG 209 F3 131 

Tarsus thermobalance. The measurements were carried out both in air and argon atmospheres. The 132 

mass change was observed up to 900 °C with a heating and cooling rate of 3 °C min-1. 133 

Dilatometric studies of the sintering and thermal expansion were carried out using a Netzsch DIL402 134 

dilatometer. Measurements were performed in a synthetic air atmosphere with a heating rate of 5 °C 135 

min-1, with a 15 minutes isothermal step at 1100 °C and a cooling rate of 3 °C min-1. 136 

The phase diagram of Cu-O2 was calculated using the FACTSAGE software and databases [45]. 137 

Scanning electron microscopy (SEM) investigation of the powders and pellet cross sections were 138 

carried out on a Phenom XL (Thermo Fisher Scientific) desktop SEM equipped with an integrated 139 

energy dispersive X-ray (EDX) microanalyser. For preparation of the pellet cross sections, samples were 140 

mounted in epoxy (EpoFix, Struers) and then polished on a semi-automatic Struers Tergamin-20 141 

machine down to a 1 µm finish. 142 

The electrical conductivity of the pellets was estimated by employing the van der Pauw method [46]. 143 

The samples were heated to 900 °C and measured down to 200 °C with decrements of 50 °C in air. The 144 

activation energy, Ea, was calculated using the formula, derived from the Arrhenius equation: 145 

𝑙𝑛𝜎𝑇 =
−𝐸𝑎

𝑘
×

1

𝑇
+ 𝑙𝑛𝜎0, (Eq.1) 146 

where σ — electrical conductivity, T — temperature, σ0— pre-exponential factor, Ea— activation 147 

energy, and k — Boltzmann’s constant. 148 

Electrical conductivity data were corrected for sample porosity with using the Brueggemann 149 

asymmetric model, according to the following formula [47]: 150 

𝜎 = 𝜎𝑚 ∙
1

(1 − 𝑝)
3

2

151 

Where Ϭ is the corrected conductivity, Ϭm is the measurement conductivity and p is sample porosity. 152 

153 
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154 

155 

3. Results and discussion156 

3.1. Chemical, microstructural and sintering characterisation of the powders 157 

Chemical and morphological analysis of the powders 158 

After the milling process, the powders were characterised for their elemental compositions, 159 

morphologies, and phase structures. EDX analyses were performed on the powders to determine the 160 

atomic compositions of the calcined powders. The results of the analyses are presented in Table 1 161 

(with the accuracy of EDX method +/- 1%). The calculated Mn/(Mn+Fe) and Fe/(Fe+Cu) cation ratios 162 

correspond well to the expected stoichiometries. 163 

164 

Table 1. Chemical composition of powders determined by means of EDX and sample’s names used in 165 

this paper. 166 

Desired 
composition 

Sample 
name 

Metal ratio Mn / 
Cu+Fe 

Fe / 
Fe+Cu 

Corresponding 
spinel composition Mn Cu Fe 

Mn1.7Cu1.3O4 0Fe 0.56 0.44 - 1.27 - Mn1.68Cu1.32O4 

Mn1.7Cu1.2Fe0.1O4 01Fe 0.59 0.38 0.03 1.43 0.07 Mn1.73Cu1.15Fe0.12O4 

Mn1.7Cu1Fe0.3O4 03Fe 0.56 0.34 0.10 1.27 0.23 Mn1.69Cu0.99Fe0.32O4 

Mn1.7Cu0.8Fe0.5O4 05Fe 0.57 0.25 0.18 1.32 0.42 Mn1.69Cu0.76Fe0.54O4 

167 

Figure 1 presents a representative SEM micrograph of the 05Fe powder after calcination at 900 °C and 168 

after milling in an agate mortar. All of the powders were composed of micron-sized particles (~1–3 µm) 169 

without the presence of larger agglomerates. No influence of iron substitution on the particle size 170 

could be observed. 171 

172 

173 
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174 

Figure 1. Scanning electron microscopy image and energy dispersive elemental analysis of the 05Fe 175 

