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ABSTRACT

In the present work, we have explored novel Nd,WOg-type structure Smy_xAxMi_,B,0g_5 (A=Ca, Sr;
M =Mo, W; B=Ce, Ni) as precursor for the development of solid oxide fuel cells (SOFCs) anodes. The for-
mation of single-phase monoclinic structure was confirmed by powder X-ray diffraction (PXRD) for the
A- and B-doped Sm;MOg (SMO). Samples after AC measurements under wet H, up to 850 °C changed from
Nd,WOg-type structure into Sm;MoOs due to the reduction of MoY! that was confirmed by PXRD and is
consistent with literature. The electrical conductivity was determined using 2-probe AC impedance and
DC method and was compared with 4-probe DC method. The total electrical conductivity obtained from
these two different techniques was found to vary within the experimental error over the investigated
temperature of 350-650°C. Ionic and electronic conductivity were studied using electron-blocking elec-
trodes technique. Among the samples studied, Sm gCap>MoOg_; exhibits total conductivity of0.12Scm!
at 550°C in wet H, with an activation energy of 0.06 eV. Ca-doped SMO appears to be chemically stable
against reaction with YSZ electrolyte at 800 °C for 24 h in wet H,. The ionic transference number (t;) of
Smy 9Cag1MoOg_s in wet Hy at 550°C (pO; = 107255 atm) was found to be about 0.012 after subtraction
of electrical lead resistance from the 2-probe AC data and showed predominate electronic conductors.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

A fuel cell is an electrochemical device which directly converts
chemical energy into electrical and thermal energies during its
operation. Single fuel cell consists of three functional layers such
as an ionic conducting electrolyte, and electronic conducting cath-
ode and anode [1,2]. However, several single cells are connected in
series using an interconnector, to provide required power density
for practical applications. Among the various known fuel cells, the
solid oxide fuel cell (SOFC) offers many advantages due to its high
operational temperature [1]. It can be operated in various types of
fuels, including hydrogen, hydrocarbons (alkanes and alcohols) and
biofuels [1,2]. To date, commercial SOFC materials are the Y,03-
doped ZrO, (YSZ) electrolyte, Sr-doped LaMnOs; (LSM) cathode,
Ni+YSZ cermet composite anode and Sr-doped LaCrO; intercon-
nector [3-8]. The technology based on these components operates
efficiently over the temperature range of about 800-1000°C [5].
These components show different chemical-physical properties
but must have good chemical stability during the operation as well
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as preparation of SOFCs. Another key element of SOFCs is seal-
ing materials that are stable during the multiple thermal cycling
and extend operation period [3,4]. Research is being performed to
advance the functionality of these individual materials and primary
objectives are improving the performance at as low temperature as
possible. Such low-temperature operating SOFCs may simplify cur-
rent manufacture process which will lower the cost and extend the
life time [9,10].

Although, several low-temperature SOFC materials were
reported for intermediate temperature (IT) (500-750°C) SOFCs
[6,8,10,11], the development of electrodes, especially anodes that
are stable in various impure fuels remains a top priority. The
presently used Ni-YSZ cermet anodes play dual role in SOFCs.
It not only acts as catalysts for fuel oxidation but also serves
as a current collector. There are some disadvantages employing
Ni-based anodes, including low tolerance to S, and C forma-
tion when exposed to hydrocarbon fuels and poor redox stability
[12-14]. The deposited C appears to block the porosity and
destroy the microstructure and Ni-YSZ linkages, and causes failure
of cell performance. Adsorption of S on Ni forms a poor elec-
tronic and ionic conducting and non-catalytic nickel sulphides,
which degrade the cell performances. Furthermore, the metal-
based anodes tend to agglomerate during the operation which
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Fig. 1. Idealized crystal structure of Sm;MoOg showing (left hand side) the connection of SmOg, SmOg and MoOs polyhedra and (right hand side) edge sharing of these
polyhedra (yellow: SmOg, SmOg; green: MoOs ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

decreases the effective triple-phase boundary (TPB). A TPB is an
electrochemical active site where the solid electrolyte, a fuel (at
the anode) and oxygen (in the case of cathode) molecule, and
electrode meet [8]. Hence, the current trend is to replace the
conventional cermet with a single-phase metal oxide exhibiting
mixed oxide ionic (oxide ion, proton) and electronic conduct-
ing materials in SOFCs. This approach is expected to increase
the TPB into whole electrode areas which hence increases the
electrochemical kinetics. Such anode should have all the desired
properties of Ni-YSZ and overcome the limitations. So far, there
are no unique materials, including Ni-YSZ, that concurrently
meet all the desired physical-chemical properties. Hence, devel-
opment of SOFCs electrodes remains a challenge for materials
chemists.

