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a b s t r a c t

Three different materials are prepared by chemical reaction route, Sr2NiMoO6 (SNM00),

Sr1.96La004NiMoO6 (SLNM04) and Sr1.99Ce0.01NiMoO6 (SCNM01) and conductivity is measured

under reducing atmosphere, in order to study their suitability as anode materials in SOFC

application. Selected materials correspond to compositions reported with highest con-

ductivity in air at operative temperatures of a SOFC among the systems SLNM

(Sr2�xLaxNiMoO6, 0.02 � x � 0.10) and SCNM (Sr2�xCexNiMoO6, 0.01 � x � 0.05). The end

member Sr2NiMoO6 (SNM) is also considered as reference.

Their conductivities considerably increase in wet hydrogen and follow Arrhenius

behavior with lower activation energy. Effects of reduction on microstructure and phase

stability are also studied by scanning electron microscopy and Xeray diffraction.

The enhancement in conductivity is discussed in terms of defects chemistry. Amongst

all measured samples, SLNM04 shows the highest conductivity in reducing atmosphere

without phase degradation, which makes it a promising anode material for Solid Oxide

Fuel Cells (SOFC).

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Over the last few decades, various research groups are

improving the performance of Solid Oxide Fuel Cells (SOFC) by

enhancing the structural, mechanical, and electrical proper-

ties of the electrode materials also proposing double perov-

skite based systems [1]. In general, double perovskite systems

are represented with basic formula units of A'A00B'B00O6 (AB-

site ordered), A'A00B2O6 (A-site ordered) and A2B'B00O6 (B-site

ordered). However, there are more reports available about B-

site ordered double perovskite systems as electrode materials

for intermediate-temperature SOFC devices [2]. The partic-

ular, alternating arrangement of Bʹ and Bʹʹ cations in A2B'B00O6

can be of great interest from the electrical conductivity point

of view [3]. Recently, many groups are exploring B-sites or-

dered double perovskite materials A2B0BʹʹO6 (Bʹ¼ Fe, Co, Ni, Cr,

Mg etc. and Bʹʹ ¼ Mo, W, Nb, etc.) that exhibit interesting

electrochemical properties and attractive technological ap-

plications [4e7]. Prior studies on Mo-based double perovskite
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systems were found to improve the electrical conductivity in

SOFC anodes [8e10]. Various factors play a key role on the

properties of this system, such as doping, presence of addi-

tional phases, and gas phase composition.

The study of rare earth (La3þ or Sm3þ) doped Sr2MgMoO6

systemsshowedsuitableelectro-catalytic activity for better fuel

oxidation and electrochemical performance [11,12]. In reducing

atmosphere, phase impurity of SrMoO4 in Sr2MgMoO6 was

found to enhance the electrical conductivity due to reduction of

SrMoO4 into SrMoO3. Further, SrMoO4 impurity was found to

stabilize the evaporation of Mo during high temperature syn-

thesis process of Sr2MgMoO6 [13]. Consequently, electrical

conductivity of Mo based double perovskite oxides was

studied at a large scale in reducing atmosphere such as

Sr2Mg1�xFexMoO6�d (x¼ 0.0e0.5) [14], Sr2MMoO6 (M¼Co, Ni) [5],

Sr2Fe1.5Mo0.5O6�d [15], Ni-doped Sr2Fe1.5Mo0.5O6�d [16],

Sr2MgMoO6�d [17], and Sr2NiMoO6�d [18]. In particular, Ni con-

taining double perovskite oxides, Sr2NiMoO6 [5,18] offered

excellent electrical conductivity and high catalytic activity

leading to anode application for SOFC. Sr2�xSmxNiMoO6�d

(0.01 � x � 0.05) was investigated and proven to have mixed

ionic electronic conductivity under reducing atmosphere [19].

Although Ni-based composites have excellent performance as

SOFC anodes, they are severely affected by carbon surface

depositionandsulfurpoisoning. Inorder toobtainhighercoking

resistance and redox stability, nickel-free double perovskites

were also studied [1,20]. In particular, Sr2FeNb0.2Mo0.8O6�d

showed satisfactory conductivity associated to a good coking

resistance and redox stability.

Sr2FeCo0.5Mo0.5O6�d double perovskite was investigated as

potential anodic material for Symmetrical Solid Oxide Fuel

Cells (SSFC) using hydrogen sulfide as a fuel directly, showing

high catalytic activity, good conversion efficiency of the H2S

and a certain sulfur tolerance [21].

