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A B S T R A C T

High temperature properties of Sr2MgMo0.9TM0.1O6−δ (SMMTM; TM = Mn, Co and Ni) and Sr2MgMo2O6

(SMMO) compounds were studied for evaluating SMMTM materials as SOFC electrodes. SMMTM and SMMO
compounds were synthesised by the combustion method, followed by annealing in air at temperatures between
1000 and 1200 °C. Rietveld structural analysis of XRD patterns showed that the TM-dopants substitute Mo
cations with a solubility limit of 10% of Mo. SMMTM compounds are thermodynamically stable in 10%H2-Ar
until 900 °C. Electrical conductivities of SMMTM under reducing atmosphere were three orders of magnitude
higher than in air. Although the partial replacement of Mo by Mn or Ni in Sr2MgMoO6−δ decreases the electrical
conductivity in both atmospheres, an increase of conductivity in 10%H2 atmosphere was observed for SMMCo
compound. Whilst the area specific resistance (ASR) are not significantly affected by Mo-substitution in reducing
atmospheres, the ASR of SMMTM materials as cathodes are improved.

1. Introduction

Solid Oxide Fuel Cells (SOFCs) are electrochemical devices that
directly convert chemical energy into electrical energy with high effi-
ciency, little pollutant emissions and fuel flexibility [1–3]. Although Ni-
based anodes were initially the most used for SOFCs, they exhibited
some drawbacks such as their reactivity with
La0.8Sr0.2Ga0.83Mg0.17O2.815 (LSGM) electrolyte, low stability towards
fuel impurities (sulphur), and carbon deposition (coking) when hy-
drocarbons are used as fuels. Also, the volume changes associated with
Ni to NiO during oxidation/reduction cycles produce mechanical
stresses [2–4].

Many efforts have been made to develop oxides with mixed ionic-
electronic conductivity (MIECs) as anode materials since they could be
less susceptible to coking and sulphur poisoning [2,3,5–7]. Perovskite
materials based on strontium titanantes (La0.4Sr0.6Ti1−xMnxO3−x) [8]
and lanthanum chromites (La1−xSrx)0.9Cr0.5Mn0.5O3−x (LSCM) [9] are
emerging as attractive candidates for SOFC's anodes. LSCM perovskite
is a mixed ionic electronic conductor (MIEC) which has shown good
catalytic activity for humidified-H2 and CH4 based fuels, but its elec-
tronic conductivity is low and the stability in sulphur-containing fuel is
poor [5,10,11].

Huang et al. reported that the Sr2MgMoO6−δ (SMMO) double-per-
ovskite, which contains alternating MgO6 and MoO6 corner-shared

octahedra [12], is a MIEC showing high power density when methane is
used as fuel [3,6]. This material is stable in reducing atmosphere at
temperatures higher than 1000 °C and it shows a good tolerance to
sulphur poisoning [4,13–15]. Nevertheless, the electrical conductivity
values reported for this material are lower than those of Ni-YSZ anodes
[11,16]. Because of this, new alternatives for improving the electrical
properties of Sr2MgMoO6 compound should be explored.

Substitutions on A(Sr) and/or B sites (Mg and Mo) with alkali earth
(or rare earth-metal) and transition metal elements, respectively, offer
the possibility to improve the electrical conductivity, electrocatalytic
activity and chemical stability of SMMO. Doping Sr-site with La pro-
vides a better performance of the anode in the SOFCs [17] but it was
also observed that this compound presents segregation of secondary
phases; SrMoO4 and La2O3 under oxidising atmospheres. The above
mentioned is a disadvantage for practical applications because the
fabrication process for SOFC is performed in air [18]. Most of the stu-
dies were focused on the effect of substitution on Mg-site by 3d-tran-
sition metals; hence, the electrical conductivity of SMMO is enhanced
by Al or Co substitution on Mg-site [19,20]. Similarly, the electro-
chemical performance of SMMO as anode is improved by Al and Co
doping. Nonetheless, it has been reported that electrical conductivity
depends on the temperature of synthesis and reducing conditions
[13,19,21].