(Mn1.7Cu0.8Fe0.5O4) powder. 176 

Room-temperature XRD analysis of the powders 177 

The room temperature XRD patterns of the calcined powders are shown in Figure 2a (full measured 178 

range) and 2b (enlargement of the main peak region). The non-substituted 0Fe powder revealed the 179 

existence of a cubic spinel phase (space group Fd-3m, ICDD card #35-1030) with a possible very small 180 

addition of CuO (estimated to <3 vol.%, monoclinic structure, space group c2/c, #45-937). The 181 

observation of these two phases is in agreement with the Cu-Mn-O phase diagram, where single-phase 182 

cubic might decompose at low temperatures to spinel + MnO2, or to MnO2 + CuO [17,18,20]. A quite 183 

similar structure was observed for the 01Fe powder. Only the cubic spinel and a small amount of 184 

another phase could be seen. It must be noted that the peaks ascribed to CuO might also have been 185 

caused by the cubic (#35-1030) or tetragonal (CuMn2O4, #71-1141) spinel phase. Due to overlapping 186 

peaks and small relative intensity, the exact determination of the minority phase is not possible. The 187 

presence of minor phase impurities in Cu1.3Mn1.7O4 is known in the literature, for example, Bobruk 188 

et al. observed the same level of CuO-attributed peaks in this material, synthesised by EDTA-gel 189 

processes and calcined at 700 °C [38]. The introduction of iron shifted the ~36° peak position towards 190 

the higher 2θ angle, evidencing contraction of the unit cell, compliant with a smaller size of the Fe 191 

cations than Cu cations. 192 

The increase in Fe-content resulted in the formation of a new phase, which can be attributed to a 193 

tetragonal spinel structure (space group: I41/amd:2) [48]. No indications of iron oxides could be found 194 

in the spectra either. For the 03Fe powder, the cubic spinel peak had the highest intensity, whereas 195 

for the 05Fe powder, the tetragonal phase dominated. 196 
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197 

Figure 2. X-ray diffraction patterns of powders synthesised via the EDTA-CA gel process after 198 

calcination at 900 °C (a, b). Lattice parameters (at room temperature), determined by structure 199 

fitting of XRD patterns for spinel powders calcined at 900 °C (c). 200 

201 

The lattice parameters determined by structure fitting of the cubic Fd-3m space group and tetragonal 202 

I41/amd:2 are plotted in Figure 2c and summarised in Table 2. The cubic spinel phase changed the unit 203 

cell size (“a” parameter) linearly with the substitution of copper with iron. For the tetragonal phase, 204 

the unit cell size showed a more complex behaviour. The “a” parameter decreased its value, whereas 205 

the “c” parameter increased. 206 

The formation of the tetragonal phase in the Mn-Cu spinel can be explained by the Jahn-Teller effect, 207 

i.e. the elongation of the octahedral in the “c” direction [49]. This was caused by the presence of208 

octahedrally coordinated Mn3+ cations (or possibly also Cu2+) [49,50]. Mn-Cu spinels are interesting as 209 

materials which contain two Jahn-Teller ions: Mn3+ and Cu2+[18]. Baffier and Huber argued that for the 210 

formation of a tetragonal structure, the relative concentration of Mn3+ ions needs to be high, i.e. >50% 211 

of the sites [10,51]. The addition of iron thus resulted in the formation of Mn3+ in octahedral positions 212 

(or Cu2+), which allowed for the incorporation of the copper cations into the spinel structure. The 213 

elongation of the unit cell in one direction (“c”) was followed by contraction of the unit cell in the “a” 214 

direction. 215 

The effect of cation substitution in the spinel structure cannot be resolved simply due to the complexity 216 

of the structure, i.e. the presence of tetrahedral and octahedral positions and multiple possible valence 217 

states of the cations. Due to the multitude of the possible arrangements and cation sizes, it is hard to 218 

determine where the newly introduced cations are situated. As evidenced by XRD, partial substitution 219 

of Cu by Fe led to the decrease of the lattice parameter “a”, as shown in Table 2. In general, iron cations 220 
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are smaller than copper cations, so a decrease of the cell-size parameter can be expected. Manganese 221 

has a strong tendency to occupy the octahedral position. Due to the high Cu content in the Mn1.7Cu1.3O4 222 

spinel, some Cu should also occupy the octahedral position, with the remaining Cu in the tetrahedral 223 

position. The situation is also complicated by the fact that, at room temperature, the compositions rich 224 

in iron (03Fe and 05Fe) are not single phase — they form a mixed cubic-tetragonal oxide, where the 225 

cations’ distributions will be further confounded. Therefore, in this paper, we do not propose any 226 

specific cationic distribution, as it is far too complex and uncertain in our view. A summary of the 227 

reported possible cation distributions in the Mn-Cu spinels can be found in [18]. 228 