The double perovskite Sr2Fe1.5Mo0.5O6�d found applications

in Direct Methanol Fuel Cells [22] due to its resistance to

coking and stability in reducing atmosphere. Very recently

Sr2Fe1.5Mo0.5O6�d was also studied, mixed to Sm-doped ceria,

as functional layer in Electrolyte-layer Free Fuel Cells (EFFC)

and performance obtained was compared to a conventional

SOFC with the same composite as cathode [23]. In fact, double

perovskites found application also as cathode for SOFC,

thanks to their low average TEC [24,25].

Other approaches are being studied to improve perfor-

mances of double perovskites as electrode materials. Pd- and

Ni-Co-Mo alloyseimpregnated Sr2FeMoO6�d resulted, for

example, to be also a very promising bi-functional (air-fuel)

electrode for symmetrical SOFC, showing higher power den-

sity than noneimpregnated material [26]. The addition of

SrMoO4 oxide to Sr2Mg1�xNixMoO6�d phases with the forma-

tion of (1-y) Sr2Mg1�xNixMoO6�d e ySrMoO4 composite mate-

rials was also explored. In particular, the composites with

y ¼ 0.15 and 0.3 can be considered as perspective fuel elec-

trodes because they exhibit: (1) satisfactory phase stability in

the atmospheres with very low and high pO2 values; (2) good

thermal properties, including the monotonic thermal expan-

sion behavior in wet air and hydrogen without tangible bends

and acceptable TECs values; (3) enhanced transport properties

in comparison with the basic Sr2Mg1�xNixMoO6�d materials in

reducing atmospheres [27].

Recently, SNM (Sr2Ni1þxMo1�xO6, 0.00 � x � 0.15), SLNM

(Sr2�xLaxNiMoO6, 0.02 � x � 0.10) and SCNM (Sr2�xCexNiMoO6,

0.01 �� � 0.05) systems were studied in air and their struc-

tural and electrical properties were reported [28e30]. In this

paper, most promising compositions for their electrical con-

ductivity, i.e. SNM00 (Sr2NiMnO6), SLNM04 (Sr1.96La0.04Ni-

MoO6) and SCNM01 (Sr1.99Ce.01NiMoO6), were investigated

under reducing atmosphere. The conductivity was measured

at different temperatures and the effects of reducing atmo-

sphere on microstructure and phase stability were also stud-

ied in view of the application as anode materials in SOFC.

Materials and characterizations

Three different double perovskite powders, Sr2NiMnO6

(SNM00), Sr1.96La0.04NiMoO6 (SLNM04) and Sr1.99Ce0.01NiMoO6

(SCNM01), synthesized by chemical reaction route, were uni-

axially pressed and sintered in proper conditions to obtain

dense pellets [28e30]. Ag electrodes (Ag paste, Euroinks) were

painted on pellets by screen printing and cured at 700 �C.
Electrical measurements were carried out in a commercial

test rig (Probostat, Norecs), in 4-wires configuration, by using a

digital multimeter (DMM-Keithley 2000, Tektronics). The d.c.

resistance was measured at different temperatures after

reduction at 700 �C for 24 h under a flow of wet hydrogen

(H2O ¼ 3 wt%). Cooling was carried out under wet hydrogen in

order to keep the reduced state of the materials for micro-

structural characterization.

Microstructure of pellets, after conductivity measure-

ments, was characterized by SEM (1450VP, LEO) and the

chemical composition was determined by an energy-

dispersive electron microprobe (EDS-INCA 300, Oxford In-

struments); both analyses were performed on cross sections.

Finally, phases were studied by X-ray diffractometry, (XRD-

CubiX, Panalytical, CueKa radiation) at room temperature.

Results and discussion

Arrhenius plots of Log(T*s) are reported in Fig. 1, for each

composition, measured respectively in air and in wet H2. From

comparison of obtained values, the sample SLNM04 showed

the highest value of conductivity in air. Moreover, the reduc-

tion process considerably increased conductivity of all mate-

rials in the whole temperature range. The sample SNM00 also

showed in hydrogen two linear regions respectively above and

below the temperature 250e300 �C. This behavior is reported

in literature due to a phase transition from tetragonal to cubic

symmetry at about 250 �C [31]. Such a phase transition is not

detected in SCNM01 and SLNM04, probably due to stabiliza-

tion of the tetragonal phase by Cee and Lae doping. From

Fig. 1, it can be observed that, for all systems, both in air and in

H2eatmosphere, the conductivity follows Arrhenius equation:

s ¼ s0=T$expð � Ea=kTÞ (1)

where, s0 is pre-exponential factor, Ea is the activation energy

of conduction, k is the Boltzmann constant and T is the ab-

solute temperature.
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