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Abstract

The stability of the LasRw,O,3 and LaRuQ; compounds in the La—Ru—0O system in various atmospheres and various temperature ranges
was investigated by thermal analysis, X-ray diffraction analysis and electron microscopy. sRl@; 3 compound is stable in oxidizing

and neutral atmospheresA{NWith 10 ppm Q), while LaRuG;s is partially reduced in a neutral atmosphere to forR@0, 6. In a reducing
atmosphere both compounds decompose into metallic Ru as@;L#@he thermal expansion coefficients of,RuO; and LasRu,O;3 at

800°C are 11.2x 10K~ and 9.3x 10"®K ™%, respectively. The specific electrical resistivity forslsRu,O13 is relatively independent of
temperature and is 2 1072 Q cm at 800 C, while for LssRuQ; it decreases with increasing temperature andiscin at 800 C.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Ruthenium dioxide and many ruthenates are good elec-
trical conductors and useful electro-catalysts for oxygen
The operating temperatures of fuel cells with solid ox- reduction® One of the potential systems, which could be
ide electrolytes (SOFC) are around 10@) but the current  used as basis for a material for the cathode in a SOFC is
trend in their development is to lower the operating tempera- the La—Ru—O system. The reactivity studies of lanthanum
tures to near or under 80C. However, the ionic conductiv-  ruthenates with materials for the solid electrolyte (i.e.,
ity of yttria-stabilized zirconia (YSZ), which is usually used LaGaQ, CeQ, YSZ) indicated that lanthanum ruthenates
as the solid electrolyte, decreases by factor of 3 when theare compatible with these electrolyte#ccording to the
temperature is decreased from 1000 to 8D0To overcome literature a variety of phases are possible in the La—Ru-O
this problem, one way could be to look at other types of system, depending on the preparation route and the temper-
ceramic ionic conductors with lower ionic resistivity. CeO  ature.
doped with 3 ions (e.g., Gé") and LaGa@ doped with Ten compounds in the mentioned system are described in
2+ ions (on A and B sites with 3t and Mg+, respec-  the open literatur&18 The nominal valence of the ruthe-
tively) are mentioned in the literature as the most suitable nium ion varies from 3-8710 to 5+.15718 Also the specific
“candidates™ resistivity varies from 2.5 ©2 cm at 20°C for LayRugO19>°
The cathode or air electrode material for an SOFC op- to >2MQ at 20°C for La;RugO18.'®> However only
erating at 1000C is mostly based on (l3a-,Sr,)MnOs. It four compounds, i.e., lgRwO13,’ Lasg7RwO012,1°
is a relatively good electronic conductor with a specific re- LazRuzO1® and a recently published kRuGs1212 can
sistivity of 0.12 cm at 1000 C but its ionic conductivity is be prepared by synthesis in air. Others are synthesized
low. At lower operating temperatures the polarization losses either under reducing or strongly oxidizing conditions.
of manganites become high and the operation efficiency of Table 1summarizes the published crystallographic data on
a SOFC deteriorate Therefore, other materials with better the lanthanum ruthenates, including the nominal valence
electrical characteristics are required. of the ruthenium ions and, when reported, the data on the
electrical resistivity.
The aim of this study was to evaluate the thermal stability,
the thermal expansion coefficients and the electrical proper-
* Corresponding author. ties of LgRuGs and LasRwO;3 as important properties
E-mail address: andreja.bencan@ijs.si (A. Béan). of possible cathode materials.
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Table 1
Published crystallographic data and electrical properties of lanthanum ruthenates
Compound Symmetry Space group Nominal Ru valence Electrical resistivity Reference
LayRusO19 Cubic 123 (197) 4.33 2.5m2cm at 20°C; 5,6
Rapok/Rik = 192
LagsRwO13 Orthorhombic Pmmm (47) 3.875+ - 7
LaRuG; Orthorhombic Pnma (62); Pbnm (62) 3+ 5 x 103 Qcm (at 20°C); 8-10
1.08 x 103 Qcm (at 4.2K);
1.2 x 103Qcm (at 77K);
1.74 x 103 Qcm (at 300K)
LagRugO11 Cubic Pn3 (201) 4.33 Rsook/Rak = 33 11
LapRuG; (LagsRup010) Monoclinic P2;/c (14) above 170K; 4+ ~10*Qcm (at 166 K); 12,13
P1 (2) below 150K ~10° Qcm (at 111K);
~10?Qcm (at 60°C)
LagRwOz1 Hexagonal P6scm (185) 4.5+ - 14
La7RwO1g Trigonal R3cc (167) 5+ >2 MQ at 20°C 15
Las g7RWw 012 Monoclinic P2;/c (14) 4.695+- 100 k2 at 20°C 15
LagRuO, Orthorhombic Cmem (63) 5+ 425Qcm at 20°0C 16,17
B-LagRuO; Monoclinic P2;/c (14) 5+ - 18