The substitution at Mo-site was also evaluated by doping it with
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transition metals with high oxidation state, such as W, Nb [6] or V [22].
Although it has been reported that doping with Nb on Mo-site for
SMMO double perovskite is useful to enhance its SOFC anode perfor-
mance, there are also adverse effects such as the reduction of the
electrical conductivity for Sr2MgMo0.8Nb0.2O6−δ (SMMNb) compound
under reducing conditions [6]. Furthermore, electrochemical mea-
surements for SMMNb under methane atmosphere indicate that the
adsorption of carbonaceous species limits the fuel oxidation process
increasing the area specific resistance and reducing the power density
[23].

In the present work, a new approach is tested: partial substitution of
Mo by 3d-transition metals. Sr2MgMo0.9A0.1O6−δ samples (SMMTM;
TM = Mn, Co, and Ni) were synthesised in order to explore their po-
tential use as an alternative SOFC-anode material. In this context, re-
levant electrodes high temperature properties of SMMTM were sys-
tematically evaluated. The effects of each transition metal (Mn, Co, or
Ni) on crystal structure, thermodynamic stability, electrical con-
ductivity and area specific resistance of Sr2MgMoO6−δ compound were
analysed. Finally, the electrochemical performance under oxidising
atmosphere was studied to evaluate the use of these compounds in
symmetrical cell configuration (S-SOFC).

2. Experimental procedure

Sr2MgMo0.9TM0.1O6−δ (SMMTM; TM = Mn, Co, Ni) and
Sr2MgMoO6−δ (SMMO) materials were synthesised by the combustion-
solution method [24–26]. Stoichiometric amounts of SrCO3 and Mg
were dissolved in a diluted HNO3 solution, whilst MoO3 was dissolved
in NH4OH solution. In order to dope with Mn or Co, metallic-manga-
nese and cobalt powder were separately dissolved in a diluted HNO3

solution. On the other hand, SMMNi was prepared similarly to SMMCo
and SMMMn, but by using a Ni(NO3)26H2O-solution instead of metallic
Ni. Glycine in a stoichiometric amount of combustible to metal ions of
φ =2.8 and 50% w/w of NH4NO3 were added to the nitrate solution
followed by a soft heating at ~ 200 °C until auto-ignition was reached
[26]. The ash-precursors were thermally treated in air at the optimised
conditions of 1000 °C-12 h for SMMO and SMMMn, 1200 °C-10 h for
SMMCo and 1100 °C-12 h for SMMNi.

X-Ray diffraction (XRD) measurements were performed to evaluate
the crystal structure, as well as structural stability after thermo-
gravimetry studies and during the storage time of the SMMO and
SMMTM powders. The chemical compatibility between anode materials
(SMMO and SMMTM powders) and electrolytes (LSGM and GDC) was
also assessed by using this technique. XRD data were collected by using
a Panalytical Empyrean diffractometer equipment with Cu-Kα radiation
(λ = 0.1542 nm) and 3D PIXcel detector within 10° ≤ 2θ ≤ 110°
range. Rietveld refinements of the XRD patterns were performed by
using FULLPROF tools [27]. The morphology and chemical composition
of the samples were examined by scanning (SEM) and transmission
(TEM) electron microscopy using a SEM-FEG FEI NovaNano SEM 230
and a Philips CM 200 UT (LaB6) microscope, respectively. Both mi-
croscopes are equipped with an Energy Dispersive Spectrometer (EDS).

Thermogravimetric analyses (TGA) were carried out in order to
determine the thermodynamic stability under reducing (10%H2-Ar gas
flow) and oxidising (air) atmospheres. The TGA were performed by
using a highly sensitive thermogravimetric equipment consisting of a
symmetrical thermobalance based on a Cahn 1000 electrobalance [28].
The thermobalance allows the determination of sample mass changes
within±10 µg at high temperatures for about 0.25 g powder samples
of SMMTM.

The electrical conductivity of all samples was measured by con-
ventional four probe DC method by using an Agilent 3497A scanner-
multimeter. Dense samples were obtained by uniaxial pressing of
SMMTM powders followed by a thermal treatment in air at 1300 °C
during 4 h. Pt wire and Ag paste were used to make the electrical
contacts. The equilibrium conductivity measurements were carried out

at temperatures between 600 and 800 °C with an interval of 50 °C. The
measurements were performed in air by increasing temperature and
waiting until sample resistance reached a constant value. Once at
800 °C, the atmosphere was switched to 10%H2-Ar and, after annealing
for 10–12 h, the electrical conductivity under reducing atmosphere was
measured decreasing temperature.

