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Abstract Several spinel compositions, i.e. Mn1?xCr2-x

O4 (x = 0.7, 0.5, 0), MnFexCr2-xO4 (x = 0.1, 1), Mg

MnCrO4 and Mg1?xCr2-xO4 (x = 0, 0.1) were synthesised

and studied in terms of phase analysis, density, stability in

reducing atmosphere, electrical conductivity and thermal

expansion behaviour. The spinel samples were single

phase, with cell parameter values in a good correlation with

cation sizes. Most of the studied spinels were found to be

unstable under reducing conditions of thermal treatment,

except MnCr2O4, MgCr2O4 and Mg1.1Cr1.9O4. Electrical

properties have been investigated by impedance spectros-

copy and DC conductivity measurements at temperatures

between 200 and 900 �C.

Introduction

An important challenge for planar solid oxide fuel cells

(SOFC) is the development of interconnect materials. The

interconnect connects the anode side of one single cell with

the cathode side of the adjacent single cell and prevents the

fuel and oxidant gas from mixing. SOFC interconnect

materials should have high electronic conductivity, good

stability in oxidizing and reducing atmospheres and ther-

mal expansion coefficient (TEC) that matches other com-

ponents of the fuel cell [1].

Ferritic stainless steels are candidate interconnect

materials for intermediate temperature SOFC. Chromium-

based alloys have some advantages to consider for inter-

connects, such as compatible coefficient of thermal

expansion with the other cell components, low costs and

good machinability [2, 3]. The main problem in using these

materials for interconnects is their high temperature oxi-

dation. This leads to the formation of oxide scales on

interconnect surface. Formed oxide scales contain Cr2O3

and due to the high temperatures and water vapours, vol-

atile species containing Cr form and deposit in the elec-

trode pores and at the interface between electrode and

electrolyte [4, 5]. This process is known as Cr poisoning of

the electrodes. Metallic alloys usually contain Cr, Mn, Fe,

Co, Ni and spinels are also formed over the interconnect

surface [6].

A large group of 3d-transition metal oxides crystallize in

the spinel structure. The family of spinel compounds is

represented by the general formula AB2O4, where A and B

are mainly divalent and trivalent cations, respectively.

A cubic close-packed (ccp) lattice is formed by 32 oxygen

ions, which forms 64 tetrahedral holes and 32 octahedral

holes in one unit cell. One half of the octahedral sites are

occupied by B ions and one-eighth of the tetrahedral sites

are occupied by A ions. Most spinels have cubic structure

and are classified in space group Fd3m [7, 8].

A possibility to avoid the electrode poisoning is the

deposition of protective coatings [9]. Spinels have previ-

ously been studied as materials for protective coating on

interconnect surfaces looking mainly at cobaltite spinels

[10, 11]. The electrical properties of a range of other spinel

compositions have been reviewed recently [12]. Here, the

properties of spinel phases are studied as possible electrode

support materials for enhancing steel interconnect com-

patibility with other components of the fuel cell.
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In the present work, binary and ternary spinels con-

taining chromium, manganese, iron and magnesium were

investigated with respect to phase analysis, density, sta-

bility in reducing atmosphere, electrical conductivity and

thermal expansion behaviour.

Experimental

Sample preparation

Single phase spinel samples with composition Mn1?xCr2-x

O4 (x = 0.7, 0.5, 0), MnFexCr2-xO4 (x = 1, 0.1), Mg

MnCrO4 and Mg1?xCr2-xO4 (x = 0, 0.1) were prepared

using the citric acid–nitrate combustion method. Stoichi-

ometric amounts of Mn(NO3)2�4H2O Alfa Aesar (99.98%),

Cr(NO3)3�9H2O Acros Organics (99%), Fe(NO3)3�9H2O

Sigma Aldrich([98%), Mg(NO3)2�6H2O Sigma Aldrich

(99%) and citric acid (C6H8O7) Alfa Aesar(99.5%) were

dissolved in distilled water and the solutions were contin-

uously stirred and heated to 300 �C. Usually, an excess of

50% citric acid was added for the certainty of a complete

reaction. After the reaction was complete, the obtained

powders were calcined at 1,000 �C for 10 h, pressed into

pellets (13 mm diameter and 2 ± 0.3 mm thickness) at a

pressure of *200 MPa and sintered at 1,400 �C for 12 h in

air.

