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Abstract. Powders of Bi2Ru2O7:3, Pb2Ru2O6:5, and Y2Ru2O7 were prepared and their reactivity with

Ce0:9Gd0:1O1:95 (CGO) electrolyte powders examined. Bi2Ru2O7:3 and Pb2Ru2O6:5 reacted with CGO but

Y2Ru2O7 appeared stable when heated in contact with CGO powder at 900C for 24 h. Symmetrical electrodes of

Y2Ru2O7ÿx were deposited on CGO ceramic pellets, either by tape-casting or by electrostatic assisted chemical

vapor deposition (EACVD) techniques, and cathode resistivities determined by impedance spectroscopy. Undoped

Y2Ru2O7 electrodes exhibited very high area speci®c resistivities (ASR) at 627C (* 4000Ocm2), but by doping

with SrO the resistivity was reduced almost 1006 to 47Ocm2. The behavior of the Y2Ru2O7 cathodes was

interpreted in terms of available oxygen ion transport data for the Gd2Ti2O7 series, and it was concluded that

optimization of pyrochlore ruthenate compositions should be possible to improve further the oxygen reduction

behavior of ruthenate cathodes for intermediate temperature solid oxide fuel cells.
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1. Introduction

Noble metal and noble metal oxide powders (e.g., Pt,

PdO, RuO2) dispersed on oxide cathodes such

as La0:8Sr0:2MnO3 (LSM), La0:6Sr0:4Co0:2Fe0:8O3

(LSCF) have been shown [1±4] to have a bene®cial

effect in reducing the cathode resistivity in solid oxide

fuel cells (SOFC). It is appropriate, therefore, to

examine whether noble metal oxides incorporated into

oxide solid solutions, including typical oxide cathodes

such as LSM and LSCF, can also improve the kinetics

of oxygen reduction. Incorporating the noble metal

into an oxide structure should reduce the tendency to

agglomeration which is a feature of small dispersed

particles of noble metals and their oxides. RuO2 was

selected as the noble metal oxide as it is stable over

the range of temperatures and oxygen partial

pressures likely to be encountered in the operation

of intermediate temperature (500±700C) solid oxide

fuel cells (IT-SOFC). The pyrochlore structure was

selected for the present investigation as pyrochlore

ruthenates �A3�
2 Ru4�

2 O7� can exhibit useful electronic

conductivities [5], and had already been shown

[6±8] to be promising electrocatalysts for oxygen

reduction in ambient temperature aqueous electro-

lyte fuel cells. In the context of IT-SOFC tech-

nology the level of oxygen ion conductivity in oxide

pyrochlores can also be manipulated [9] either by

in¯uencing the energetics of the oxygen vacancy

order-disorder process, and/or by the introduc-

tion of aliovalent cations. Moreover Tuller et al.

[10±12] had provided some preliminary electronic

and ionic transport data for compositions in the

series: Gd2�Ti1ÿxRux�2O7 for x values up to 0.2.

This initial study is therefore concerned with the

examination of the following RuO2 containing

pyrochlore compositions; Bi2Ru2O7, Pb2Ru2O7, and

Y2Ru2O7. In addition Y2Ru2O7 was also doped with

SrO in an effort to improve the partial oxygen ion

conductivity.



2. Experimental

2.1. Preparation of Ce0:9Gd0:1O1:95 (CGO)
Electrolyte

Ce0:9Gd0:1O1:95 powder from Seattle Speciality

Ceramics was used for fabrication of the electrolytes.

The powder was uniaxially pressed at 15 MPa

pressure and subsequently isostatically pressed at

300 MPa to ensure a high green body density.

Sintering was carried out at 1550C for 5 h.

2.2. Ruthenate Powder Preparations

Lead ruthenate and yttrium ruthenate were prepared

by solid state reaction methods. Pb�NO3�2 from

Johnson Matthey Co., and RuO2 from Aldrich Co.,

were used as the starting materials for lead ruthenate

preparation. The two powders were weighed and the

mixture placed in a plastic bottle which was rotated

for 5 h. The powder was then uniaxially pressed to

make a pellet, which was calcined at 850C for 10 h.