The two compounds were chosen as they can be syn-of the calculations, a listing of the positions of the pow-
thesized in air. The other two compounds {RazO1g and der lines and their intensities was created. The intensities
Las s7RU2012), which can be also synthesized in air, have were calculated from the structure factors and corrected
too high specific resistivity to be considered as electrode using a shape factor that depends on the crystal size. Dy-
materials for SOFC. namical effects were not considered in the calculations.

To be able to compare the experimental and simulated
) electron-diffraction patterns, images were constructed from
2. Experimental the intensity distributions as describectth.

The electrical DC resistance was measured for the as-fired
pellets using the four-point method in the temperature range
20-900°C in air. Fritless Pt electrodes (Demetron M8014),
painted on the sintered pellets and fired at 1G00were
used for the contacts.

The thermal stability of the prepared compounds was in-
vestigated using thermogravimetric analysis (TGA, Netzsch
STA 492) in the temperature range 20-8@Jat a heat-
ing rate of 10 K/min. The TGA analysis were performed in
environments with different oxygen partial pressures (pure
oxygen, air and nitrogen (10 ppmpPand in reducing atmo-
sphere (Ar—10%H)). The weight of the samples was around
500 mg.

Additional experiments on thermal stability were done in
a furnace with Ar (100 ppm &) atmosphere heated up to
1250°C.

The thermal expansion measurements were carried out

The La sRw 013 and LgaRuGs compounds were synthe-
sized from La(OHy (Ventron, 99.9%) and Ruf(Ventron,
99.9%) using conventional solid-state synthesis techniques.
Stoichiometric amounts of RyCand La(OH} were mixed
in isopropyl alcohol, pressed into pellets and fired in air.
During firing, the pellets were placed on platinum foils. The
samples were fired three times (with intermediate grinding)
in air at 1000 and 1150C, respectively.

The fired materials were characterized with XRD analysis
using a Philips PW 1710 X-ray diffractometer and Cu K
radiation. The X-ray patterns were measured in the range
20 = 20°-70 using steps of 0.04 The samples were addi-
tionally characterized using a JEOL 5800 scanning electron
microscope (SEM) and an analytical electron microscope
(JEM 2010F); both microscopes were equipped with a LINK
ISIS 300 energy-dispersive X-ray spectrometer. The sam-

ples prepared for the SEM were mounted in epoxy and then "~ temperature to 80C using a dilatometer (DIL

polished using standard metallographic techniques. Prior to 8 : . .
analysis in the SEM, the samples were coated with carbon to$02, Bahr Germany) with a constant heating rate of 10 K/min

provide electrical conductivity and to avoid charging effects. n ai.
The samples for transmission electron microscopy (TEM)
were prepared by mechanical thinning, dimpling and ion 3 Reqyits and discussion
milling using 3.8 keV argon ions. The Clif—Lorimer method
and absorption corrections were employed for the quantita- 3.1, The Laz sRu4O13 compound
tive analysis. Lag7RwO1> fired at 1000C, was used as a
standard. The concentration of oxygen was calculated from The LazsRuyO13 compound, which crystallizes in an or-
the stoichiometry. thorhombic unit celf, was synthesized by firing for 10 h at
Simulated electron-diffraction “powder” patterns were 1000°C. Fig. 1 shows the high-temperature X-ray diffrac-
calculated using the EMS program packagé\s a result tion patterns of LasRuO13 in air. In the temperature range
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Fig. 1. High-temperature X-ray diffraction patterns of3ls&wO;3 in
the temperature range 700-9@ Peaks denoted as [111], [200] and
[220] originate from the Pt sample holder in the X-ray diffractometer.

700-900C no phase transitions were detected. The addi-
tional reflections originate from the Pt sample holder in the
X-ray diffractometer.

The TGA measurements of 5gRw O3 in oxygen, air
and nitrogen (10 ppm £) from room temperature to 80C
did not show any detectable weight change indicating the
stability of this compound in oxidizing and neutral atmo-
spheres.