The goal of the present work is to develop new mixed con-
ductors that possess chemical-physical properties of Ni-YSZ and
overcomes the problems. In our earlier work, we reported Mo, and
Mo +rare earth-doped ceria as SOFC anode materials [15,16]. These
compounds exhibited about three orders of magnitude higher total
conductivity in wet H, compared to that in air at low tempera-
tures due to the reduction of Mo"! and Ce!V. In our incessant efforts
in searching new anode materials, we have encountered a new
family of fluorite-related structure materials with chemical com-
position of SmyMoOs5 (SMO) and SmyWOg_gs (SWO) and the former
compound can be prepared from the Nd,WOg-related structure
SmyMoOg [17-30] by topochemical reduction in H, [18]. In Fig. 1,
we show the crystal structure of the parent Sm;MoOg and it can
be described using a linkage of MoOs, SmOg and SmOg plolyhedra
[31]. In the present work, we have investigated the effect of Ca, Sr-
doping for Sm and Ni, Ce-doping for Mo or W sites in SMO and or
SWO on electrical conductivity by using 2- and 4-probe DC, and 2-
probe AC impedance spectroscopy as a function of temperature in
wet H,. These dopants were selected because of comparable ionic
radius of the parent metal ions and to generate oxide ion detects in
the structure which may affect the electrical conductivity. The elec-
trical conductivity of SMO based materials was found to be about

three orders of magnitude higher than that of the corresponding W
analogue.

2. Experimental
2.1. Synthesis and chemical stability

Materials with a nominal chemical formula of
Smy_yAxMo1_yMxOg_s (A=Ca, Sr; M=Ce, Ni) (SMO) and
Smy_xAxW1_yByOg_s (A=Ca; B=Ce) (SWO) were prepared by
a conventional solid-state reaction in air using stoichiometric
amounts of high purity CaCO5 (Fisher Scientific), SrCO3 (97.5%, Alfa
Aesar), CeO, (>99.9%, Alfa Aesar), NiO (99%, Alfa Aesar), Sm,03
(>99.9%, Alfa Aesar), and MoOs (>99.5%, Alfa Aesar), WO3 (>99.8%,
Alfa Aesar). Sm, 03 were pre-dried in air for at least 48 h at 1000°C
before use. The powders were mixed using a ball mill (Pulverisette,
Fritsch, Germany) for 6h at 150rpm using zirconia balls and
2-propanol. The mixed powders were then dried and heated
in air at 900°C for 24 h. The resulting mixture was ball-milled
using 2-propanol again for about 6 h and then pressed into pellets
(~1cm diameter and ~2 cm length) using isostatic pressure. The
pressed green pellets were sintered in air at 1100°C for 24h
and then 1150°C for 24 h, with repeated mixing procedures at
each step. A few pellets were then ball-milled for powder X-ray
diffraction (PXRD) characterization using a Rigaku powder X-ray
diffractometer (Cu Ko, 40kV, 40 mA) at room temperature with a
20 step scan width of 0.02° and a counting time of 6s. The lattice
constant was determined from the PXRD data by least-squares
refinement.

The chemical structure stability of SMO was investigated in wet
H, at 700-900°C using PXRD. Phase characterization and parti-
cle morphology of the pellets after AC measurements in wet H,
up to 850°C was performed via scanning electron microscopy
(SEM) (Philips XL 30). The chemical reactivity of Smj 9Cag 1 MoOg_g
with commercial YSZ (Tosoh Corporation, 8TZ) was investigated
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at 800°C in wet H; for 24 h by combining powders in a 1:1 weight
ratio. After the chemical stability reaction, the products were exam-
ined by PXRD.