Prior to Electrochemical Impedance Spectroscopy (EIS) measure-
ments, the chemical compatibility between the electrode and two
electrolytes was evaluated. Sr2MgMoO6 powders were mixed with
La0.8Sr0.2Ga0.83Mg0.17O2.815 (LSGM) and Ce0.95Gd0.10O1.95 (GDC) elec-
trolytes in the weight ratio 1:1, respectively. The mixed powders were
thermally treated in air for 6 h between 800 and 1200 °C. The possi-
bility of reactivity with formation of new phases was checked by XRD
after the thermal treatments.

EIS measurements were performed on a symmetrical SMMTM/
GDC/SMMTM cells configuration. Dense GDC electrolytes of 600 µm
thickness were prepared by sintering the pellets in air at 1350 °C during
4 h. SMMO or SMMTM symmetrical electrodes were coated onto these
dense GDC pellets using a slurry prepared by mixing SMMO or SMMTM
powders with PVB, PVP and α-terpineol diluted in isopropyl alcohol.
This slurry was deposited onto both surfaces of the electrolyte by spin
coating and then annealing in air at 1000 °C for 3 h. The EIS spectra
were collected, using Pt-grids as current collectors, between 500 and
800 °C under 10%H2 – Ar and dry air. The low electrical conductivity
under oxidising conditions required the use of porous La0.85Sr0.15MnO3

(LSM) layer as current collector, deposited on ~25 µm thick SMMO and
SMMTM electrodes. The EIS measurements were performed in a fre-
quency range 106–10−3 Hz with signal amplitude of 50 mV at 0 V bias
voltage by using a frequency response analyser (FRA) coupled to an
AUTOLAB PGSTAT30 potentiostat.

3. Results and discussion

As stated above, most of studies about Sr2MgMoO6 compound were
focused on the partial substitution of Mg2+ by other divalent transition
metal ions. In contrast with those researches, the aim of the present
work was to explore the effect of partial substitution of Mo by transition
metals with lower oxidation states. The existence of cationic defects in
which the Mg(Mo) occupies Mo(Mg) position or anti-site defect could
be present in this kind of perovskite [14], a structural study by Rietveld
method allows to analyse this as well as the change of symmetry and
sample purity.

Figs. 1a–c present the XRD patterns and Rietveld refinement for the
as-synthesised SMMMn, SMMCo and SMMNi compounds, respectively.
The formation of the double perovskite phase was achieved for all
compounds with small amounts of SrO, SrCO3 and MgO impurities (see
Fig. 1d, total impurities< 4%w/w). It should be noted that
Sr2Mg1−xCoxMoO6−δ and Sr2Mg1−xNixMoO6−δ compounds, synthe-
sised by other authors [20,29] tolerate substitutions up to x=0.7 and x
= 0.9 respectively on Mg-site with no evidence of impurities. However,
the partial substitution of Mo by Mn, Co or Ni in Sr2MgMo1−xTMxO6−δ
with x>0.1 caused significant amount of impurities. Therefore, the
solubility limit of Mn, Co and Ni on Mo-site of SMMO double perovskite
is x~ 0.10. Despite the low solubility limit, the substitution of Mo, with
valence +5/+6, by other di- and trivalent transition metal allowed to
increase the concentration of oxygen vacancies, contrary to those ob-
served when Mg2+ was partially substituted with the same cations. On
other hand, by using this synthesis method and compositions, the non-
doped and doped double perovskites were obtained under air atmo-
sphere, lower temperature and shorter times in comparison with lit-
erature data which report synthesis temperatures higher than 1200 °C,
annealing times above 20 h and reducing atmosphere [7,12,14,15,23].
Regarding the structural stability of the samples during the storage
time, diffraction peaks related to SrMoO4 impurity were detectable on
the XRD patterns for SMMTM samples stored in air during long periods
of time (> two months). Nevertheless, a thermal treatment in air at
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900 °C for 2 h was enough for Sr2MgMo0.9TM0.1O6−δ compounds to
recover the original SrMoO4-free sample