229 

Table 2. Lattice parameters for cubic and tetragonal phases determined by Le Bail refinement (at 230 

room temperature). 231 

Powder Phase: 
Cubic Tetragonal 

aC [Å] aT [Å] aT’ [Å] cT [Å] cT / aT’ 

0Fe C 8.3201(5) 

01Fe C 8.3162(1) 

03Fe C+T 8.2995(4) 5.7672(2) 8.13175 9.2133(2) 1.13 

05Fe C+T 8.2915(6) 5.7508(3) 8.1086 9.2253(4) 1.14 

232 

High-temperature XRD analysis of the powders 233 

In order to follow the development of the phase-composition of the materials vs. temperature, in-situ 234 

high-temperature XRD analyses were performed. The results are presented in Figure 3a–d. 235 

For the 0Fe and 01Fe, the cubic phase did not change upon heating. Above 500 °C, the occurrence of 236 

a new phase could be noticed for both powders. It is ascribed to CuO, which is in line with the phase 237 

diagram [17] and discussion by Martin and Petric [20]. According to the phase diagram, the pure spinel 238 

phase was stable in only a quite narrow temperature window (roughly between 500 °C and 600 °C). 239 

For the 03Fe and 05Fe powders, where the cubic and tetragonal phases co-existed at room 240 

temperature, transformation into a single cubic phase was observed at >400 °C. In the case of the 05Fe 241 

powder, the tetragonal phase remained stable at 400 °C, whereas for the 03Fe powder, it seemed to 242 

disappear at 400 °C. CuO also seemed to form in the 03Fe powder, whereas it was not detected in the 243 

05Fe powder. The addition of Fe stabilised the spinel phase, which was a mixture of tetragonal-cubic 244 

below 500 °C and transformed into a fully cubic spinel at >500 °C. 245 
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246 

Figure 3. High-temperature XRD (25–800 °C in air) patterns for the powders: 0Fe(a), 01Fe (b), 03Fe 247 

(c), and 05Fe (d). 248 

Dilatometry study 249 

Following the phase characterisation was the determination of the sintering properties of the prepared 250 

compounds. A dilatometry study was performed in order to determine the shrinkage profiles of the 251 

compacted powders (up to 1100 °C) and thermal expansion coefficient (TEC) values. In addition to the 252 

measurements performed in the dilatometer, the diameters of the pellets were analysed before and 253 

after ex-situ sintering in a furnace at different temperatures (900 °C, 1000 °C, and 1100 °C). The 254 

dilatometry curves and values of relative shrinkage for the pellets are presented in Figure 4a–c. 255 
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256 

Figure 4. Dilatometry results (in air) for sintering of the powders (a), relative shrinkage of the pellets 257 

measured after sintering the green bodies at 900 °C, 1000 °C, 1100 °C (b), thermal expansion of the 258 

spinel pellets, pre-sintered at 1100°C (cooling cycle from 900 °C in air) (c), and phase diagram of Cu-259 

O2 showing the phase change of CuO to Cu2O (d). 260 

261 

The sintering behaviour of the materials differed considerably (Figure 4a). Intense expansion was 262 

visible, especially for the non-iron-doped spinel, upon heating at ~1000 °C. The sample expanded by 263 

~4% within a few minutes, and then the sintering began. Quite similar behaviour was visible for the 264 

01Fe powder, but to a smaller extent, potentially due to the earlier onset of sintering, as the sample 265 

started to sinter at ~850–900 °C. The observed behaviour can be attributed to reduction of the CuO 266 

phase, which formed upon heating of the spinel, as described in the HT-XRD discussion (see Figure 3). 267 

CuO phase reduced into the Cu2O phase in this temperature range (~1000 °C), well in line with the Cu-268 

