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Novel electrode scaffold materials based on chromium-rich spinels, such as MgM,Cr,_ Oy,

(M = Li, Mg, Ti, Fe, Cu, Ga) have been investigated for Solid Oxide Fuel Cell (SOFC)
applications, in terms of conductivity and chemical stability when operated in fuel
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environments. Cation distributions were obtained by Rieveld refinement from X-ray

diffraction data (XRD), with cation site preference considered in agreement with literature,
and correlated with electrical properties determined experimentally. The substitutions with
cations such as Li and Cu on B site improved the conductivity of the materials in air, while
introducing Fe and Ga in the structure led to a decrease in conductivity in air. However, Fe
had a positive contribution under reducing conditions, generating a change in the
conductivity mechanism from p-type in air, to n-type. Conductivity measurements indicated
that MgFe,Cr,.,O,4 spinels exhibit faster reduction kinetics, in comparison with other
substituted cations at the B site which is desirable in fuel cell application, for a reasonably
fast response of a cell or a stack to reach its full functional potential. MgFeCrO, showed fast
reduction kinetics, with increase of the conductivity in reducing conditions from
0.014 Scm™ to 0.4 S cm™ and equilibration time for reaching the maximum conductivity
value of 10 hours, under dry 5%H,/Ar at 850 °C.

coefficients, adequate porosity, ionic and electronic

conductivity and catalytic activity.”’

1. Introduction

The limited availability of fossil energy sources and the
increase of the total greenhouse emissions in the last century
reinforced the concept of renewable energy usage and the
development of appropriate technologies, such as fuel cells.'
Solid Oxide Fuel Cells (SOFCs) are high efficiency
electrochemical devices which convert chemical energy into
electrical energy directly from the oxidation of fuels.>* SOFCs
consists of two porous electrodes separated by a dense, ion
(typically oxide) conducting but electronically insulating
electrolyte. At the cathode, O, is reduced to O% which travels
through the electrolyte to the anode and oxidise the fuel,
releasing electrons into the outer circuit and thus generating
power.* For good performance and durability, the materials
used for the electrodes should meet several requirements,
including, but not limited to, chemical and structural stability
during the preparation and operation, similar thermal expansion

This journal is © The Royal Society of Chemistry 2013

These requirements cannot be easily fulfilled by one material
alone, especially in the case of the anode, which needs both
ionic and electronic conduction, such as obtained in the
composite Ni-yttria stabilised zirconia (YSZ) cermet. This
particular electrode shows good performance but suffers
degradation in certain conditions, due to low redox tolerance.®
To overcome these problems several anode formulations and
architectures are being investigated. The most promising and
versatile approach so far seems to be the use of a porous
scaffold with either good ionic (e.g. YSZ) or electronic (e.g.
perovskites) conductivity in which various species are added
(infiltrated) to fulfil the electrochemical/catalytic functions
which the scaffold is lacking.”°

Cr-rich spinels are good potential anode support materials
because these are similar to the main corrosion product of
ferritic stainless steel and thus are expected to be more
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compatible with metallic interconnect interfaces as compared to
other oxide systems.

Spinel oxides are characterised by the general formula AB,O,
with A being a tetrahedral cation and B, an octahedral cation
and display a cubic crystal structure with a symmetry described
by the space group Fd3m (No. 227).>' One unit cell contains 8
AB,0O, spinel formula units, which is a total of 56 atoms (with
8 A cations, 16 B cations and 32 oxygen anions). Oxygen
anions form a cubic closed packed lattice with 64 tetrahedral
and 32 octahedral sites partially filled with cations. The
occupancy for the tetrahedral sites is only 1/8 and for the
octahedral sites is 1/2. The similar size for the A and B cations
makes it possible that cations which support both coordination
numbers can interchange sites, thus leading to the so called
inverse spinels. Inversion can be synthetically expressed as
(Al—YBY)Td (AVBZ_V)0h04’ where subscripts 7d and Oh refer

to the tetrahedral and octahedral sites, respectively. Normal
spinels are formed for x = 0, perfectly inverse spinels for x = 1,
while intermediate values for y, 0 <y < 1, are called randomly
inverse spinels. 2%