Table 1 summarises the structural parameters of the SMMTM
powders determined by Rietveld refinement of the XRD data. For
SMMCo and SMMNi samples the refinements were performed by using
a structural model previously reported by Bernuy-Lopez et al. [14]
based on the assumption of a triclinic I1 space group. Otherwise, a
tetragonal structure I m4/ reported by Sher et al. [30] was used for
SMMMn. The insets in each SMMTM-diffraction patterns of Fig. 1a–c
show the different shapes of peaks at about 67°. This peak is one of the
most sensitive to the change of symmetry. This structural variation
(from triclinic to tetragonal structure) was also observed for
Sr2MgMoO6 samples doped with Fe on Mg site [12].

The structural models used in this work explore the possibility of
anti-site defect of Mo(TM) and Mg cations between both, Mo and Mg
sites (see Table 1). The results of this study confirm the preference of
TM-cations (TM = Mn, Co, Ni) to be located on Mo-site under the
synthesis conditions tested in this work. The structural analysis also
indicates that the lattice is compressed in the c direction and expanded
in the a-b plane as a consequence of partial substitution of Mo by Mn,
Co or Ni, with a net reduction of the unit cell volume, mainly for TM =
Co or Ni. Moreover, the anti-site defect values decrease for the samples
doped with Co and Ni.

Fig. 2 shows SEM and TEM micrographs for the SMMTM samples.
SMMMn sample shows highly interconnected grains with relatively
homogenous size and porous morphology, whilst SMMCo and SMMNi

powders, synthesised at higher temperatures show a higher degree of
densification. The increment of grain size from 200 to 350 nm for
SMMMn, SMMNi and approximate 1 µm for SMMCo is attributed to a

Fig. 1. XRD patterns and their Rietveld refinement profiles of a) Sr2MgMo0.9Mn0.1O6−δ (SMMMn) b) Sr2MgMo0.9Co0.1O6−δ (SMMCo) and c) Sr2MgMo0.9Ni0.1O6−δ (SMMNi). Insets:
magnification of XRD patterns between 66.0 and 67.8° which is indicative of structural difference among samples d) High magnification of XRD patterns between 20 and 36° indicating
the presence of impurity peaks.

Table 1
Structural parameters of SMMTM (TM = Mn, Co, and Ni) samples synthesised in air at
1000 °C, SMMMn; 1200 °C, SMMCo; 1100 °C, SMMNi. * Lattice parameters for SMMO
compound thermally treated at 1000 °C during 12 h are a = 5.5762 Å, b = 5.5753 Å, c =
7.9258 Å, V = 246.40 Å3, α = 89.995, β = 89.984 and γ = 89.997 [26].

SMMTM (TM = Mn,
Co, Ni)

SMMMn SMMCo SMMNi

Parameters* TT 1000oC_12 h TT 1200oC_10 h TT 1100 oC
12 h

a (Å) 5.59070(1) 5.5889(8) 5.5846(7)
b (Å) 5.59070(1) 5.5892(7) 5.5854(7)
c (Å) 7.9247(4) 7.8842(8) 7.8774(7)
α (°) 90.000 90.018(10) 89.997(11)
β (°) 90.000 89.997(10) 90.000
γ (°) 90.000 89.704(6) 89.726(5)
V (Å3) 247.694(15) 246.28(5) 245.71(5)
FOcc(%)
Mg-site 2a (0,0,0) 2a (0,0,0) 2a (0,0,0)
Mg/Mo/TM 98.0/1.8/0.2 90.4/8.6/1.0 91.6/7.6/0.8
Mo-site 2b (0,0,1/2) 2e (1/2, 1/2, 0) 2e (1/2, 1/2, 0)
Mg/Mo/TM 2.0/88.2/9.8 9.6/81.4/9.0 8.4/82.4/9.2
Rp 10.2 14.0 11.9
Rwp 11.5 15.1 13.6
χ2 3.2 3.6 3.0
Impurities (%) – <3 <4
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rising of synthesis temperatures from 1000 to 1100–1200 °C, respec-
tively.