2.2. ACimpedance spectroscopy

Electrical conductivity measurements were performed on sin-
tered pellets (1150°C for 24h) (~0.15cm in thickness, ~1cm in
diameter) in air, and wet H, using Pt electrodes. Pt paste (LP A88-
11S, Heraeus Inc., Germany) was applied using a paint brush on
both sides of the sintered pellets, and cured at 800°C for 1h in
air to remove the organic binders. Pt wires were attached to the
surface of the pellet using a spring-loaded contact, which served
as current collectors. The cell was heated to the desired tempera-
ture in the range of 300-800 °C using a Barnstead tubular furnace
(model 21100) and held at constant temperature for minimum 1h
and maximum 24 h prior to each measurement. The alternating
current (AC) impedance spectroscopy (Solartron Electrochemical
Impedance Spectroscopy; SI 1260, 100 mV; 0.01 Hz-10 MHz) was
used to determine the conductivity. A 2-probe electrochemical cell
was employed for the electrical characterization. The conductivity
of each sample was measured by subsequent heating and cooling
cycles and also tested on different batches of samples to ensure
reproducibility.

2.3. 2- and 4-Probe DC electrical conductivity

2-Probe DC measurement (Solartron, SI1287 Electrochemical
Interface) in wet H, was made for the Smy gCag 1 MoOg_s pellet after
AC impedance measurements. The voltage signal varies from 0.05
to 0.6 V. The steady state electronic current as a function of applied
voltage was used to determine the electrical conductivity. 4-Probe
DC conductivity measurements [32-35] in wet H, were made using
the Princeton applied research, Versa STAT 3 for Sm; gCag.;MoOg_s.
For 4-probe electrical measurements, the samples were polished
into a rectangle shape, and then were wrapped with two Pt wires

which were held in place by small notches cut on the sample sur-
faces. Pt paste (LP A88-11S, Heraeus Inc., Germany) was painted on
the Pt point contacts and two rectangular cross-sections of the bar
sample. The other two Pt wires contacts were made at the cross-
sections to act as current contacts. These Pt electrodes and contacts
were dried at 150°C for 1 h in air using a drying chamber and then
fired at 800°C for 1 h to ensure good bonding. A constant current in
the range of 0.05-0.5 mA was applied and voltage was measured as
afunction of time. The result from DC measurements was converted
to conductivity using the geometrical factor of the sample.

2.4. Determination of transference number

Besides the total electrical conductivity measurement by
AC method, ionic conductivity was individually measured for
Smy gCap.1MoOg_s by electron-blocking method using 2-probe
AC measurements. YSZ was selected as electron-blocking elec-
trode. The test was operated in wet H, at the temperature range
of 550-650°C. The dense YSZ pellets were obtained by sinter-
ing at 1475°C for 24h in air after uni-axial pressing. The dense
Smy gCag.1MoOg_; pellet for electrical conductivity measurements,
with diameters of about 0.7 cm and thickness of about 0.15cm,
were pasted onto YSZ pellets with Pt paste, which was used to over-
come the interface resistance. Then, Pt paste was painted to outside
of YSZ pellets as current collectors. In the system, the electron flux
is blocked by YSZ layer, because YSZ is considered to be almost a
pure oxygen ion conductor.

3. Results and discussion
3.1. Structural characterization of SMO and SWO

Fig. 2 and Fig. S1 and Table S1 (see supporting informa-
tion) show the PXRD patterns of as-prepared Smy_yAxM;_yB,0¢_s
(A=Ca, Sr; M=Mo, W; B=Ce, Ni) and samples after the AC
impedance measurements up to 850 °C. As-prepared samples PXRD

Fig. 2. PXRD of (left hand side) (a) Sm;Mo0Qg (JCPDS: 24-0997) and as-prepared: (b) Sm;MoOg, (c) Sm;9Cag1Mo00Og_s, (d) SmygCag2M00g_s, (€) SmyMoggCep106_s, (f)
SmyMog sCe206_s, (g) Sm1.9Sro.1M00g_s, and (h) Smy;MoggNig 1 0g_s. The PXRD patterns of corresponding sample (a’-h’) after AC impedance measurements in wet H, are

shown in right hand side figure. For comparison Sm;MoOs from JCPDS is also shown.