Structure investigation

X-ray powder diffraction studies were performed using a

Philips (PW 1710) X-ray Diffractometer in reflection

mode. The obtained diffraction patterns analysis was used

to determine the formed crystalline phase(s) and crystal

parameters, such as unit cell parameters and theoretical

densities.

The morphology of all pellets was studied on a JEOL

JSM-5600 Scanning Electron Microscope (SEM). Coating

was not necessary, as samples were conductive enough to

avoid charging problems.

Stability in reducing atmosphere

In order to test the structural stability of the studied spinel

compositions, pellets were sintered in reducing atmo-

sphere, assured by a continuous gas flow of 5% H2/Ar at

950, 1,000 or 1,050 �C in a tubular furnace, for 20–50 h.

Material properties

Thermal expansion coefficient was determined in air or

reducing atmosphere on sintered pellets with 11–13 mm

diameter and 2 ± 0.3 mm thickness, using a NETZSCH

Dilatometer 402C. Conductivity measurements were per-

formed principally by four-terminal DC measurements and

confirmed by impedance spectroscopy from 200 to 900 �C.

The impedance data were used to probe the influence of

microstructure and were acquired in air. DC electrical

conductivity measurements were also recorded for com-

positions stable in reducing atmosphere assured by a con-

tinuous gas flow of 50 cm3/min 5% H2/Ar. Four Pt foils of

*1 mm thickness were applied parallel onto a pellet sur-

face with platinum paste and sintered at 900 �C for a good

contact between the platinum contacts and the pellet. The

areas of electrodes used in impedance were equal to pellets

surface areas and were prepared with platinum paste

applied on both faces of pellets and sintered at 900 �C.

Results

Stability studies

X-ray diffraction (XRD) results for all studied spinels

indicated the existence of one cubic phase. The crystal

parameters were determined using STOE Win XPOW

software.

Table 1 lists the values for cell parameters and relative

densities determined on samples sintered at 1,400 �C in air.

The lattice parameters are in good correlation with the

ionic radii of the cations. The decrease of the cell param-

eter with the decrease of manganese content for spinels

Mn1?xCr2-xO4 can be explained by considering the ionic

radius values for Mn3? and Cr3?. MgCr2O4 shows the

smallest cell parameter determined by Mg content on the

A-site with a smaller ionic radius than Mn2? or Mn3? [13].

The values of ionic radius of the cations are listed in

Table 2.

The stability in reducing atmosphere was tested and

spinels Mn1.7Cr1.3O4, Mn1.5Cr1.5O4 and MgMnCrO4 had a

similar evolution under reducing conditions. The XRD

patterns present extra peaks with respect to the pure phase

Table 1 Determined values for cell parameters and relative densities

Sample a (Å) Relative densities (%)

Mn1.7Cr1.3O4 8.4786(3) 70

Mn1.5Cr1.5O4 8.4584(4) 71

MnCr2O4 8.4394(4) 54

MnFeCrO4 8.4722(16) 93

MnFe0.1Cr1.9O4 8.4462(6) 59

MgMnCrO4 8.3896(8) 70

MgCr2O4 8.3364(4) 54

Mg1.1Cr1.9O4 8.3389(7) 60
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pattern. The extra peaks correspond to MnO, which is the

most probable product to be formed after reducing process.

Samples MnFeCrO4 and MnFe0.1Cr1.9O4 are also unsta-

ble in reducing atmosphere, as the XRD analysis reveals. The

decomposition of spinel phase takes place forming MnO and

metallic Fe as secondary phases. A longer time under

reducing atmosphere favours a stronger degradation of spi-

nel. MnCr2O4 spinel was found to be stable under reducing

conditions with no extra peaks observed on the diffraction

patterns registered for reduced samples. Also, the composi-

tion MgCr2O4 is stable under reducing conditions and

a similar evolution is observed for spinel Mg1.1Cr1.9O4

(Figs. 1, 2, 3).