The cation distribution amongst tetrahedral and octahedral sites
is governed by the minimization of the total energy with respect
to several factors, including the field stabilization energy
(CFSE) of cations, the charge and the size of the cations.”> %’
Cations with noble gas electron configurations have no
preference for either coordination and their distribution is
determined mainly by the size and energy of the lattice (e.g.
Li*, Mg**, AI*", Ti*"). Cations with half-filled 3d shells have
spherical-like charge distribution (e.g. Mn**, Fe’"), therefore
without expected preference for either position, while those
with 3d® an 3d® (e.g. Cr*", Ni**, Mn*") have strong preference
for six-fold coordination because of the high corresponding
crystal field stabilisation energy (Figure 1). The site preference
of cations with various degrees of d-orbital occupancy (d', d?,
d*, d% d’ and d9) can be estimated in an initial, simplified

approach based on the relative magnitude of their
corresponding CFSE, calculated according to references 2%’
and plotted in Figure 1.
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coordination (A.), for cations with different number of d electrons. Calculated
according to ref 227 A, represents the magnitude of the split of the d orbitals; b)
lonic radius % for Mn*, Fe?*, Li*, cu®, Mg, Mn*, Fe** and Ga* and coordination
numbers (CN). Dashed lines illustrate the absence of ionic radii of cr** and Mn**
for CN = 4. Solid lines indicate the variation of ionic radii for cations used in this
study with CN =4 and CN = 6.

Spinels are typically p-type semiconductors. Electronic
conduction occurs by thermally activated hopping of electron
holes throughout the B-sites because the BOg4 octahedra share
edges and thus the B-B distances are relatively short (~0.35a,
Figure 2 b).>> For example in chromium spinels conduction is
described by hopping of an electron hole h+ between chromium
ions with different valences:*’
CrE + h' & Cre, Equation 1

The reduction reaction leads to a decrease in the number of
charge carrier sources (Cr*" ions), equivalent with a decrease in
the hole concentration, according to the equilibrium:

04 + 2Cr¢y © 2Cr% + Vg + 1/, 0, Equation 2
As a consequence of the reduction, for charge balance there
must also be the formation of vacancies in the oxygen sublattice
Vo of the spinel.
However, spinels are typically known to only be able to
incorporate a small concentration of vacancies and thus oxygen
vacancies would not be expected to dominate spinel defect
chemistry, but it would be possible that spinels incorporate
more or less oxygen per formula unit through cation vacancies
or interstitials e.g. M;.504.%° In the specific case of chromite
and ferro-chromites mostly discussed here, it would be
expected that a small amount of cation vacancies form at high
%Xygen pressure during material processing (Moriwake et al.*'~

In order to increase conductivity in reducing conditions (since
spinels are lacking in this respect), possibly associated with a
change in the conductivity mechanism from p-type to n-type
semiconductor upon reduction, chromium ions have been
partially substituted with isovalent or aliovalent cations.
Previously, MnCr,O,, MnM,Cr, ,O; and MgCr,0, were
investigated®® for assigning the chemical stability of such
spinels in reducing conditions. Here, the cation substitutions —
properties relationship, and in particular chemical stability and
electrical conductivity, of newly formulated Cr-rich spinels,
such as MgM,Cr,.,04 (M = Li, Mg, Ti, Fe, Cu, Ga) has been
studied for porous electrode support materials. Selected spinels
were shown to carry out the anode support role
successfully.*>*¢

This journal is © The Royal Society of Chemistry 2012
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Figure 2 Cubic unit cell of spinel MgCr,0,4 represented in polyhedral model: (a) representation of A and B-site cation lattice; (b) Schematic representation for hopping
of an electron hole in the B-site cation lattice (in order to simplify the representation, the A site lattice was omitted).

2. Experimental

Samples containing Li, Mg, Fe and Cu were prepared by citric
acid — nitrate combustion synthesis,34 while the samples
containing Ti, Ga were prepared by solid state reaction. After
the combustion reaction was complete, the obtained powders
were calcined at 1000 °C for 10 hours. For solid state synthesis
Cr,0;5 (Alfa Aesar (99%)), (MgCO3);Mg(OH),-5H,0O (Aldrich
(99%)), TiO, (Alfa Aesar (99.5%)), Ga,O; (Aldrich (99.99%))
were weighed in stoichiometric amounts and mixed using an
ultrasonic probe in acetone for 10 minutes, in order to obtain a
good dispersion of the oxides and homogenisation. A small
amount (1 wt.%) of dispersant KD-I (Tape Casting Warehouse,
polyester/polyamide copolymer), was added and the dispersion
was stirred for 2 hours. The mixtures were dried and the
resulting powders were calcined at 1000 °C for 10 hours. After
being calcined, the powders were milled for 2 hours in acetone
and then dried. The resulting powders were then pressed into
pellets (13 mm diameter and 2 + 0.3 mm thickness) at a
pressure of ~200 MPa and sintered at 1400 °C for 12 hours in
air.