172

Table 1

Indexed PXRD of SMO samples after AC measurement in wet Hy.
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h k 1 Sl'l'lz]\/lOOsa Sl’l‘l],gcaoll MOO5,5b Smllgsl'oj l\/[005,5c
dobs (A) dcal (A) Iobs (%) dobs (A) dca] (A) Tobs (%) dobs (A) dca] (A) Iobs (%)
2 0 0 3.642 3.644 12 3.642 3.644 11 - - -
0 1 3 3.274 3.275 100 3.266 3.269 100 3.269 3.271 98
-2 1 1 3.193 3.196 98 3.195 3.195 99 3.197 3.197 100
0 0 4 2.976 2.977 13 2.966 2971 11 2.976 2.973 22
0 2 0 2.895 2.897 17 2.895 2.896 25 2.895 2.896 32
0 2 1 2.817 2.815 17 2.810 2.813 19 2.803 2.813 43
-2 0 4 2.756 2.760 60 2.751 2.756 64 2.758 2.758 69
-1 2 0 2.692 2.692 10 = = = 2.692 2.691 30
0 2 2 2.605 2.605 12 2.604 2.603 15 = = =
-2 2 0 2.268 2.268 20 2.270 2.267 16 2.273 2.268 22
0 1 5 2.204 2.203 12 2.198 2.198 11 2.200 2.200 14
-2 1 5 2.180 2.181 7 2.153 2177 8 = = =
-2 2 4 1.998 1.998 30 1.997 1.996 35 1.998 1.998 43
0 0 6 1.987 1.985 25 1.982 1.980 27 - - -
—4 0 2 1.917 1.916 26 1.916 1.915 22 1.921 1.917 32
0 3 3 1.737 1.737 10 - - - - - -
-2 3 1 1.726 1.725 10 1.729 1.724 16 - - -
-2 1 7 1.688 1.688 19 1.685 1.684 20 1.685 1.685 29
2 2 4 1.656 1.657 34 1.655 1.656 33 1.656 1.657 43

2 a=7.662(4)A; b=5.794(2)A; c=12.518 (4)A; B=107.97(4).
b a=7.662(4)A; b=5.791(3)A; c=12.491(5)A; B=107.96(5).
¢ a=7.670(5)A; b=5.791(2) A; c=12.500(3) (4) A; B=107.94(3).

data was found to be similar to that of the parent compounds
Sm;MoOg (SMO) (JCPDS: 24-0997) and Smy;WOg (SWO) (JCPDS:
23-1401). We did not see major impurity phases in the investigated
AO-Sm;03-Mo003, Sm;03-Mo03;-CeO, and Sm203—MoO3—NiO
systems other than that of desired Nd,WOg-related structure
phase. However, we observed small unidentified weak impurity
peaks in Smy gCapgrWOg, SmyWggCeg10g and SmyWg gCep20g
(Fig. S1). Table S2 (see supporting information), we list the vari-
ous well-known compounds in the investigated system. We could
index all the observed diffraction lines of SMO on a monoclinic cell
(Table 1 and Table S1) and is consistent with literature (Table S2).
We clearly see that lattice constant changes with substitution of
alkaline for Sm and Ce or Ni for M in SMO and SWO. In SWO system,
we also see very weak impurity peaks due to Sm;W301, (JCPDS
Card No. 23-0525) in Sm1,8Ca0,2W06_5, SmyWj gCeg 1 06—5 and
Sm, Wy gCe(0¢_s. The change in the lattice constant can be under-
stood using Shannon ionicradius [36]. PXRD of the Sm;_xAxMoOg_s
(A=Ca,Sr)pellet samples after ACimpedance measurements in wet
H, confirmed the formation of Sm;MoOs phase (Fig. 2). This can be
described using the chemical reaction:

Hy+3%H,0
2+ 2

SmyMoOg Sm;MoOs5 + HzO(g) (1)

For Smy;Mo_,CeyOg_s pellet samples after AC measurement in
wet H,, multiphase appeared and this can be simply described
using the mass un-balanced chemical reaction:

Hy+3%H,0
2+ 2

SmpyMo;_,CeyOg_s SmyMoOg + SmyMoOs5

+CeyMoOg + HzO(g) (2)

SmpMo_yNiyOg_s and SWO retained the original parent
Nd,WOg-type structure after AC measurements in wet Hy. We also
noticed that for all the samples after AC measurements in wet Ho,
the colour changed to black from light brownish white, which could
be attributed to the reduction Mo"! to lower valence states [17,18].
PXRD showed no evidence of metallic Mo in SMO. The exact oxida-
tion state of Mo in the reduced sample was not investigated. Further
characterization involves use of SEM to study the morphology of
the SMO pellet samples after AC impedance measurements in wet
H,. Fig. 3 shows that typical particle size and density of the inves-
tigated materials after AC impedance and samples were found to
have porous structure. We also clearly see the excellent particle to

particle contact. For comparison, we also included SEM image of
corresponding as-prepared compounds in Fig. 4. As-prepared sam-
ples showed large sized particles and dense structure, while after
AC impedance the size of the particles was found to be decreased,
especially for Ca and Sr members. The loss of oxygen due to reduc-
tion of MoV! in the structure and extended sintering during the
electrical measurements may cause this microstructure change.
However, effect of porosity and microstructure and or particle size
on electrical conductivity has not been focused in the present study.