A cation situated at tetrahedral or octahedral site,

coordinated by oxygen anions, will have its electronic

configuration influenced by the coordination field that is

situated around it. The electron levels of the cation are

split, decreasing its energy. The stabilization energy is a

function of the electronic configuration of the cation and

the coordination polyhedron [8, 14]. In the present work,

spinels MnCr2O4, MgCr2O4 and Mg1.1Cr1.9O4 were found

to be stable under reducing conditions of thermal treat-

ment. The stability of the samples can be explained by the

positioning and electronic configuration of the cations that

occupy a particular atomic site. Mn2? (3d5, S = 5/2) ions

have higher tendency to occupy the tetrahedral sites,

while Cr3? (3d3, S = 3/2) ions occupy the octahedral sites,

as concluded from thermodynamic data reported by

Kovtunenko [8] and from experimental work reported by

Yunus et al. [7, 15]. Both ionic configurations are very

stable in these atomic sites; therefore, there is no driving

force for chemical diffusion and a redistribution of the

cations. For Cr3? (3d3, S = 3/2), the triply degenerate

t2g orbitals are occupied by three electrons and there is

no degree of freedom left at the Cr site [14]. Also

cations Mg2? [Ne] have stable electronic configuration at

Table 2 Ionic radii of selected cations having various coordination

numbers [13]

Cation Coordination number Electronic spin Ionic radius (Å)

Mn2? IV HS 0.66

VI LS 0.83

HS 0.67

Mn3? VI LS 0.58

HS 0.65

Cr3? VI – 0.615

Fe3? IV HS 0.49

VI LS 0.55

HS 0.645

Mg2? IV – 0.57

VI – 0.72
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Fig. 1 X-ray diffraction pattern for Mn1.5Cr1.5O4: a sintered in air at

1,400 �C; b reduced for 20 h at 950 �C; MnO (asterisk)
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Fig. 2 X-ray diffraction pattern for MnFeCrO4: a sintered in air at

1,400 �C for 12 h; b reduced at 950 �C for 20 h; c reduced at 950 �C

for 50 h; MnO (asterisk); metallic Fe (open triangle)
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Fig. 3 X-ray diffraction pattern for MgCr2O4: a sintered in air at

1,400 �C for 12 h; b reduced at 1,000 �C for 20 h
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tetrahedral sites and they have the possibility to occupy

octahedral sites also (see composition Mg1.1Cr1.9O4).

Samples with compositions Mn1.7Cr1.3O4, Mn1.5Cr1.5O4,

MnFeCrO4 and MnMgCrO4 have similar morphology, high

porosity and the particles have different sizes, generally a

bi-modal distribution of particles could be defined and

there are no strong signs of densification.

For composition MnFeCrO4, the difference between the

sizes of the particles is more pronounced, the dimensions

for the bigger particles are 10–50 lm, while the small

particles have dimensions of *1–5 lm, while for MgMn

CrO4 the difference between the particle dimensions is the

smallest with dimensions of 10–15 and 1–5 lm. MnCr2O4

presents particles of 0.5–8 lm, MgCr2O4 from *0.1 to

3 lm and Mg1.1Cr1.9O4 from *0.5 to 5 lm. Figure 4

presents the SEM images for most of discussed com-

positions.

Compatibility with yttrium stabilized zirconia

In order to evaluate the structural and chemical compati-

bility of studied materials with yttrium stabilized zirconia

(YSZ), a series of experiments were performed. Structural

compatibility of the two phases was evaluated by com-

paring the values of TEC (K-1) of the spinel with the YSZ

TEC (10.5�10-6 K-1) [16] (Table 3).

Fig. 4 SEM images acquired on samples sintered at 1,400 �C: a Mn1.5Cr1.5O4; b MgMnCrO4; c MnFeCrO4; d MnCr2O4; e MgCr2O4
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Compositions stable to reduction have a poorer expan-

sion match with YSZ compared to the ones that decom-

pose, except Mg1.1Cr1.9O4, which presents good TEC

values with respect to YSZ TEC value.

The relative densities of tested specimens are given in

Table 1 and they correspond to considered application, as

electrode support materials.