Fig. 3 shows the mass evolution with time for SMMO and SMMTM
compounds in dry 10%H2-Ar atmosphere at 900 °C and 950 °C in order
to evaluate its thermodynamic stability under reducing conditions.
These materials seem to be stable until 900 °C, while at 950 °C a drift in

the mass suggests a slow sample decomposition process, which was
checked by XRD. A small peak corresponding to metallic Mo was de-
tected in the XRD pattern of SMMMn powders thermally treated at
950 °C and cooled at room temperature under reducing atmosphere.
Meanwhile, XRD studies for SMMO sample after being treated under
the same atmosphere but at 1000 °C (not shown here) did not show any
impurity peaks. Therefore, it can be concluded that transition metal
doping at the Mo-site is a disadvantage to the phase stability under
reducing conditions and high temperature. However, all SMMTM re-
cover their initial mass after consecutive oxidation/reduction cycles at
800 °C

Fig. 4 shows the Arrhenius plot of the total electrical conductivity
for SMMO and SMMTM within the temperature range 600–800 °C
under 10%H2-Ar and air. In both atmospheres, a linear dependence of
the conductivity is observed, thus indicating a semiconductor-type be-
haviour for SMMO and SMMTM compounds with =

−( )( )σ expA
T

E
k T

a
B

(where kB is Boltzmann constant, A is a pre-exponential factor, and Ea is
the activation energy including charge carrier formation energy and
temperature activated mobility). Table 2 shows the conductivity values
under equilibrium conditions obtained at 800 °C and the calculated
activation energies (Ea).

The absolute values of conductivity obtained in 10%H2-Ar atmo-
sphere are more than three orders of magnitude higher than the values
in air. This indicates that the electron conductivity is n-type in agree-
ment with that proposed by Marrero-Lopez et al. [31]. The results for
SMMO and SMMTM in 10%H2-Ar at 800 °C showed that the partial
substitution of Mo by Mn or Ni decreases slightly the electrical con-
ductivity. Meanwhile, the highest electrical conductivity value under

Fig. 2. SEM (left column) and TEM bright field (right column) mi-
crographs of SMMTM samples synthesised in air at 1000 °C-12 h for
SMMMn, 1200 °C-10 h for SMMCo, and 1100 °C-12 h for SMMNi.

Fig. 3. Relative mass evolutions with time for SMMO and SMMTM compounds under
reducing atmosphere (10%H2-Ar) at 900 and 950 °C.
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reductive environment was obtained for SMMCo and SMMO com-
pounds. Besides, TM-doping (TM = Mn, Co, and Ni) on Mo-site of the
Sr2MgMoO6 has detrimental effects on the conductivity values of the
compounds under air condition, i.e., the conductivity value decreases
two order of magnitude.

The activation energies for SMMMn and SMMNi in 10%H2-Ar (0.91
and 0.70 eV respectively) are higher than those of SMMCo and SMMO.
The values for SMMO and SMMCo determined here are in agreement
with those reported in literature for Sr2MgMoO6−δ under reducing at-
mosphere (0.19–0.3 eV approximately) [6,13,19,32]. Nevertheless, Ea
values calculated here for SMMMn and SMMNi are close to those re-
ported for Sr2MgMo0.8Nb0.2O6−δ [23]. The inset in Fig. 4 shows a detail
of the ln(σT) vs 1000/T plot for Sr2MgMoO6−δ under diluted-H2 at-
mosphere in the range of temperature between 500 and 800 °C, where
two temperature regimes with activation energies 0.65 eV (700–800 °C)
and ∼ 0.18 eV (500–700 °C) can be observed. Similar results were re-
ported by other authors for SMMO exposed to reducing atmospheres
[21]. Some authors [31] attribute the reduction of the activation energy
to the decrease in the hopping distance due to the increase of Mo5+

concentration. However, it was suggested that materials with mixed-
conductivity (MIEC) generally present activation energies between 0.1
and 1.0 eV. Activation energies closer to 0.1 eV are thought to be an
indicative of electron or electron-hole small polaron behaviour and
those closer to 1.0 eV are thought to be cause by oxide ion mobility
[33,34]. Thus, differences in the Ea values observed in these tempera-
ture-regimes could be attributed to different conduction mechanisms
dominating the electrical conductivity. Based on these results, it can be
inferred that the electrical conductivity dependence with temperature

for SMMMn and SMMNi samples seems to be dominated by ionic
transport. On the other hand, the electron transport is prevailing in
SMMO and SMMCo compounds.