The pellet was ground and pressed again to make a

pellet and calcined for another 10 h at the same

temperature. After each calcination, the pellet was

ground using an agate pestle and mortar. The excess

lead oxide was leached out by nitric acid solution at

room temperature. After washing the powders with

de-ionized water several times, they were dried at

250C for 10 h.

Y2O3 and RuO2 powders from Aldrich Co. were

used to make yttrium ruthenate. After weighing and

mixing, the mixture was uniaxially pressed to make

pellets. The pellets were placed in a quartz tube which

was ®lled with 0.5 atm of oxygen gas and then sealed.

The quartz tube was next heated at 1150C for 24 h.

Any excess of yttrium oxide was removed by the same

method as that of lead ruthenate.

A co-precipitation method was used to prepare the

bismuth ruthenate powder using Bi�NO3�3 ÿ 5H2O

and RuCl3 (Aldrich Co.) as starting materials. 1.5:1 of

Bi:Ru cationic ratio was used. The bismuth nitrate

was dissolved in 50 vol% nitric acid and the

ruthenium chloride in de-ionized water. The two

solutions were mixed and diluted to 0.1 mole/1

cationic concentration with de-ionized water. The

solution was dripped slowly into ammonium hydrox-

ide solution. The precipitate was separated by

centrifuge and washed several times in de-ionized

water. The hydroxides were calcined at 550C for 10 h

to attain bismuth ruthenium oxide. The excess

bismuth oxide in the ®nal product was leached out

with the same method as that of lead ruthenate.

Strontium-doped yttrium ruthenate was prepared

by the citrate route. Sr�NO3�2 and Y�NO3�3:5H2O

(Aldrich Co.) together with Ru�NO��NO3�3 (Johnson

Matthey Co.) were used as the starting materials.

Appropriate amounts of the starting materials were

weighed to achieve the required cationic ratios. An

amount of citric acid (Aldrich) with molar equiva-

lence to the whole amount of the cations was added to

the mixture. The mixture was dissolved in de-ionized

water and the solution heated with stirring to

evaporate water. When precipitates appeared, several

drops of ammonia solution were added to the solution

until the precipitates disappeared. When the solution

became viscous after most of the water was

evaporated, the temperature of the hot plate was

increased to about 300±350C. From the viscous

solution a foam was obtained and the foam was then

combusted. The product was calcined at several

temperatures to obtain crystalline ruthenate pyro-

chlore oxide without organic substances [13,14].

2.3. Fabrication of Cathodes

2.3.1. Porous thick structures. A relatively thick

and porous ruthenate layer on top of the CGO

electrolyte was fabricated by brushing on the relevant

ruthenate slurry. The tape-casting slurries were

prepared by initially ball-milling the following

mixture for 24 h; 120 g of the ceramic powder, 2 g

of ®sh oil, and 72 g of ethanol. Additions of polyvinyl

butanol (18 g), polyethylene glycol (4.5 g), dibutyl

pthalate (4.5 g), were then made and the slurry ball-

milled for a further 24 h. After deposition, the cathode

layer was dried by a halogen lamp. The dried sample

was ®nally sintered at 800±900C for 4 h.

2.3.2. Thick ®lm cathode structures using electro-
static assisted CVD (EACVD). The EACVD

technique was used to fabricate thick ®lm (3±5 mm)

electrodes of �Y; Sr�2Ru2O7 on CGO electrolytes. A

schematic diagram of the EACVD method is shown

in Fig. 1. This process was developed at Imperial

College [15] for the fabrication of oxide ®lms and

further details, together with subsequent improve-

ment, are available in the literature [16]. An

advantage of this fabrication route is that it can be

used in normal atmosphere without special environ-
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mental control. Ruthenium nitrosyl nitrate (Johnson

Matthey), yttrium nitrate pentahydrate (Aldrich),

strontium nitrate (Aldrich), and cobalt nitrate hex-

ahydrate (Aldrich) were used as the source materials

for the ruthenate ®lms. Appropriate amounts of

nitrates were dissolved in absolute ethanol with 10±

20 vol% of de-ionized water to produce a 0.5±2

cationic mole/litre concentration. The solution was

thoroughly mixed using a magnetic stirrer and the

liquid supplied to a nozzle at a ¯ow rate of 6±7 ml/h.