XRD patterns were initially collected for preliminary phase
purity analysis on either a Philips PW 1710 X-ray
diffractometer operated in reflection mode, or on a PANalytical
Empyrean Diffractometer also operated in reflection mode, to
serve for advanced structural analysis. The high resolution
XRD patterns were analysed via the Rietveld method by using
the Fullprof software®” in order to extract information regarding

This journal is © The Royal Society of Chemistry 2013

unit cell parameters (a, A), oxygen coordinate parameters
(u, A), as well as cation distribution among tetrahedral and
octahedral sites. Initial cation distributions were assumed based
on typical cation site preference, as reported in the
literature.?'**31383° The inversion was refined only at later
stages of the refinement, after the background, scale factor, cell
parameter, oxygen parameter, peak profile parameters and the
thermal factor were refined. In the case of species with very
similar X-ray scattering factors such as Fe, Cr and Mn, the
inversion degree was not refined because XRD cannot
accurately discriminate between them and, as such, they were
considered to be normal spinels.

D.C. electrical conductivity measurements were performed in
static air or in reducing atmosphere of a continuous gas flow of
50 cm®/min 5%H,/Ar. Four Pt foils of ~1 mm thickness were
applied parallel onto a pellet surface, as shown in Figure 3, with
platinum paste and sintered at 900 °C for a good contact
between the platinum contacts and the pellet. Relative densities
of measured pellets were 55-70 % dense, while the sample
MnFeCrO4 had a relative density of 80 %. The experimental
setup is described in a previous report.*’

Figure 3. Contact geometry used for 4-terminal conductivity measurements.

J. Name., 2013, 00, 1-3 | 3
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3. Results and discussion

3.1 Phase analysis and crystal structure

Spinel oxides MgM,Cr,_,O4, (M = Li, Mg, Ti, Fe, Cu, Ga) were
synthesised by solution combustion synthesis or by solid state
reaction as described in the experimental section and were
investigated with respect to phase analysis, density, chemical
stability in reducing conditions and electrical conductivity.
Compositions such as MgGa,Cr,,O4 (x=0.1,0.2),
MgFe,Cr, Oy (x=0.1,0.5,1), MgLi,Cr, 0, (x=0.1),
MgCu,Cr;.,O4 (x=0.1) and Mg, sTipsCrO4, were found to
form single phase cubic spinels when prepared in air, whereas
MgTi,Cr, ,O4 (x=0.1) only formed a single phase when
prepared in reducing conditions. For x =0.2, MgLi,Cr,_O,,
MgCu,Cr,,O4 obtained in air and MgTi,Cr, 0,4, obtained in
reducing conditions showed segregation of secondary phases.
The cation distributions, along with a, u values and R, R,
Reyp and 1, determined from Rietveld refinement are presented
in Table 1. Rietveld refinement was performed in the space
group Fd3m with origin at 3m and the A, B, and O site
positions corresponding to 8a (Y4, Y4, V4), 16d (Y4, Y4, %) and 32e
(u, u, u), respectively. Selected refinement plots are illustrated
in Figure 4, where observed intensities are plotted with light
grey dots, calculated intensities with black line and the
difference between calculated and observed intensities is given
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as dark grey line. XRD was performed on some samples with Si
as internal standard for more accurate cell parameters.The
cation distributions obtained from Rietveld refinement are in a
good agreement with the CFSE stabilisation energies of the

cations (Figure 1 a).

A higher degree of inversion resulted for MgFe,Cr,. O,
compositions, between the Mg and Fe cations, which could be
both the result of non-preference for sites of the Fe** cations or
the preference for both octahedral and tetrahedral sites of the
Fe*" cations. Also Cu and Ga substituted spinels showed small

inversions.