The electrical conductivity in Sr2MgMoO6−δ-type compounds has
proven to be strongly dependent on the synthesis conditions (oxidising
and reducing atmosphere) and reduction degree of samples, which is
determined by temperature and the time of the reduction treatment.
Samples synthesised under reducing conditions have more oxygen va-
cancies than those synthesised in air [35]. The aforementioned state-
ment can be observed in the wide range of conductivity values mea-
sured under reducing atmospheres published in literature
[13,15,17,19,22,32,36].

Furthermore, the presence of small amounts of impurities such as
SrMoO4 [37] might positively impact on the electrical conductivity of
SMMO/SMMTM; since in reducing conditions SrMoO4 is reduced to
SrMoO3 [38,39] which presents high electronic conductivity. This
could partially explain the high conductivity value (~ 9 S/cm) reported
in literature for Sr2MgMoO6−δ [12,21,22]. As it was discussed above,
SMMO [26] and SMMTM, synthesised in the present study, did not
present SrMoO4 as secondary phase (see Fig. 1).

Table 2 includes literature data in order to compare the effects of
10% doping in Sr2MgMoO6 with Ni and Co, either on Mg-
[Sr2Mg0.9Co0.1MoO6−δ (SMCoM) and Sr2Mg0.9Ni0.1MoO6−δ (SMNiM)]
or Mo-sites (SMMTM). In Sr2MgMoO6−δ both Sr and Mg-site are diva-
lent; whereas the Mo-site can be multivalent (i.e +6, +5, +4, etc) and
the partial replacement of Mg or Mo- sites by aliovalent elements must
alter the concentration of oxygen vacancies and the electrical con-
ductivity of these materials [12]. According to this, it is expected that
the substitution of Mg2+ by other divalent metals does not affect the
number of charge carriers (either electronic or ionic). In contrast to the
above, the presence of divalent metals on Mo-site would increase the
charge carriers, and thus the concentration of oxygen vacancies in
SMMO compound. In this context, it was observed that the conductivity
values in reducing atmosphere at 800 °C for SMNiM and SMMNi are
similar. However, the activation energy for Sr2MgMo0.9Ni0.1O6−δ is
higher than that of Sr2Mg0.9Ni0.1MoO6−δ [29], which is in agreement
with a significant ionic contribution to the electrical conduction me-
chanisms. Besides, it was detected that even though Ea for SMMCo is
slightly higher than the value reported for Sr2Mg0.9Co0.1MoO6−δ [20],
the conductivity values at 800 °C are almost the same for both com-
pounds. These results indicate that the substitution of Mo by Co or Ni in
SMMCo and SMMNi compounds not only increases the oxygen va-
cancies concentration but they could also block the electron hopping
through the Mo-site.

In regard to the electrochemical performance, an inadequate ad-
hesion between the electrolyte and the anode as well as chemical re-
actions at the anode/electrolyte interface might create an insulating
phase, increasing the electrode polarisation resistance [2,29]. Fig. 5a
shows the formation of secondary phases such as SrLaGa3O7 and SrLa
(GaO4) when SMMO + LSGM mixture was treated at 1000 °C, while no
trace of impurity phases was detected for SMMO + GDC at 1200 °C.

Fig. 4. Arrhenius plots of electrical conductivity for SMMTM (TM = Mn, Co and Ni)
under reducing (full icons) and oxidising (hollow icons) atmospheres. Inset: ln(σT) vs
1000/Tplot for SMMO in 10%H2-Ar.

Table 2
Electrical conductivity at 800 °C, activation energy and area specific polarisation resistance (ASR) values for SMMO and SMMTM samples under diluted-H2/air atmospheres. CS:
Combustion-solution, NC: Nitrate-citrate route, FD: Freeze-drying precursor method. SMCoM: Sr2Mg0.9Co0.1MoO6−δ and SMNiM: Sr2Mg0.9Ni0.1MoO6−δ.