Further chemical stability test of as-prepared powered
Smy_yAxMoq_yByOg_s (A=Ca, Sr; B=Ce, Ni) samples was per-
formed in wet Hy, and CH4 at 700-900°C (Figs. S2-S6, see sup-
porting information). For Sm; gCag1MoOg_s and Smy gSrg.1MoOg_s
after heating in wet Hy and CH4 at 800°C, Smy;MoOs5 phase was
formed, which is consistent with the result from AC measurements.
However, both Ce-and Ni-doped SmyMo;_,,ByOg_s (B=Ce, Ni) sam-
ples showed complex PXRD patterns due to presence of SmyMoOs5
and Sm,MoOg-like structures, suggesting partial reduction under
the investigated condition. The partial reduction of SMO in CH,
compared to wet H, may be due to difference in the oxygen partial
pressure. Interestingly, unlike Mo-doped CeO, [15], we did not see
the peaks due to metallic Mo in the investigated compounds after
chemical stability in H,, which is consistent with literature [17,18].

3.2. ACimpedance analysis of SMO and SWO

Typical AC impedance plots of SMO and SWO under wet H, are
shown in Fig. 5 and Fig. S7 (see supporting information), respec-
tively. A spike at 1 MHz due to an instrument artifact was found
to be consistent with our earlier studies [15,37,38], hence the data
points above 1 MHz were omitted for clarity in the figures. In air,
the impedance plots can be modeled using an equivalent circuit
consisting of three series of parallel resistance-constant phase ele-
ment contributions (R, CPE, )(Rgp CPEgyp, ) (ReCPEe) where Ry, CPEp,
Rgp, CPEgp, Rei, and CPE, represent bulk resistance, constant phase
element due to bulk, grain-boundary resistance, constant phase
element due to grain-boundary, electrode resistance and CPE due
to electrode effect, respectively. The line passing through the data
points shows the fitted data (Fig. S7). Table S3 (see support-
ing information) shows the fitting parameter of AC impedance. The
magnitude of the pseudo-capacitance (Q) values fall in the range
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Fig. 3. SEM images (5 pm) of (top left) Sm;MoOs, (top right) Smy 9Cap 1 MoOg_s, (bottom left) Sm;.9Sro.1MoOg_s and (bottom right) Smz;Mog 9Ceg 1 O6_s, after AC measurement
in wet H, up to 850°C.

Fig. 4. Typical SEM images of as-prepared (a) Sm;Mo0Og_s, (b) Smy 9Cag1M0Og_s, (¢) Smy.9Sro1M00g_s and (d) SmyMoq.9Ceg106_s.
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Fig. 5. Typical AC resistivity plots of Smy_xAxMo;_yB,0¢_5 (A=Ca, Sr; B=Ce, Ni) at (a) 275°C, (b) 350°C and (c) 550°C in wet Hy.

Fig. 6. Arrhenius plots for total electrical conductivity of Sm,_xAxW;_,B,0¢_s (A=Ca; B=Ce) in air (a) and in wet H, (b) determined by 2-probe AC electrical measurements
using Pt electrodes.
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Fig. 7. Arrhenius plots for total electrical conductivity of Sm,_xAxMo;_,B,Og_s (A=Ca, Sr; B=Ce, Ni) in air (a) and in wet H; (lead contribution has not been subtracted) and
(b) determined by 2-probe AC electrical measurements using Pt electrodes. The electrical conductivity obtained from the two or three different batches of samples show
slight variation in wet H,, however, it is within the same order of magnitude, and trend in electrical conductivity due to chemical composition is retained.