In case of MgCujCr; 404, unexpectedly, the

inversion between Mg and Cu cations could be the result of no
preference for sites of the Mg?*. The size of the two cations
should not influence the site preference, since they have almost
the same ionic radii at the A and B sites (Shannon radii - Figure
1 b). In case of MgGa,Cr,_,Oy, the inversion between Mg2+ and
Ga®" was about the same for x = 0.1 and x = 0.2 Ga substituted
at the B site (Table 1). Both, Ga** (d'®) and Mg** have no
preference for sites, and the ionic radii of the Ga** for CN = 4
and CN = 6 are smaller than for Mg®', which would determine
a certain degree of inversion. However, the octahedral cation
radius of Ga*', is very close to Cr’* and much smaller than
Mg?*, which limits the inversion between Mg and Ga. Data
listed in Table 1, such as unit cell parameters and cation
distributions are correlated with conductivity values in section

3.3.

Table 1 Cation distribution, a, u and reliability factors for the Rietveld refinement.

2

Composition Cation Distribution ¥(£0.003) a(A) u(A) R, (%) Rup (%)  Rexp (%) x
(Td) (Oh)

MgCr:0, (Mg) (Cn) 0 833508(5) 02613(1) 3.1 446 3.40 1.72
MgGao_ICr1,904 (Mg0_93Gao,o7) (Gao_()3Mgo,07CI‘1_9) 0.07 83330(1) 02604(2) 3.30 4.52 3.26 1.93
MgGao_2Cr1_gO4 (Mgo_()zGao_og) (Gao_lego_ogCrl_g) 0.08 8.33 17(1) 02599(2) 341 4.80 3.28 2.14
MgFeo_ICr1_904 (1\/Ig0,98]‘_“e3 ‘ 0,02) (1\/Ig0,02FC3 ‘ 0,08Cr1,9) 0.02 833814(5) 02604(2) 3.60 5.00 3.50 2.04
MgFe sCr; 504 (Mgoss Fe*'15) Mgy 15Fe*!035Cr15) 0.15 8.3566(1)  0.2605(2) 2.56 3.47 2.94 1.40

MgFeCrO; (MgocFe*'04) (Mgo4Fe*0,4Cr) 04 8.3670(2) 0.2586(2)  1.85 2.46 2.25 1.19
MgCuo,ICr1,904 (Mgo_94Cuo,o(,) (Mgo_o(,Cuo,o4Cr1_9) 0.06 83341(2) 02625(2) 391 5.55 3.74 2.20
MgLioCr; 404 (Mg) (Lio.Cry) 0 8.33448(2) 0.2617(2)  3.49 5.12 3.63 1.99
Mg, 5TigsCrOy (Mg) (TiosMgosCr) 0.5 8.38704(5) 0.2606(1)  4.50 6.40 4.14 2.40
* MgMnCrOy (MgosMn?",) (MgoMn**o5Cr) 0.2 8.38080(8) 0.262012)  2.63 3.65 2.85 1.64

* MnCr,04 (Mn) (Cr) 0 843757(1) 0.2646(2)  2.46 3.34 2.96 127
* MnFeoCr1404 (Mn) (FeoCr10) 0 8.4421002) 0.2636(2)  2.73 4.10 2.98 1.89

* MnFeCrO, (Mn) (FeCr) 0 8.46714(3) 02640(3)  2.12 3.09 2.34 1.75
*MnLio_1Cr1,904 (1\/[112 ! (),98Li0,02) (1\/[113 ! o,ozLio,ogcrl,g) 0.02 843203(2) 02657(3) 2.64 4.03 2.89 1.94
(*) Spinels studied in our previous work
' ' | ! MgIFeCrO ' i Data p'(,,ms ) 200 Mg1 51’]0 sc.-o‘ Data points (1)
4 Model (I, ) : : Model (I.,.)
| lo Veos” e
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air at 1400 °C for 12 h. Observed data is represented with light grey dots,
calculated profile with black line and difference profile with dark grey line, note
Si internal standard in Mg; 5TipsCrO,.
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3.2 Chemical stability in reducing conditions