10%H2-Ar_800 °C Dry-air_ 800 °C

Compound Synthesis Ea (eV) σ (S/cm) ASR (× 10−2 Ω cm2) Ea (eV) σ (S/cm) ASR (Ω cm2)

SMMMn (this work) CS 0.96±0.06 0.25 1.1 0.98± 0.07 1.94 × 10−4 3.9
SMMCo (this work) CS 0.31±0.03 0.80 4.9 0.27± 0.04 2.46 × 10−3 2.5
SMCoM [20] NC, 1450 °C -10 h air, then 5%H2-24 h-800 °C 0.216 ∼ 0.84 126 (5%H2) – – –
SMMNi (this work) CS 0.70±0.07 0.57 10.6 1.62± 0.05 2.65 × 10−4 3.3
SMNiM [29] NC, 1450 °C -10 h air, then 5%H2-24 h-800 °C 0.236 ∼ 0.65 150 (5%H2) – – –
SMMO (this work) CS 0.176 and 0.65 0.67 1.2 0.38± 0.02 3.27 × 10−2 12.2
SMMO [15] FD, 1000 °C -5%H2-24 h 0.19 0.8 (wet-H2) 37 and 32 (wet-H2) [31] 1.12 ∼ 3 × 10−3 –
SMMO [13] Sol-gel, 1200 °C -5%H2-24 h 0.197 4.26 (5%H2) – – – –
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Fig. 5b shows the SEM micrographs corresponding to the SMMMn/GDC
and SMMNi/GDC interfaces which indicates a seemingly good adhe-
sion. Therefore, GDC was used as supporting electrolytes to evaluate the
electrochemical response of SMMTM compounds.

Fig. 6 shows the representative EIS spectra for SMMO and SMMTM
electrodes, with GDC as electrolyte, obtained under 10%H2-Ar at
800 °C. The area specific polarisation resistance (ASR) values were
calculated from the total polarisation resistance Rp and electrode sur-
face S by: =ASR R S

2
p . The factor 2 is due to the symmetrical cell con-

figuration.
The EIS spectra for symmetrical SMMO/GDC/SMMO and SMMTM/

GDC/SMMTM cells in 10%H2-Ar showed inductive effects and small
resistance values for all samples. Similar behaviour was reported by
other authors for SMMO samples measured under humidified-5%H2-Ar
[18]. For clarity in the figures, the high frequency intercept with real
axis was subtracted.

The ASR approximate values for SMMO and SMMTM under 10%H2-
Ar at 800 °C are presented in Table 2. The obtained resistance values for

SMMO and SMMTM (TM=Mn and Co) are around of 10−2 Ω cm2. The
partial substitution of Mo by Ni increases the ASR by one order of
magnitude.

EIS measurements show that Ni-doping on Mo-site of Sr2MgMoO6, is
in detriment of the ASR. Nevertheless, ASR value for SMMNi, is lower
than those obtained for Sr2Mg1−xNixMoO6−δ [29] where Ni is located
on Mg-site. The ASR values for SMMO and SMMTM (TM = Mn and Co)
are nearly two orders of magnitude lower than those of
Sr2Mg1−xNixMoO6−δ [29], Sr2Mg1−xCoxMoO6−δ [20], and
Sr2MgMo0.8Nb0.2O6−δ [23], which indicates the noteworthy effective-
ness of doping on Mo-site. It is important to note that the maximum
synthesis temperature for SMMO and SMMTM compounds here in-
vestigated was 1200 °C, whereas the compounds studied in the Ref.
[20,23] were synthesised at temperature> 1300 °C, which increases
the grain size and therefore the ASR values.

The difference between the ASR values reported in this work and
those of literature could be associated to different synthesis conditions
used by different authors, which have a strong impact on the micro-
structure of the materials. The total amount of particles at the elec-
trode/electrolyte interface and its proper adhesion to the electrolyte are
thus, parameters that affect the electrochemical response of the elec-
trodes. The growth of grain size in the SMMTM powders (see Fig. 2)
with increasing synthesis temperature may partially explain the dif-
ference observed between the ASR values in this work. In the Table 2
has been included synthesis methods (combustion-solution: CS, nitrate-
citrate route: NC, freeze-drying precursor method: FD and sol-gel) and
the temperatures of calcination used to obtain Sr2MgMoO6−δ com-
pound and doped materials with 10% of Co or Ni either on Mg- or Mo-
sites.