O-temp phase diagram presented in Figure 4d and the literature [52,53]. For the 03Fe and 05Fe269 

materials, where less or no CuO was detected in the XRD spectra, no such peaks in the dilatometry 270 
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curves were visible. These powders started to sinter at ~800 °C and followed a regular sintering 271 

pattern. The largest shrinkage was observed for the 03Fe sample (~18%), followed by the 05Fe sample 272 

(~16%). The continuous dilatometry results were confirmed by the ex-situ pellet diameter 273 

measurements: the smallest shrinkage was obtained for the 0Fe samples, followed by 01Fe and 05Fe, 274 

while the largest shrinkage was obtained for the 03Fe sample. The shrinkage values (Figure 4 b) 275 

demonstrate that iron doping sufficiently enhanced the sinterability of the studied materials, however 276 

fabrication of the ceramics with low porosity in air required temperatures above 1000 °C. 277 

Thermal expansion coefficients were determined using data collected during cooling of the samples 278 

from 900 °C (samples were sintered in air at 1100 °C). As the curves were not linear in the 50–900 °C 279 

temperature range, the analysis region was divided into high temperature (600–900 °C) and low 280 

temperature (50–600 °C) intervals. The calculated TEC values are presented in Table 5. For the high 281 

temperature domain, thermal expansion demonstrated a complex effect of the iron doping, with an 282 

apparent maxima for the 03Fe ceramic. In the low temperature region, all of the sintered samples had 283 

a TEC of 9.2–10.6 x10-6 K-1. In general, iron substitution did not have a strong influence on the thermal 284 

expansion. 285 

Thermogravimetric analysis 286 

In addition to dilatometry, thermogravimetric analyses were performed. TGA revealed that Mn1.7Cu1.3-287 

xFexO4 complex oxides demonstrated sufficient activity in oxygen exchange with the environment 288 

(Figure 5a–e). For the 0Fe, upon heating from room temperature to 900 °C, the sample initially gained 289 

weight (~0.05%), which started at ~400 °C, then at around 700 °C it started losing weight (Figure 5b 290 

first cycle of heating, and Figure 5d second cycle of heating). The sample with no iron was the only one 291 

to show no notable weight increase upon heating. The addition of iron suppressed the weight loss 292 

effect. For the 01Fe and 03Fe, the weight loss started at ~700 °C and had a much smaller extent than 293 

the weight loss of the 0Fe. For the 0Fe powder, at isothermal hold at 900 °C, the weight change had 294 

not stabilised after 2 hours, which indicates relatively slow equilibration. The 01Fe and 03Fe powders 295 

seemed to stabilise their weight change faster (Figure 5e). For the 05Fe sample, neither weight gain 296 

nor weight loss was found. The 05Fe powder was practically inert in air, which supports the expectation 297 

of good stability in oxidising atmospheres at high temperatures. When cooling (Figure 5d), the mass 298 

change process was reversible, which confirms that this phenomenon is related to the stability of the 299 

tested materials and the oxidising atmosphere. The weight loss can be explained as a result of the 300 

formation of a CuO phase: the O/Cu ratio was lower in the CuO than in the spinel, therefore 301 

segregation of the CuO resulted in net loss of weight. At high temperature (~900 °C) the reduction of 302 

CuO to Cu2O is also possible, visible in Figures 5c and 5e, in-line with the phase diagram presented in 303 
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Figure 4d. The weight loss trend corresponds well with the amount of possible CuO formation: for the 304 

05Fe, where no CuO was detected upon heating, there was no weight loss, and the sample was stable 305 

upon heating, while for the 0Fe, it was very prominent. One can note that the behaviour of the 03Fe 306 

demands presence of traces of CuO, confirming the XRD observation. This might explain the behaviour 307 

of the dilatometric curve for this material as well as its electric conductivity: the amount of iron in the 308 

03Fe was not sufficient to keep the Cu in the cubic phase, so CuO particles grew during heating, which 309 

led to the rise of the TEC and changes in electrical conductivity. 310 

311 
312 

Figure 5. Mass change of the Mn1.7Cu1.3-xFexO4 powders in air as a function of time (a), first heating 313 

ramp (b), first cooling ramp (c), second heating ramp (d), and isothermal hold after first heating ramp 314 