A high voltage (10±15 KV) was applied between a

nozzle and stainless steel hot plate to generate an

aerosol of liquid droplets. Using a glass substrate,

Zomeren et al. [17] reported that it was necessary to

introduce sputtered Pt coatings to prevent charge

accumulation during deposition of oxide ®lms by

EACVD. However in the present investigation ®lms

of �Y; Sr�2Ru2O7 were successfully fabricated without

the introduction of additional conductive layers

provided the ®lm thickness did not exceed 5 mm.

Films were deposited on both sides of Ce0:9Gd0:1O1:95

substrates attached to the stainless steel hot plate

which was maintained at 300±400C. The ®lms were

subsequently heated at 800C for 4 h to produce

crystalline ruthenates.

2.4. Electrode Resistivity Measurements

Impedance spectroscopy was used to measure the

electrode resistivity of symmetrical ruthenate elec-

trodes on CGO electrolytes using a computer-

controlled Solatron SI 1260 Impedance/Gain-Phase

Analyzer with a 50 mV signal The sample was

mechanically contacted with spring loaded platinum

gauze.

3. Results and Discussions

3.1. X-ray Characterization of Bi2Ru2O7:3 and
Pb2Ru2O6:5 Powders

Formation of the cubic phases, bismuth ruthenate

�Bi2Ru2O7:3� and lead ruthenate �Pb2Ru2O6:5�, was

con®rmed by powder X-ray diffraction. The stoichio-

metries quoted for these compounds are the values

reported in the relevant JPCDS ®les.

To check the reactivity of each ruthenate with

CGO, mixtures of the two powders were thoroughly

mixed and subsequently uniaxially pressed. The

resulting pellets were heated at 800±900C for 24 h.

X-ray examination of the bismuth ruthenate/CGO and

lead ruthenate/CGO mixtures revealed unidenti®ed

extra peaks (Figs. 2 and 3) having a relatively strong

intensity. It is therefore probable that the lead

ruthenate and bismuth ruthenate electrodes will

degrade in contact with CGO electrolytes during

long term operation at high temperature. Due to these

unidenti®ed reactions, further investigations of lead

ruthenate and bismuth ruthenate were not carried out.

It is interesting to note that Linquette-Mailley et al.

[18] have recently reported an investigation con-

cerned with the behavior of Bi2Ru2O7:3 cathodes on

stabilized zirconia electrolytes. Although these elec-

trodes were prepared by heating ceramic slurries at

927C the authors do not comment about any evidence,

positive or negative, regarding reactions between the

electrodes and zirconia electrolyte.

3.2. X-ray and Microstructural Characterization of
Yttrium Ruthenate (YRO)

3.2.1. Reactivity of Y2Ru2O7 powders. The for-

mation of yttrium ruthenate �Y2Ru2O7� was

con®rmed by X-ray powder diffraction analysis and

the lattice parameter values (10.143 AÊ ) were in good

agreement (10.140 AÊ ) with those listed in JPCDS.

Pellets of YRO/CGO annealed at 900C for 24 h did not

lead to the development of additional peaks (Fig. 4),

and lack of reactivity was also con®rmed by SEM

micrographs (Figs. 5 and 7) of cathode/electrolyte

interfaces.

3.2.2. Thick porous Y2Ru2O7 cathodes
(15 mm). An SEM micrograph (Fig. 5) of a fractured

surface of a Y2Ru2O7=CGO=Y2Ru2O7 symmetrical

sample indicates that the thickness of the electrode is

Fig. 1. Schematic diagram of electrostatic spray pyrolysis

(EACVD) equipment for oxide ®lm fabrication.
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Fig. 4. XRD peaks of yttrium ruthenate/CG010 mixture after heat treatment at 900C for 30 h. No extra peaks are exhibited.

Fig. 2. XRD peaks of bismuth ruthenate/CG010 mixture after heat treatment at 800C for 30 h. Extra peaks appeared.