Table 2
Lattice constant and electrical properties of Sm,_xAxWi_,BxOg_5 (A=Ca; B=Ce).
Compound Lattice constant of as-prepared material (A) o (Scm~1)at 550°C E, (eV)
a b c B Air Wet H, Air Wet H,
Sm;WOg? 15.694 (5) 11.288(6) 5.415(7) 91.68 (4) 2.62x 1078 5.92 x 107> 1.40 1.22
Sm; gCap1WOg_s 15.114(7) 11.439(8) 5.247 (12) 96.17 (8) 3.86 x 1077 1.18 x 1076 1.03 0.95(250-450°C)
1.66(450-800°C)
Sm; gCap2WO0g_s 15.733(7) 11.295 (4) 5.419(7) 91.83 (6) 1.20x 104 133x10° 0.60(550-800°C) 1.17
1.24(250-550°C)
Sm, W 9Cep106_s 15.720 (10) 11.195(7) 5.4243 (8) 91.72 (8) 2.85x 1077 6.81x 107 1.37 1.07
Smy W 5Cep206_s 15.967 (9) 11.146 (5) 5.552(8) 89.94 (7) 2.13x 1076 7.63 x 1073 0.96 1.01

a SmyWOg (JCPDS:23-1401): a=15.731A, b=11.264A, c=5.466 A, =91.7.

of about 10-11-10-4F and these values fall within the range for
a characteristic capacitance of the bulk, grain-boundary and elec-
trode contributions to the electrical conducting ceramics. While
in wet H,, we see typical resistance behavior for SMO (Fig. 5). We
also see positive impedance for imaginary values due to inductance
effect in SMO. Such a behavior has been commonly observed at
high frequencies when samples are highly conducting. The low-
frequency intercept to Z’-axis was used to determine the electrical
conductivity and it was calculated using the equation: o =(1/R)(l/a)

where R, [ and a represent intercept to Z'-axis, thickness and area of
the pellet, respectively. The data were plotted using the Arrhenius
equation: oT=Aexp(~£a/KT) (where E, is the activation energy, T is
the temperature and K is the Boltzmann constant) in Figs. 6 and 7.

3.3. Electrical properties of SMO and SWO

In air, the electrical conductivity increases with increasing tem-
perature and also substitution of Ca or Sr for Sm and Ce or Ni for

Table 3
Lattice constant and electrical properties of Smy_xAyMo;_yB,Og_s (A=Ca, Sr; B=Ce, Ni) in air and wet Hy.
Compound Medium Lattice constant (A) o (Scm~1)at 550°C E, (eV)
a b c B
Sm;MoOg? Air 15.760(5) 11.250(5) 5.460(2) 91.01(3) 5.54 x 1076 1.35
Sm;MoOs Wet H, 7.662(4) 5.794(2) 12.518 (4) 107.97(4) 413 x 1072 0.32
Sm; 9Cag1MoOg_s Air 15.756(7) 11.234(6) 5.459(3) 90.98(4) 433 x 107> 0.90
Sm; gCap1MoOs Wet H, 7.662(4) 5.791(3) 12.491(5) 107.96(5) 8.22 x 102 0.08
Sm; gCap2MoOg_s Air 15.760(7) 11.241(5) 5.458(2) 91.02(4) 533x10°6 1.03
Sm; gCap2MoOs Wet H, 7.664(5) 5.797(3) 12.477(7) 108.01(7) 1.20x 10! 0.06
Sm;Mog9Cep106_5 Air 15.760(10) 11.234(9) 5.444(6) 90.81(7) 1.06 x 106 1.37
Wet H, Multiphase Multiphase Multiphase Multiphase 1.58 x 10! 0.20
SmyMog sCe206_s Air 15.765(10) 11.261(4) 5.463(4) 90.98(3) 1.02 x 10 0.96
Wet H, Multiphase Multiphase Multiphase Multiphase 1.31x10°! 0.11
Sm; 9Sro1MoOg_s Air 15.763(5) 11.257(4) 5.461(2) 90.98(3) 5.41x 1073 0.85
Smy 9Srg1MoOs Wet H, 7.670(5) 5.791(2) 12.500(3) 107.94(3) 1.14x 10! 0.05
Sm;MoggNig106_s Air 15.753(6) 11.248(5) 5.461(3) 90.98(3) 3.16 x 10”7 1.44
Wet H, 15.778(4) 11.250(4) 5.461(2) 90.96(2) 7.50 x 102 0.26

2 SmyMoOg (JCPDS:24-0997): a=15.76 A, b=11.26 A, c=5.467 A, B=90.9.
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Fig. 8. (a) Variation of a steady state electrical current as a function of applied DC potential determined using 2-probe DC measurements for Sm; 9Cag1MoOg_s in wet H; at
450-650°C. It demonstrates a linear dependence, indicative of operation within the ohmic regime. (b) Arrhenius plots for total electrical conductivity of Sm; 9Cag1Mo00Og_s
in air and wet H, determined by 2-probe AC electrical measurements using Pt electrodes.