(e). 315 

3.2. Electrical conductivity characterisation of the spinels 316 

The electrical properties of the materials were analysed by studying the DC electrical transport 317 

properties of the sintered pellets in air in the temperature range 900–200 °C. To evaluate the effects 318 

of porosity and thermal treatment in general, pellets prepared from the 0Fe, 01Fe, 03Fe and 05Fe 319 

powders were sintered at either 900 °C, 1000 °C, or 1100 °C in air. The results of the measurements 320 

are presented in Figure 6a–e. 321 

The behaviour of the samples depended on the iron substitution level, as summarised in Figure 322 

6a. For the sample without iron (0Fe, Figure 6b) and with low iron content (01Fe, Figure 6c), the 323 

electrical behaviour was notably different than for the samples with higher iron content (03Fe and 324 

05Fe, Figures 6d and 6e, respectively). For the 0Fe and 01Fe, the maximum electrical conductivity was 325 

reached at ~650 °C. The maximum conductivity value was quite similar, reaching ~180 S cm-1, which 326 

can be considered very high (the small difference between the samples is within the experimental 327 

error margin of ±5%). Below the maximum, the conductivity was thermally activated, whereas above 328 

the maximum, the conductivity decreased with temperature increase. The point (temperature) of 329 
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conductivity maximum coincided with the point where the spinels started losing weight. This was thus 330 

also connected to the formation of the CuO phase. Similar effects have been described by Martin and 331 

Petric [20]. They also measured thermopower and determined that the majority of carriers are 332 

electron holes (p-type conductivity).  333 

For the samples with higher iron content, i.e. the 03Fe and 05Fe, the conductivity exhibited a clear 334 

transition point, where the levels of electrical conductivity step-changed, and for which different 335 

activation energies were found. The transition temperature was ~400 °C and was caused by a phase 336 

transition from mixed cubic-tetragonal phases to a pure cubic spinel phase (at high temperatures). 337 

Interestingly, the 03Fe and 05Fe pellets sintered at 1100 °C did not show such a phase transition; only 338 

a slight change of slope of the conductivity curve. 339 

Samples with higher iron content showed generally lower conductivity values and a regular thermally 340 

activated behaviour across the full temperature range. For the 03Fe sample, the conductivity was 341 

highest after sintering at 1000 °C; sintering at a higher temperature reduced the conductivity. All of 342 

the other compositions showed an increase of electrical conductivity upon increasing the sintering 343 

temperature. The 03Fe sample showed a conductivity value of ~120 S cm-1, whereas the 05Fe sample 344 

had a conductivity of ~30 S cm-1 at 650 °C. As shown in Figure 6, due to the thermal activation across 345 

the full temperature range, the electrical conductivity of the 03Fe sample became highest for 346 

temperatures above 800 °C. Although the electrical conductivity values clearly depended on the iron 347 

content, they can all be considered relatively high. Based on the results, it can be stated that the 348 

electrical conductivity of the tetragonal phase (the low temperature phase) is greatly reduced in 349 

comparison to the conductivity of the cubic phase. 350 

351 

Figure 6. Electrical conductivity plot of the 0Fe, 01Fe, 03Fe and 05Fe samples measured on pellets 352 

sintered at 900 °C (a)- results were corrected for sample porosity. Arrhenius plots of electrical 353 
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conductivity as a function of pellet sintering temperatures (900 °C / 1000 °C / 1100 °C). Results were 354 

not corrected for sample porosity. 355 

Based on the Arrhenius plots (Figure 6b–e), the activation energies of the electrical 356 

conductivity were calculated and are presented in Table 3. Due to the visible change in the slopes, the 357 

activation energies were calculated separately for two temperature ranges: 450–650 °C and 200–358 

400 °C. These two ranges have distinctly different value levels. At high temperatures, the activation 359 

energies were rather low, with values in the range 0.20–0.30 eV and did not seem to depend on the 360 

sintering temperature. At lower temperatures, variation of the activation energies was quite 361 

significant. The lowest values were found for the highest sintering temperature of 1100 °C (between 362 