The anode of an SOFC is exposed to both highly reducing fuels
and high steam conditions, thus the use of spinels as anode
support materials in SOFCs requires chemical stability of the
materials in such conditions. The chemical stability in reducing
conditions was determined by applying thermal treatments in
5%H,/Ar at 1000 °C for 20 hours. In the MgM,Cr,_,O, series,
samples with M=Ga (x=0.1,0.2), Ti (x=0.1) and Cu
(x=0.1) no phase change was found upon reduction, while
samples with M =Fe (x=0.1,0.5, 1) showed segregation of
metallic Fe and MgO. The segregation of Fe and MgO for
MgFeCrO, s is reported in ref> in its application as electrode
support. MgFeCrO,.s was stable when reduced at 850 °C for
30 hours in 5%H,/Ar with no evidence of Fe (Figure 5), which
indicates its stability in fuel environments when operated lower
than 850 °C. When reduced in humidified (3% H,0) 5%H,/Ar
at 1000 °C for 20 hours, MgFeCrO, was also stable.*®> The
XRD patterns are included in Figure 5.

T T
| 1] 3%H,0 in 5%H, at 1000 °C
[ 2| 5%H,/Ar at 850 °C

T T
Hosl MgFeCro,

Relative Intensity (%)
3
T
1

[1]

2 | ]
w«ww-»l.;._‘wjme % I, S L (O W—— ‘J\—-JL..J«.,_..JL,,/
| | MgFeCro,, | 11 [ [ L1 (I | | |

Fe | | |
I I I I L L L

20 30 40 50 60 70 80 90
20(°)
Figure 5 X-ray diffraction pattern of MgFeCrO,.s reduced in dry 5%H,/Ar at 850 °C
for 30 h and in humidified 5%H,/Ar at 1000 °C for 20 hours (XRD pattern 1 was
collected on a Philips PW 1710 X-ray diffractometer, showing Kal and Ka2 lines
in the XRD pattern).

3.3 Electrical properties

Electrical conductivity measurements were conducted both in
air and reducing conditions (5%H,/Ar) on porous ceramic
bodies prepared by sintering in air at 1400 °C corresponding to
MgM,Cr,,O4 (M = Li, Mg, Ti, Fe, Cu, Ga) and MnM,Cr,_O,.
The materials preserved the p-type semiconducting behaviour
upon substitutions by all cations in air and reducing conditions,
except for Ti and higher Fe content which induced an increase
in conductivity when reduced (n-type behaviour). Figure 6 a
illustrates the Arrhenius plot of selected spinels and in Figure 7
the effect of Li, Mg, Ti, Fe, Cu, Ga substitutions at the B site
can be compared in terms of conductivity reached in air and
reducing conditions.

The activation energy (E,, eV) of the conductivity measured in
air was estimated for two temperature domains: low
temperature range (100 — 450 °C) and high temperature range
(450 — 850 °C). The E, values are plotted vs. the cell parameter
for MgM,Cr,_,O4 and MnM,Cr,_, O, (Figure 6 and Table 1.). E,
decreased with increasing temperature for MgM, Cr,_,O,, which
is characteristic for a ceramic going from grain boundary to
bulk domination of the resistance, while for MnM,Cr,_,O,, E,
increased with the temperature.®* A similar phenomenon was
observed for MgFe,Cr, ,O4 series, possibly indicating a

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry A

decrease in number of charge carriers associated with a disorder
of the cations at the B site. The spinels for which the
substitution at the B site and the inversion degree are higher,
showed a decrease in conductivity and higher E, values. While
for substitutions of Li and Cu on the A site, the B lattice
remained mainly based on Cr*" cations, the conductivity
increased and E, values decreased, as would be expected if they
induced a higher concentration of charge carrier at the B sites.
Figure 6 b shows an increase of the E, values with the cell
parameter for a bigger cation at the A site, such as Mn in
comparison with Mg. A larger cation occupying the A site
increases the distance between the B site cations and decreases
the overlapping of the d orbitals, thus increasing the energy
necessary for the hoping of electron holes. The exceptions from
the linear trend for each spinel series are both connected to the
substitution of Cr with Fe on the B site.

The conductivity measured in air for MgFe,Cr, O, series
(x=0, 0.1, 0.5, 1) decreased with increasing iron content. A
minimum value of 2x102 S cm™ at 850 °C corresponded to
x=0.5, and for x=1 conductivity increased again to
0.014 Scm™. In reducing conditions, the conductivity increased
with the iron content, as shown in Figure 7 a, where the
maximum value corresponded to x = 1, with 0.4 S cm™.