Mo or W except for SmyMoggCep10g_s5 and SmyMoggNig 10g_s
(Tables 2 and 3; Figs. 6 and 7). In air, the increase in electrical
conductivity of alkaline earth-doped (Figs. 6a and 7a) compounds
compared to that of parent SMO and SWO may be attributed to
formation of oxide ion vacancies in the structure. However, the
decrease in electrical conductivity of Ce- and Ni-doped SMO may be
attributable to second phase in the samples. The activation energy
for electrical conduction in air was found to decrease with substitu-
tion of Ca and Sr. Also, the Sr member exhibits the lower activation
energy compared to that of Ca compound which is consistent with
increase in electrical conduction. Among the W and Mo mem-
bers investigated in the present work, the Mo compound exhibits
higher electrical conduction compared to that of the correspond-
ing W analogue. A similar trend has been reported in the double
perovskite-like structure [39]. Though the magnitude of activation
energy of alkaline-doped SMO and SWO in air was found to be
comparable to acceptor-doped fast oxide ion conducting materi-
als such as YSZ (1.1eV) [40], LaggSrg.1GaggMgp205_s (0.73 eV at
700-1000°C) [41], and Ce( g5Smg 1501.925 (0.99 eV) [42], the nature
of electrical conduction in ambient atmosphere was not investi-
gated in the present work and it was not the primary objective of
the present paper.

As anticipated high electrical conductivity was found in wet H;
for SMO compared to that in air, which may be ascribed to reduction
of transition metal [18]. The SWO members also showed apprecia-
ble increase in electrical conductivity in wet H,. The magnitude
of electrical conductivity of SMO was found to be comparable to
that reported by Manthiram and Gopalakrishnan [18] who have
measured the conductivity using 2-probe DC method in dry H,.
The electrical conductivity data obtained during first cycle cooling
and second and subsequent cycles follow the same line within the
experimental error. In the present work, we also found that elec-
trical conductivity of materials is much higher and AC impedance
method may be limited to measure the true conductivity. We have
subtracted the resistance of empty cell holders and found that about
five time’s higher conductivity. Accordingly, we have employed 2-
probe and 4-probe DC measurements in wet H, to determine the
electrical conductivity of Ca-doped SMO.

In Fig. S8a, we show variation of electrical current as a func-
tion of time for SmjgCag1Mo0Og_g at 550°C for the 2-probe DC
measurements in wet H, with applied potential of 0.1V and 0.4V

using porous Pt electrodes. For clarity, we have shown both cur-
rent and time in the log scale. A steady state current seems to be
reached within 1 sec and also show almost ohmic nature. Shown in
Fig. 8a is variation of a steady state electrical current as a func-
tion of applied DC potential for Sm;9Cag1Mo00g_g in wet Hy at
450-650°C. It demonstrates a linear dependence, indicative of
operation within the ohmic regime and was found to be consistent
with AC impedance behavior (Fig. 5). 2-Probe DC electrical con-
ductivity can be simply obtained by product of the slope of I vs. V
and cell constant. In Fig. S8b, we show the variation of voltage at
constant current as a function of time for Smy gCag;MoOg_g in wet
H, at 550°C using the 4-probe DC measurement. The current and
voltage in the 4-probe DC measurements can be described using
the expression [16,32-34];

I 1
ODC,4-probe = (V) (a)