The chemical compatibility with YSZ was tested by

forming a mixture of spinel and YSZ (8 mol.%) with ratio

1:1, mixed by manual grinding and then milled for 1.5 h

using acetone as milling solvent. The obtained powder was

pressed into pellets and fired at 1,400 �C for 10 h. XRD

and SEM analysis proved the presence of the two phases,

spinel and YSZ with no other extra phases. The chemical

compatibility was tested for compositions MgMnCrO4 and

Mg1?xCr2-xO4 (x = 0, 0.1). XRD pattern and SEM image

acquired for spinel Mg1.1Cr1.9O4 are shown in Fig. 5.

Electrical measurements

DC electrical measurements were recorded in order to

determine the conductivity versus temperature (from 200 to

900 �C). Figure 6 shows the Arrhenius plots of electrical

conductivities measured in air for Mn1.5Cr1.5O4, MnCr2O4

and MnFe0.1Cr1.9O4. Linear dependences were obtained in

the temperature range *200–900 �C.

Each composition presents two linear regions with a

slight change of slope of the Arrhenius plot, which indi-

cates the existence of two conduction mechanisms along

the temperature range.

Mn1.5Cr1.5O4 shows a change of slope at *370 �C with

activation energy values of 0.813 and 0.556 eV above and

below this temperature. For MnFe0.1Cr1.9O4, the slope

change appears at *605 �C. The corresponding activation

energies are 1.168 eV above 605 �C and 0.837 eV below

this temperature; MnCr2O4 changes activation energy at

*590 �C, from 0.602 to 0.860 eV.

The total conductivity of Mn1.5Cr1.5O4 is about one

order of magnitude higher than the conductivity of

MnCr2O4 at 900 �C. Lu and Zhu [17] reported that for a

wider range of x in the compounds Mn1?xCr2-xO4

Table 3 Thermal expansion coefficients between 100 and 900 �C

Material TEC (10-6 K-1)

Air 5% H2/Ar

MnCr2O4 7.47 7.06

MgMnCrO4 9.61 –

MgCr2O4 6.08 8.42

Mg1.1Cr1.9O4 8.14 10.04

MnFeCrO4 9.93 –

MnFe0.1Cr1.9O4 9.57 –
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S—spinel; Y—YSZ (8 mol.%); 2 SEM image for mixture

Mg1.1Cr1.9O4:YSZ(8 mol.%) sintered at 1,400 �C for 10 h
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electronic conductivity increases with the Mn content.

A higher content of manganese will facilitate the electronic

flow due to the existence of Mn ions with variable valence

at B-site in the structure. Conductivity increased with

temperature for all studied spinels and confirms the semi-

conductor behaviour, as reported in literature [18].

AC impedance studies of these Mn:Cr:O spinels showed

two components associated with capacitances of order

10-12 and 10-11 F cm-1. The resistance values obtained

from DC four-terminal corresponded well to the resistance

values associated with capacitance 10-12 F cm-1 [19],

which would be expected to arise from the bulk or grain

component. It, therefore, seems that the 10-11 F cm-1

element arises from a surface layer as it is not apparent in

four-terminal measurements. This surface component was

much more apparent when Pt was used as electrode than

when Au was used. It is thought to arise from the reduction

of the spinel surface by organics as has previously been

observed [20], although it might alternatively arise from a

potential mismatch between the semiconductor and the

metals across the interface. The main conclusions from

impedance measurements are that the four-terminal data

values mainly depend upon the bulk component of the

ceramic and this held for all the spinel compositions

studied herein despite the fairly low densities. This also

indicates that the change in slope is unlikely to arise from

microstructural features and instead may relate to phase or

minor oxygen content changes (Fig. 7).