The influence of Ga doping on the electrical conductivity was
negative, with MgGa,Cr, ,O4 (x=0.1, 0.2) showing lower
conductivity than MgCr,O, in both air and reducing
atmosphere, as illustrated in Figure 7 a. Thus, the investigation
of spinels with higher content of Ga substituted at the B site
was not investigated. The conductivity measured in air and
reducing conditions, for MgM, ;Cr; 4O, series (M = Ga, Li, Cu,
Fe) demonstrated an increase in conductivity for Li and Cu
substitutions, as observed in Figure 7 b MgFe,Cr, 045 and
MnFe,Cr,.0,.5 series showed an increase in conductivity when
reduced. The increase in conductivity could indicate the
formation of Fe*'/Fe*" couples, increasing the total number of
charge carriers. MgFe;Cr; 9045 maintained its p-type
conductivity behaviour when reduced. But for higher Fe
content, the conductivity changed, with MgFe,;Cr; 5045 and
MgFeCrO,_; showing n-type conductivity on reduction.

Log(s/(Scm™))

—4—MgFe, Cr, O,
0= MgCu, Cr, 0 —v—Mg, Ti, .CrO,

1974

7T+ —O—Mgli, Cr, 0, —e—MgFeCrO, e
L —O—MgCr,0, —=—MgFe,Cr, O,
8 1 I I I
1.0 1.5 2.0 25

1000/(T/K)

J. Name., 2012, 00, 1-3 | 5



Journal of Materials Chemistry A

T T T r T T T T T T T T
14 B Low TMgMCr, O, EI_
MgFe, Cr, O, ® High TMgM Cr, O,
O Low TMnMCr, O
1.2 S~ et S _
O High TMnM Cr, O,
io L MnFe“CrWOi
s . o
° sl MgFeCrO; lo) 00 i
©
w
0.6 - MgLsTia.scroA
]
L}
- MgMnCrO, i
0.4 1 ghMnCro,
0.2 - -
| . I . 1 A I . 1 . I . 1
8.300 8.325 8.350 8.375 8.400 8.425 8.450 8.475
a(A)

Figure 6 a) Arrhenius plots for listed spinels determined from DC electrical
measurements in air for temperature range 100-870 °C; b) Activation energy
dependence with unit cell parameter and temperature in air for listed materials;
the marked positions correspond to MgFeqsCry504 (full circle), MgFeCrO, (full
square/circle) and MnFeq;Cry90,4 (full square/circle).

Electrical properties for MnM,Cr, O, spinels have been
measured only in air because most of these samples segregate
secondary phases in reducing conditions. The influence of
substitution on B site with Li, x = 0.1 had similar influence to
the one observed for MgLi, ;Cr;9O4 but here the increase in
conductivity was more consistent. Introducing a small amount
of Fe on B site led to a minimum value of conductivity and the
increase of Fe content increased the conductivity of the
material, similar to MgFe,Cr, O, series. The plotted points
represent conductivity values after the apparent equilibration of
the samples in air or reducing conditions, at 850 °C.

The response of the material in terms of conductivity, upon the
sudden change in pO, is plotted against time, as illustrated in
Figure 8, for MgLij 1Cr; 9Oy, MgCuy Cry 9045,
MgFeg 1Cri 9045, MgFesCr 5045, MgFeCrO,.5 and
Mg 5TipsCrOy4s. The pO, value decreased within a matter of
minutes to ~107'® atm and was kept constant for the duration of
the experiments assured by a continuous gas flow of
50 cm®/min 5%H,/Ar. The plots show a fast initial decrease in
COIldllCtiVity for MgLiO_ICr1_904_5, MgCUO_ICr1_904_5 and
MgFe( Cry 9045, followed by a continuous and slower decrease
in conductivity for MgLijCr; 9045 MgCug;Cry 9045, while
the conductivity of MgFe, ;Cr; 90,45 reached a plateau region,
after approximately 15 hours.
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Figure 7 a) Log (o) vs. the Fe content for MgFe,Cr,.,0, equilibrated in air and
reducing conditions at 850 °C and Log (o) vs. the Ga content for MgGa,Cr,,04 in
air and reducing conditions at 850 °C; b) Log (o) vs. the cell parameter for
MgMg 1Cr; 904 in air and reducing conditions at 850°C and Log (o) vs. the cell
parameter for MnM,Cr,O, in air and reducing conditions at 850 °C.