0.26 eV for the 05Fe sample, and 0.37 eV for the 0Fe) and were only slightly higher than the values 363 

obtained at high temperatures. For lower sintering temperatures, the activation energies were in the 364 

range of 0.4 to 0.7 eV. In general, the obtained values are in agreement with typical reported values 365 

for different spinels [29,30,38]. The difference between the low and high temperature values of the 366 

activation energy may be connected to different grain and grain boundary contributions to the total 367 

electrical conductivity [54]. 368 

369 

370 

Table 3. Thermal expansion coefficients of the sintered spinels (from Figure 4c) and activation energy 371 

of the electrical conductivity (EA) fitted according to Eq. 1 for two temperature ranges (200–400 °C 372 

and 450–650 °C) for each featured material sintered at three temperatures (from Figure 6b–e). 373 

Thermal expansion 

coefficient 

TEC [x10-6 K-1] 

Activation energy for the electrical conductivity 

EA [eV] 

Temperature 

range 

50 °C-

600 

600 °C- 

900°C 
200 °C - 400 °C 450 °C- 650 °C 

Tsintering/ 

composition 
1100 °C 900 °C 1000 °C 1100 °C 900 °C 1000 °C 1100 °C 

0Fe 9.57 13.01 0.57 0.47 0.37 0.22 0.22 0.25 

01Fe 10.15 14.52 0.41 0.43 0.33 0.20 0.21 0.21 

03Fe 10.58 18.57 0.53 0.58 0.31 0.21 0.22 0.25 

05Fe 9.19 12.81 0.70 0.69 0.26 0.25 0.25 0.27 

374 
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3.3. Microstructural properties of sintered materials 375 

In order to characterise the properties of the materials in more detail, XRD and SEM/EDS 376 

analyses of the differently sintered pellets were performed. Images of polished cross-sections of all of 377 

the samples are presented in Figure 7, with accompanying elemental maps and chemical compositions 378 

in the supplementary materials (Figure S1, Table S1). Based on the images, the porosities of the pellets 379 

were determined and the values are included in the figure. The samples sintered at 900 °C showed 380 

similar, porous microstructures (porosities ~40–47%). For the samples containing iron, the particle 381 

sizes seemed to be smaller than for the non-substituted sample, where large well-sintered structures 382 

could be found. For samples sintered at 1000 °C the porosities were considerably lower (~20–30%), 383 

and a clear difference in the microstructure was obtained for the 0Fe sample. It was characterised by 384 

high density and showed the presence of different phases (different shades of grey). The iron-doped 385 

samples showed high density and a small amount of secondary phases. For the samples sintered at 386 

1100 °C, the microstructure was quite dense for all samples (porosities 5–20%), and the presence of 387 

secondary phases with different chemical compositions were detected for the 0Fe, 01Fe and 03Fe 388 

samples in increasing amounts, as can be expected from the XRD data. For the 05Fe sample, no 389 

inhomogeneity in the chemical composition was detected by SEM/EDS. XRD analyses of the pellet 390 

samples shown in Figure 7 were performed on powders obtained from crushed pellets (XRD spectra 391 

are presented in Figure S2). The structural results comply with other data. For a sintering temperature 392 

of 900 °C, the phase composition was relatively simple, and pure spinels were obtained (either in cubic, 393 

or cubic + tetragonal form) with a minor CuO phase for the 0Fe and 01Fe. Sintering at temperatures of 394 

1000 °C and above resulted in the formation of new phases. By analysing the phase diagrams,it can be 395 

seen thatabove 900 °C, the formation of a CuMnO2 phase started[20], with the formation of a 396 

Cu5Mn4O9 phase above 975 °C [18]. Generally, based on the results and the published phase diagrams, 397 

the structure of the Mn-Cu spinels is retained up to <1000 °C. 398 
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399 

Figure 7. SEM cross-section images of pellets sintered at different temperatures. 400 

3.4. General discussion 401 

Based on the obtained results, the effect of iron substitution in the Mn-Cu oxide spinel can be 402 

discussed. In general, Mn-Cu-based spinels are complex materials, which exhibit quite narrow single-403 

phase regions in phase diagrams. By using a specific Mn:Cu ratio (e.g. 1.7:1.3), it is possible to obtain 404 

a pure cubic phase at room temperature, and up to ~600 °C, where CuO starts forming. By adding iron, 405 

the stability of the spinel lattice is extended. At room temperature, the 05Fe spinel is a mixture of cubic 406 

and tetragonal phases, that upon heating to >400 °C form a single cubic phase, which does not show 407 

decomposition into CuO upon further heating. Stabilisation of the spinel phase is important, as for the 408 