The spinel MnFeCrO4 presents two linear regions with

activation energies 0.573 and 0.835 eV below and above

290 �C. Sakai et al. [18] concludes that the iron component

migrates to the surface at 800 �C and the iron content in

MnFexCr2-xO4 has an important influence for the oxygen

content. A higher content of iron near the surface favours a

higher diffusivity of the oxygen. The change of slope at

290 �C may relate to a change from grain boundary to bulk

limited domination of conductivity. The same behaviour is

observed for material MgCr2O4 with activation energies of

0.454 and 0.274 eV below and, respectively, above

370 �C. The spinel MgMnCrO4 has a linear dependence of

conductivity upon inverse temperature, with activation

energy 0.447 eV and similarly Mg1.1Cr1.9O4 has activation

energy 0.321 eV. The Arrhenius plots for Mg1.1Cr1.9O4 and

MgCr2O4 have similar activation energies 0.447 and

0.454 eV above 370 �C.

Figure 8 presents only the apparently equilibrated data

for conductivity of MnCr2O4 and Mg1.1Cr1.9O4 as a func-

tion of oxygen partial pressure. The electrical conductivity

decreases with the decrease of partial pressure of the

oxygen (pO2) for the considered spinels. This demonstrates

p-type conductivity with an approximate p(O2)1/4 depen-

dence, typical of many oxide semiconductors.

Discussion

X-ray diffraction results indicated the existence of one

cubic phase for all as-prepared spinels. The XRD analysis

for Mn1.7Cr1.3O4, Mn1.5Cr1.5O4 and MgMnCrO4 showed

the formation of a secondary phase after reducing the

samples. The formed secondary phase was identified as

cubic MnO. For spinels MnFeCrO4 and MnFe0.1Cr1.9O4,

the formed secondary phases are MnO and metallic Fe.

SEM studies confirmed the formation of secondary phases

and that the amount of secondary phases increases with the

reducing time. The observed SEM images show porous

samples, with crystalline particles and a poor sinterability.
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The compositions studied in reducing atmospheres

showed p-type semiconducting behaviour with values of

the order of 10-1 S cm-1, at 900 �C. The electrical con-

ductivity of the Mn1?xCr2-xO4 spinels increases with the

manganese content, as observed for the studied composi-

tions x = 0, 0.5. The conductivity value obtained for

Mn1.5Cr1.5O4 is about one order of magnitude higher than

for MnCr2O4. The charge carrier flow might be due to

electron hopping between Mn2? at A-sites and Mn3? at

B-site and the difficulty of this electron transfer between

A-sites determine the low conductivity and high activation

energy. A higher content of manganese gives an improved

conductivity for the material, due to electron transfer

between Mn2? and Mn3? at B-site. MgMnCrO4 spinel

presents an increase of two orders of magnitude in elec-

trical conductivity (*0.75 S cm-1/900 �C), with occupa-

tion of A-sites with Mg2? cations and Mn cations on

B-sites, but the sample is not stable in reducing atmo-

sphere, with formation of MnO as secondary phase.

The electrical conductivity for MnFe0.1Cr1.9O4 should

be higher than the one of MnCr2O4 due to the existence of

cations with multiple oxidation states on B-site, but it is

slightly smaller. The activation energy of MnFe0.1Cr1.9O4

is higher than for MnCr2O4 and these results indicate that

Fe can substitute both Mn at A-site and Cr at B-site in the

spinel structure. For the sample MnFeCrO4, the electrical

conductivity is much higher, *0.7 S cm-1/900 �C in air,

as shown in Fig. 7. The conductivity might be improved by

electron hopping between Fe2? and Fe3? ion on the B-site

[18].

MgCr2O4 and Mg1.1Cr1.9O4 show electrical conductivity

values of *0.18 and 0.61 S cm-1 at 900 �C and also are

stable in reducing atmosphere. It is suggested that Cr

vacancies might form in this compound that favouring the

p-type conduction by electron holes [21].

Conclusions

Two compositions important for further studies were found

in the spinels MgCr2O4 and Mg1.1Cr1.9O4. These compo-

sitions show stability in reducing atmosphere and an

improvement in conductivity, considering the starting

spinel composition studied, MnCr2O4, which only has

conductivity of *0.005 S cm-1 at 900 �C in air. The

electrical properties and TECs measured indicate that

the best candidate for electrode support material is Mg1.1

Cr1.9O4. MgMnCrO4 and MnFeCrO4 also have good

electrical conductivities. Their disadvantage is the insta-

bility in reducing atmosphere.
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