Upon reduction, MgFe(sCr; 5045 and MgFeCrO,; showed a
fast increase in conductivity within the first hour, of 1 order of
magnitude, from 0.014 to ~0.4 S cm™ for MgFeCrO4_; and only
~0.3 order of magnitude, from 0.0013 to ~0.003 S cm™ for
MgFe(sCr;50,4.5-
Mg, sTipsCrO,4; shows an initial decrease of 2 orders of
magnitude in the conductivity, within the first hour of
reduction. Following this, its conductivity increased slowly,
showing n-type conductivity.
MgFe Cr; 9045 MgFeqsCr; 5045 and MgFeCrO, s reached a
conductivity plateau in the reduction time allocated in each
case, while MgLi0_1Cr1_904_5, MgCu0_1Cr1_gO4,5 and
Mg, 5sTipsCrO4s did not reach a plateau in the observed
reduction time. The data were fitted to a decay function, in
order to indicate the minimum time required for equilibrating
the conductivity of the samples at 850 °C and pO, ~10"% atm.
Neagu and Irvine® used a similar mathematical model for fitting
a kinetically controlled mass loss during titanate perovskite
reduction. They described the characteristics of the reduction as
being controlled by two (first order) processes: a fast process
corresponding to the reduction of the surface and a slow
process corresponding to the diffusion of the oxygen from the
bulk towards the surface of the material. The datasets are
described by equation 3, for which the two exponentials reflect
the kinetics of two processes, as follows:

(0)(t) = sg + 5, - e7*2(t=t0) 4 5. - e=Ka(t=t0) Equation 3

The equation implies two diffusion processes are occurring:
process 1, described by s; and k, constants and process 2 with
constants s; and k,;, with t, being the initial time interval
necessary for the process to start. These processes could be
associated with the oxygen reduction (Equation 2) from the
material’s surface and bulk, respectively. The regression plots
showed a very good fit with the experimental data (Figure 8)
and the corresponding coefficients are listed in Table 2.

The regression curve for MgLiyCry 9O, suggests that the
required time for the samples to achieve equilibrium is 40 hours
and the decrease in conductivity in the interval 16 — 40 hours is
significantly less than the time interval 0 — 16 hours. The time
constants in Table 2 suggest that one of the processes is faster
and one slower (k, > k4) and they have similar contribution to
the conductivity decrease (s; and s;, the same order of
magnitude).

This journal is © The Royal Society of Chemistry 2012
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The equilibration time for MgCug Cr; 9O, resulted to be
~45 hours. The time constants suggest that one of the processes
is faster and one is slower (k, > ky) and they have similar
contribution to the conductivity decrease (s; and s;, have the
same order of magnitude). MgFe, ;Cr; O, reached equilibrium
after ~15 hours and the time constants suggested one fast and
one slow process (k, > k) and also that the first has the higher
contribution to the conductivity decrease (s; > s3).

Considering the samples that showed n-type behaviour, i.e.
conductivity increased on reduction. MgFe sCr; 5045 reached
its equilibrium conductivity upon reduction after 10.5 hours.
MgFeCrO,_; showed a similar behaviour, with the conductivity
reaching a plateau after ~10 hours of reduction. The time
constants showed one fast and one slow process (k, > k) with
both processes having similar contribution to the increase in
conductivity (s; = s3). After the initial phase of decrease in
conductivity, Mg, sTiysCrO,_s reached equilibrium conductivity

Journal of Materials Chemistry A

after ~35 hours of reduction, for which the time constants
k, = k4 and the rate constants s; = s;.

The fast reduction kinetics observed for MgFe,Cr,,O4 spinels
could be related to a Fe enrichment of the material’s surface, as
also reported by Sakai et al.*' for MnFeCrO,. Sakai et al.*!
found that MnFeCrO, showed a surface enriched in Fe, which
also affects the oxygen transport properties. They concluded
that fast oxygen isotope transport occurred in the Fe rich
regions for MnFeCrO,, in comparison with the measured
oxygen isotope transport for MnCr,O,4. As mentioned in section
3.2, the stability MgFeCrO, in reducing conditions was
assessed.in our previous study®’. Fe segregation was found to
occur at the surface on reduction of MgFeCrO,4, when exposed
to strong reducing conditions and/or at higher temperatures.
MgFeCrO, was also tested as both electrode and electrode
scaffold material and it was shown that that this material had
some potential for application in SOFCs™