where [ and a are the distance between two point contacts and
the cross-sectional area of the specimen, respectively. The sepa-
ration of current and voltage electrodes in 4 probes allows the
impedance analyzer to eliminate the impedance contribution of
the contact resistances, and this makes more accurate measure-
ments. The total electrical conductivity of Smy gCag1MoOg_s in wet
H, determined by 2-probe AC electrical measurements using Pt
electrodes was found to be comparable (Fig. 8b). The electrical con-
ductivity obtained from these experiments was considered to be
total conductivity (o). The ionic transference number (¢;) is defined
as the ratio between ionic conductivity and total conductivity.
The electron-blocking electrode technique was used to deter-
mine the ionic conductivity. The equilibrium pO, value was
calculated from the assumed chemical equilibrium reaction:
H2 +0.502 = Hzo The t of Sml.QCao.l MOOG,(g in wet H2 at 550°C
(pO, =10-289 atm) and 650°C (pO, =10-23> atm) was found to be
in the range of 8.7 x 10-3-0.03 and 0.012-0.106, respectively, after
subtraction of electrical lead contribution. The total electrical con-
ductivity data obtained using AC impedance method was slightly
scattered between two sets of samples, and the small difference
in resistance will have a great effect on the reported t; value. If
we use 2-probe DC conductivity data instead AC data, the t; of
Smy gCag 1 MoOg_s in wet Hy at 650 °C was found to be 5.51 x 102
after subtraction of lead resistance. Hence, the reported t; may be
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Fig. 9. Comparison of electrical conductivity of Sm; gCag;MoOg_s in wet H, (lead
contribution has been subtracted) with other anode materials. (1) Cep9Mo0g.1 0545 in
wet Hj [15], (2) CeosGdo3M0o.101.95 in wet Hp [16], (3) Lag.755r0.25CrosMngs03_s in
5% H; [43], (4) Sr,MgMoOg_s in wet Hy [44], (5) LaySrgTigFeO3g_s in 5% Ha—Ar [45],
(6) Gd2TiMoOy7 in 1% H3/3%H,0/96%N, [46], (7) Nb,TiO7 in Hy [47].

Fig. 10. PXRD showing the chemical stability of (a) Sm; 9Cag.1 MoOg_s with YSZ after
sintering the reaction mixture (1:1 weight ratio) at 800°C in wet H2 for 24 h. For
comparison, (b) the mixture of Sm; gCag 1 MoOg_s with YSZ, (c) 800 °C wet H; treated
Sm; 9Cap1Mo00Og_s, (d) as-prepared Smj.9Cap1M0Og_s and (e) the starting materials
YSZ powders are shown. The biphasic material is clearly shown with + denoting YSZ
lines and * denoting 800°C wet H; treated Sm; gCap1MoOg_s lines.

considered as an approximate transference number value. Inter-
estingly, this approximate value of Ca-doped SMO was found to be
comparable to that of Gd + Mo-doped ceria under the same exper-
imental condition [16]. Based on the preliminary measurements
the investigated compounds could be considered as predominate
electronic conductors due to very low ionic transference number.
In Fig. 9, we compare the total electrical conductivity of
Sm; gCap,Mo0Og_s with other anode materials reported in the
literature [15,16,43-47]. It is interesting to note that the
Smj 9Cap2Mo00g_s exhibits comparable electrical conductivity
to that of well-known coke tolerant perovskite-type anode
Lag.75S10.25CrosMng503_s in 5% H; [43], and exhibit much higher
conductivity compared to LaySrgTigFegO3g_gin 5% Hy—Ar [45] over

the investigated temperatures. Nonetheless, Nb,TiO; [47] still
shows much higher conductivity in wet H, than our investi-
gated sample. We also investigated the chemical reactivity of
Smj g9Cap1MoOg_s with YSZ electrolyte in wet Hy using PXRD.
Fig. 10 shows the PXRD patterns of as-mixed samples and also
samples after stability test. The diffraction lines due to electrolyte
seem to be retained after the treatment in wet Hj, suggesting
that reduced Sm; gCap1MoOg_s may be used with YSZ electrolyte
for fuel cells and other applications. The weaker peak of reduced
Sm gCag.1MoOg_s may be due to low weight ratio compared with
YSZ.

4. Conclusion

In summary, we have explored new Nd,WOg-type
Smy_xAxMq_yBxOg_s (A=Ca, Sr; M=Mo, W; B=Ce, Ni) mate-
rials as the new precursors for application in SOFCs. The formation
of Nd,WOg-type structure was confirmed by powder X-ray diffrac-
tion (PXRD). Samples after AC measurements under wet Hy up to
850°C changed from Nd, WOg-type structure to Sm;MoOs due to
the reduction of MoV!, which was confirmed by PXRD. The electrical
conductivity was determined using 2-probe AC and DC methods
and was compared with 4-probe DC method in wet H,. The total
electrical conductivity obtained from these different techniques
was found to be very close within the experimental error over the
investigated temperature of 350-650 °C. Ionic and electronic con-
ductivity were studied using electron-blocking technique. Among
the samples studied in this work, Sm;gCap;MoOg_s compound
exhibits the total conductivity of 0.12Scm~! at 550°C in wet H,.
The electron transference number determined using electron-
blocking electrodes decreases with increasing temperature and
oxygen partial pressures (pO5).
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