Fig. 2 shows the X-ray pattern of kaRwO;3 after fir-
ing at 1250°C, 2h in Ar (100 ppm Q). X-ray peaks show
that, after firing in Ar atmosphere, peaks of3ls®®uwO13
disappear and the perovskite LaRu®@ formed. Presum-
ably, during the firing at 1250C, oxygen and ruthenium (in
the form of Ru@??) evaporate according t&(. (1):

1250°C, Ar
—_

LazsRwO13 3.5LaRuG + 0.5RuG; + 0.50,

1)

After firing at 800°C in a reducing atmosphere (Ar-10%
H>), LagsRwO13 decomposed into metallic Ru and 4@g
(Eq. (2). In Fig. 3 X-ray peaks denoted as Ru belong to
metallic Ru, while the others are attributed to La(@H)
LapxO3 reacts with HO from the air and forms La(OH)

r T T T T T —T T T T 1

20 25 30 35 40 45 50 55
2 theta (°)
Fig. 2. X-ray pattern of LasRu,O13 after firing at 1250C in Ar (100 ppm

0Oy). All peaks can be indexed with the LaRgi(erovskite unit cell
(ICDD-PDF: 82-1477).
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Fig. 3. XRD pattern of the LasRu;O;3 after firing at 800 C in a reducing
atmosphere (Ar-10%f). Peaks denoted as “Ru” belong to metallic Ru,
others are attributed to La(Ogl)
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Fig. 4. The specific resistivity vs. reciprocal temperature fosdRuy O3,
measured in air.

LazsRWwO13 + 7.75Hy 5 21,751 303 + 4Ru+ 7.75H,0

(@)

The specific resistivities versus reciprocal temperature
for the LagsRwO13 are presented ifrig. 4. The resistiv-
ity of LagsRwOs3 is relatively independent of tempera-
ture throughout the whole measured temperature range. The
room-temperature resistivity of kgRwO13, as well as the
resistivity at 800°C, is around 2x 102 cm in air.

Fig. 5 shows the temperature dependence of the thermal
expansion of LasRuO;13. The thermal expansion coeffi-
cients (TECs) are tabulated irable 2

3.2. The LazRuOs compound

The LaRuGs; compound was synthesized by firing
for 15h at 1150C. Fig. 6 shows TGA measurements of
LapRuGs from room temperature to 80C in air, in oxygen

Table 2
The values of the expansion coefficients ok ERWO13

TEC x 10°%(K~1) [LazsRwO13]

Temperature regior’C)

Room temperature—270 7.4
270-520 7.4-8.5
520-800 8.5-9.3
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Fig. 5. Temperature dependence of the thermal expansionsgR1a0;3.

and in Nb. According to the TGA measurements ;RuGs

is stable in oxygen. In air, a small weight loss of around

0.1wt.% was observed at 80C. However, in the neutral
atmosphere (N with 10ppm Q) a weight loss of 1.5%

was observed at 60C. It was presumed that the weight
loss is due only to the loss of oxygen, as the evaporation of © A
volatile Ru@ and RuQ compounds is negligible at tem-

peratures under 100€ 2! This indicates that-4/5 Ru
in LaxRuGs is reduced to R forming the substoichio-
metric compound with the nominal composition,RuO, 6
(or Lago(RU*H)a(RUH)023) (Eq. (3):

N2, 800°C (10 ppm Q)
—

LaoRuGs(m) LaoRuQyg(m) + 0.20;

3
The X-ray patterns of the L&®uUG; compound and the

partially reduced LgRuQy g compound are shown iig. 7.
A small decrease in the size of theandb unit-cell param-

eters of LaRuQs was observed after firing in inert atmo-
sphere T(able 3. However, the unit cell of the substoichio-

metric L&RuO4 6 compound is still monoclinic-R2;/c.1?
The TGA analysis of LeRuQs in Ar/10%H, is shown in

Fig. 8 The TGA curve shows a weight loss of around 1.5%

100.2 1
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99.4 4
99.2 A
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98.4

oxygen
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N2

0 100 200 300 400 500 600 700 800
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Fig. 6. TGA measurements of RUGs in air, in oxygen and in N
(10ppm Q) up to 80C°C.
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Fig. 7. XRD pattern of LaRuQs after TGA analysis in air and in N

The additional peaks denoted as [111], [220] and [311] originate from
Si, which was added as an internal standard.