Table 2 Fitting parameters for the variation of log (c) with reduction time presented in Figure 8.

to (s)

Composition

Initial process (0 — 5 h)

Second process

ko (S cm™)
0.03961
0.00496
1.8004E™
0.00518
0.4042

s; (S em™)
0.13537
0.07708
0.01767
-0.001
-0.16678

s3 (Sem™) ky (s)
0.24854 3.4943E7
0.0364 6.9124E°

8.1285E* 4.9786E”
1.06E* -2.47E° 1.0191E*

3.4366E* -0.23465 4.9818E”

ky (s
1.4895E*
3.7942E*
3.1095E*

MgLio. 1Cr1604
MgCuy,Cr; 904
MgFeo_ICr1_904 2426
MgFeo_5Cr1_5O4 331
MgFeCrO4 0

1181
2806

Mg, sTipsCrO4 3874 2.8931E*
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Figure 8 Variation of log (o) and log (p0O;) with reduction time the fitting of the
datasets for longer reduction time at 850 °C.

4. Conclusions

The properties of MgM,Cr,.,04, (M = Li, Mg, Ti, Fe, Cu, Ga)
ceramics have been investigated to determine their suitability as
potential electrode support materials in SOFCs. The materials
have been found to form pure phase cubic spinels. Cations
such as Li, Cu and Ti showed a limit of solubility (x < 0.1) in
the MgM,Cr, O, spinel. A degree of inversion, y was
estimated by means of Rietveld refinement of the X-ray
diffraction patterns. The samples have been shown to be
chemically stable in reducing conditions and only the Fe
containing samples had limited stability under too harsh
reducing conditions. MgM,Cr,_O, are p-type semiconductors
for M = Li, Mg, Cu, Ga when measured in air or reduced. Fe
substitution at the B site induced changes in the conduction
mechanism of chromium spinels with positive effects for the
conductivity in reducing conditions of MgFeCrO,4, which had
n-type conductivity due to partial reduction of Fe*" cations to
Fe”*. Too harsh reduction conditions (> 850 °C) reduced the Fe
to metal. Also Mg, sTipsCrO, had n-type conductivity in
reducing conditions. MgFe,Cr,.,O, spinels showed faster
kinetics upon reduction, since the materials had a rapid
response in conductivity variation with switching the
atmosphere, in comparison with Li, Cu or Ti substituted
spinels.

The charge compensation corresponding to the substitutions at
B site with Li" and Cu*" implied an increase of charge on Cr’*
cations, as observed by the increase of the conductivity for
MgCu0_1Cr1_gO4, MgLio_ICr1_904 and MnLio_ICr1_904 both in air
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and reducing conditions. The change in E, with the temperature
range for MgM,Cr, O, and MnM,Cr, O, measured in air
showed opposite tendencies: E, decreased with increasing
temperature for MgM,Cr,.,O4, which is characteristic to a
ceramic going from grain boundary to bulk domination of the
conduction. For MnM,Cr,_,O, an increase in activation energy
would relate to the nature of the conducting species, maybe
increase in number of carriers e.g. through reduction or
breakdown of some ordering phenomenon that is limiting
conduction.

The cation inversion observed in the Rietveld refinement for
MgFe,Cr,.,O, was supported by the material’s electrical
properties: the conductivity measured in air decreased and the
activation energy values increased drastically with the increase
of Fe content.

Overall, the spinels which showed good chemical stability, with
no secondary phase segregation, maintained the p-type
conductivity in reducing conditions. MgGa,Cr, 04 showed an
electrical conductivity lower than the conductivity of the parent
material, MgCr,0,, with a major decrease down to 10° S em™
which is a disadvantage for its application as electrode support
materials. Even though MgCug;Cr; 904, MgLig;Cry 9Oy,
maintained higher conductivity when reduced, the improvement
in conductivity was not sufficient. MgFeCrO4 may be a good
compromise between conductivity and chemical stability for
the anode support application.
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The paper investigates the structure and properties of novel electrode scaffold materials for Solid
Oxide Fuel Cell (SOFC), such as MgM,Cr,,0,4, (M = Li, Mg, Ti, Fe, Cu, Ga).
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