CuO-containing compositions, reduction to Cu2O happens at high temperatures. This reduction 409 

induces volume changes and can have a negative impact on the material’s stability. Due to the 410 

precipitation of CuO, the electrical conductivities of the spinels differ. Precipitation of CuO results in 411 

lowering of the electrical conductivity, evidenced by a maxima in the conductivity curves, which 412 

indicates an important role of copper in the electrical conductivity. By adding Fe, CuO formation is 413 

suppressed, and the electrical conductivity follows a pattern expected for a thermally activated 414 

semiconductor with visible phase transition to a fully cubic structure. 415 

416 
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3.5. Possible application of the iron-substituted Mn-Cu spinel in solid oxide cells 417 

Though not specifically discussed above, iron-substituted spinels are being developed as potential 418 

protective coating materials for steel interconnects for high-temperature solid oxide cells. Currently, 419 

the state of the art is the MnCo2O4 spinel, which shows good protective behaviour, but contains 420 

harmful and nonsustainably mined cobalt. Also, there is a strong need for cobalt in the rapidly 421 

developing Li-ion market. The results obtained in this work point to the potential applicability of the 422 

newly developed materials as protective coatings: 423 

• Values of the TEC for the spinels might be considered to becompatible with Crofer 22 APU [55]424 

or 441-type ferritic steel [56], which are used for the fabrication of SOFC interconnects;425 

• Electrical conductivity of the spinels is sufficiently high at operating temperatures (> 10 S cm-1426 

at 700–800 °C) [57];427 

• Iron substitution improves the sinterability of the spinels. Typically, the coatings are sintered428 

via a reduction and subsequent reoxidation process. Lowering the sintering temperature can429 

help with decreasing the reoxidation temperature from 900 °C [58] to 800°C or time used in430 

coating densification process with the comparison of sintering condition for state of the art431 

Mn2CoO4.432 

• Iron-substituted spinels show thermochemical stability in oxidising conditions at high433 

temperatures.434 

To prove the suitability of the materials for protective coatings for steel interconnects, further tests 435 

need to be carried out: specifically, issues including optimization of the coating process, sintering 436 

conditions, adhesion test, reactivity with Cr, area-specific resistant measurements and long-term 437 

corrosion properties (e.g. oxide scale growth kinetics) need to be evaluated. From a materials 438 

perspective, however, Fe-modified Mn-Cu spinels seem to have suitable physico-chemical properties 439 

for a successful protective coating. 440 

441 

4. Conclusions442 

In this work, Fe substituted Mn1.7Cu1.3-xFexO4 spinel-based ceramics (x=0, 0.1, 0.3, 0.5) were synthesised 443 

and characterised. Adding small amount of Fe (x = 0.1) does not alter the properties considerably. On 444 

the other hand, adding more iron (x = 0.3 or 0.5) results in the formation of the tetragonal spinel due 445 

to Jahn-Teller distortion of the octahedra, the change in electrical conductivity properties, and 446 

improved stability of the spinel phase (less or no CuO formation). The sinter-activity of the powders is 447 
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increased with the addition of iron, whereas the thermal expansion remains similar. Iron stabilised the 448 

spinel phase, thus no CuO is reduced at high temperatures, and thermal stability of the spinels is 449 

improved. The addition of iron results in lowered electrical conductivity. For the 0Fe and 01Fe a 450 

maxima in electrical conductivity values were found and correlated to the formation of the CuO phase. 451 

For the 03Fe and 05Fe, no maxima were found, and the samples follow a linear, thermally activated 452 

behaviour. 453 

To conclude, the results show that partial substitution of Cu by Fe in the Mn-Cu spinel leads to 454 

suppression of the formation of CuOx at high temperatures, which improves the thermomechanical 455 

properties and sinterability of the ceramics. The concomitant trade-off in electrical properties leaves 456 

absolute values of conductivity on the level desirable for SOFC/SOEC applications. 457 
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