Fig. 7a shows the impedance spectra for symmetrical SMMO/GDC/
SMMO and SMMTM/GDC/SMMTM cells under dry-air, by using LSM as
current collector. Fig. 7b displays the Arrhenius plots of the ASR values
for these symmetrical cells in the temperature range 600–800 °C. The
approximate ASR values for LSM/SMMO/GDC/SMMO/LSM and LSM/
SMMTM/GDC/SMMTM/LSM at 800 °C and Ea are summarised in
Table 2.

EIS spectra (Fig. 7a) confirmed that partial substitution of Mo by
transition metals (Mn, Co or Ni) in Sr2MgMoO6−δ compound decreases
ASR values in air. However, these ASR values for

Fig. 5. a) XRD patterns of mixtures of Sr2MgMoO6

with LSGM and GDC powders, after thermal treat-
ment at 1000 and 1200 °C respectively for 6 h b)
SEM micrographs of the cross-section of the
SMMMn/GDC and SMMNi/GDC interface for the
symmetrical cells fired at 1000 °C during 3 h.

Fig. 6. Impedance spectra of symmetrical SMMO/GDC/SMMO and SMMTM/GDC/
SMMTM cells measured under 10%H2-Ar at 800 °C, inset: EIS spectrum for SMMNi.

P.K. Dager et al. Ceramics International 44 (2018) 2539–2546

2544



Sr2MgMo0.9TM0.1O6−δ in dry-air with LSM as current collector are
higher than those reported for other cathode materials [40–42].
Nevertheless, the possibility of using these materials in a symmetrical
SOFC cannot be discarded, especially taking into account their good
anodic behaviour.

The ASR values are the result of interplay between microstructural
(i.e. particle size and specific surface area) and intrinsic properties
(electronic and ionic conductivity). Therefore, the effect of substitution
at Mg- or Mo-site on the ASR values could be analysed considering that
microstructure of SMMCo and Sr2Mg0.9TM0.1MoO6−δ
(Sr2Mg0.9Co0.1MoO6−δ and Sr2Mg0.9Ni0.1MoO6−δ) are similar (T of
synthesis> 1200 °C) and coarser than those of SMMO, SMMMn and
SMMNi reported here. Then, as particle size decreases the specific area
increases, hence ASR decreases. On the other hand, intrinsic properties
such as electronic and ionic conductivity impact on ASR values. In this
context, the difference between ASR of SrMg0.9TM0.1MoO6−δ and
Sr2MgMo0.9TM0.1O6−δ compounds with TM = Co or Ni, could be ex-
plained based on the fact that electronic conductivity is higher in Co-
containing than in Ni-containing compounds.

4. Conclusions

Sr2MgMo0.9TM0.1O6−δ (SMMTM; TM = Co, Mn, Ni) compounds
were synthesised by the combustion method, in air, and they were
characterised through XRD, TGA, conductivity and EIS measurements.
Rietveld refinements of XRD data clearly suggest that TM-doping is
incorporated on Mo-site of the Sr2MgMoO6 double perovskite. TGA
experiments indicate thermodynamic stability at 900 °C under 10%H2-
Ar atmosphere for all samples. SMMTM samples exhibit n-type semi-
conductor behaviour with high conductivity values in reducing atmo-
sphere. The activation energy of electrical conductivity takes values
around ~ 0.3 eV for SMMCo and ~1 eV for SMMMn and SMMNi.
Sr2MgMo0.9Co0.1O6−δ compound under reducing condition at 800 °C
shows the maximum conductivity value (0.8 S/cm), this value, as also
the activation energy value, is similar to that of Sr2MgMoO6. The
substitution of Mo by Mn does not affect the ASR under reducing at-
mosphere (~ 10−2 Ω cm2), while the anodic ASR increases for
Sr2MgMo0.9Co0.1O6−δ and Sr2MgMo0.9Ni0.1O6−δ compounds (~
10−1 Ω cm2). However, this difference can be related to the increases of
particle size. In air, the cathodic ASR is reduced by replacing Mo ions by
Ni, Co and Mn ions. Finally, the 10% partial substitution of Mo by
transition metals (Co and Ni) is more effective from the point of view of
electrical and electrochemical properties than partial substitution of Mg
by the same cations.
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