Table 3
Cell parameters of L&RuGOs and LaRuOy 6, monoclinic unit cell,P2;/c
Cell parameters LARUGs LayRuQy ¢
a (A 9.1955 9.1830
b (A) 5.8344 5.8330
7.9601 7.9636
B (©) 100.773 100.773
V (A%) 419.53 419.05

between 250 and 40, and a further weight loss of 5.4%
between 420 and 62C. The first loss is ascribed to the for-
mation of the partially reduced bRuOy g ruthenate, while
the total weight loss~+6.9%) corresponds to the reduction
of LaoRuGs to metallic Ru and LgOs (Egs. (4) and (9)

250—-400°C
—_—

LapRuGs(m) + 0.4H; LaoRuQy 6(m) + 0.4H,0

(4)

420800°C) 2,03 + RU+ 4.6H,0

()

Since with XRD only the La(OH) (due to the reaction
of LapO3 with H2O) was identified the assumption was that

LaoRuQy 6(m) + 4.6H,

101 -
100
99 -
98 4 LagRuO4,54”ﬂ
97 |
96
95 -
94
93 - LazOs Ru —7
92

mass (%)

20 100 180 260 340 420 500 580 660 740

Temperature (°C)

Fig. 8. TGA measurement of LRUG; in reducing atmosphere up to
800°C.
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sample

Fig. 9. Experimental SAED pattern of kRuGs, after firing in a reducing
atmosphere. Simulated patterns of La(@H#) and cubic Ru If) are
added. SAED pattern of the sample can be indexed with LafGiryl
with [111], [200] rings of metallic Ru.
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Fig. 11. Temperature dependence of the thermal expansion&uGs.
Table 4

The values of the expansion coefficients o, RaCs;

TEC x 1078 (K~1) [LazRuGs]

Temperature regiorn’C)

Room temperature—270 8.4
270-520 8.4-9.9
520-800 9.9-11.2

The logarithm of specific resistivities versus reciprocal

the peaks of metal_lic Rg in_ the sample could not be de- emperature for LgRUQ; is presented irFig. 10 The spe-
tected due to a particle size in the nanometer range. In ordefgific resistivity of LgRuOs decreases with increasing tem-

to determine the Ru and La(Ogl)n the sample, analyti-

perature from 11%2 cm at 20°C to around X2 cm at 800°C.

cal electron microscopy was used after TG measurement inThjs semiconducting behaviour of sRUGs is in agreement

the reducing atmosphere. Instead of measuringl tredues,

experimental selected-area electron-diffraction (SAED) pat-

with the results recently published by Khalifah et
Fig. 11shows the temperature dependence of the thermal

terns were compared to the calculated patterns. For the simgyxpansion of LaRuOs. The thermal expansion coefficients

ulations, published crystal-structure data for La(@HPDF:

83-2034) and metallic Ru (PDF: 88-2333) were used. The

electron diffraction patterns for a mean crystallite size be-
tween 0.5 and 5nm were systematically calculated.

Fig. 9shows the experimental SAED pattern obRaCGs
after firing in a reducing atmosphere. The simulated diffrac-
tion patterns of La(OH) (a) and cubic Ru lf) with 5nm

particle sizes are added. Based on the comparison of the
experimental SAED patterns with the simulated patterns it

was found that the faint rings in the SAED patterns indicate
a presence of La(OH)with a grain size around 10 nm and
of metallic Ru with a grain size of a few nanometers.

10000
£ 1000
g 100 -
S 10 . °
g/ 1 - " .
Q 4”’
2 0.1 -
0.01 . . . . . |
0.5 1 1.5 2 2.5 3 35

1/T *1000(1/K)

Fig. 10. The logarithm of specific resistivities vs. reciprocal temperature
for LapRuGs in air.

(TECs) are tabulated imable 4

4. Conclusions

The LasRu 013 and LaRuQ; compounds were evalu-
ated as possible cathode materials for solid oxide fuel cell.
According to the TGA measurements,3ls®RuO13 is sta-
ble in an oxidizing as well as in a neutral atmosphere, while
LapRuGs is partially reduced to La(RuW)4(Ru*)0s3 in
neutral atmosphere. A slight decrease in the size o tred
b unit-cell parameters of monoclinic kRuOs was observed
after firing in neutral atmosphere. In a reducing atmosphere
LagsRwO13 and LaRuQs decomposed into metallic Ru
and La0s3. The thermal expansion coefficients at 8@for
LayRuGs is 11.2 x 10°8K~1 and for LasRuO43 is 9.3
x 10-8K~1. As compared to the resistivity of bgRuO13
(2 x 1072 Qcm), which is relatively independent of tem-
perature throughout the whole measured temperature range,
the specific resistivity of LeRuQ; decreases with increas-
ing temperature and is€2cm at 800°C.

The stability data in oxidizing atmosphere as well as ther-
mal expansion coefficients of both compounds indicate the
possibility to be used as SOFC cathode materials.
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