Fig. 3. XRD peaks of lead ruthenate/CG010 mixture after heat treatment at 880C for 30 h. Extra peaks appeared.
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about 15 mm and the grain size of the electrode is of

the order of one micron. As well as examining

electrodes fabricated from undoped YRO, the compo-

sition �Y0:8Sr0:2�2Ru2O7 was also prepared by the

citrate route, and provided the powders were sintered

above 800C in pure oxygen X-ray powder diffraction

indicated a single phase pyrochlore structure with the

following lattice parameters: 10.163 AÊ .

3.2.3. Thin Y2Ru2O7 cathodes (3 mm). Several

compositions of �Y1ÿxSrx�2Ru2O7 (YSRO) ®lm

electrodes were prepared using the EACVD fabrica-

tion route. Good crystalline ®lms of YSRO were

obtained (Fig. 6) after the deposited ®lm was annealed

at 800C for 4 h, and it appeard that the pyrochlore

composition was still retained upto 40 mole% SrO

according to X-ray diffraction patterns. The lattice

parameters of the composition �Y0:8Sr0:2�2Ru2O7, for

example, had somewhat higher lattice parameters

(10.213 AÊ ) compared to those measured (10.163 AÊ )

for the powders of a nominally similar composition

prepared by the citrate route. This suggested that the

different fabrication routes did not produce cathodes

with identical SrO dopant levels, but this dicrepancy

was not resolved in the present investigation. It should

also be noted that Senzaki et al. [19] have used spray

pyrolysis techniques to prepare successfully metal

ruthenate powders.

The SEM micrograph of a typical fracture surface

(Fig. 7) indicates a fairly dense ®lm of thickness

around 3 mm.

3.3. Impedance Measurements

3.3.1. Thick porous Y2Ru2O7 cathodes (15 mm). A

typical impedance spectra measured at 623C for an

undoped YRO cathode is reproduced in Fig. 8a. The

electrode area speci®c resistivity (ASR) is

4200Ocm2, and appears as an offset from zero (x-

axis) as the total electrolyte resistivity (grain plus

grain boundary) is not resolved above 500C. A similar

measurement (Fig. 8b) on the doped composition,

�Y0:8Sr0:2�2Ru2O7, indicated a cathode resistivity of

154Ocm2 at a comparable temperature, 626C.

The high resistivity of the undoped material

suggests that it is behaving in a similar manner to

La0:85Sr0:15MnO3 (LSM) at low overpotentials which

also exhibits many similarities to porous Pt cathodes

[e.g., 20]. The overall oxygen reduction process is

believed to involve the dissociative-adsorption of

oxygen molecules with rapid electron transfer to form

Oÿ, O2ÿ, species, which then diffuse over the internal

surface of the cathode towards the triple-phase-

boundary (tpb). Unless the diffusion path is long,

Steele [21] has suggested that the oxygen surface

diffusion exchange coef®cient (k cm.sÿ 1) can be used

Fig. 5. SEM micrograph of fractured surface on yttrium ruthenate/CG010 symmetric sample.
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to provide a useful measure of the overall cathodic

kinetics for this situation. It is important to realise that

this type of behavior is indicative of low oxygen

diffusivities in the cathode grains. Tuller et al. [10]

have indicated that undoped pyrochlores such as

Y2Ti2O7 have low ionic conductivities due to their

highly ordered structure and in fact the ionic

conduction is probably due to the presence of

impurities. As the ionic radii of Ti4� and Ru4� are

comparable, then a similar situation probably prevails

for Y2Ru2O7.

The doped material (YSRO) has similar micro-

structural features, and so it is reasonable to propose

that the signi®cant decrease in resistivity, 4200�>
154Ocm2 can be attributed to oxygen ion conduc-

tivity within the YSRO particles, that is the cathode

material is a mixed conductor.

A model proposed by Adler et al. [22] for porous

mixed conducting oxide cathodes provides a frame-

work for examining the electrode resistivities

measured in the present investigation. This model

suggests that the electrode response of porous mixed

conducting oxide electrodes is dominated by solid

state diffusion and oxygen surface exchange.

According to this model the effective ``chemical''

resistance is given by:

Rchem �
RT

2F2

�������������������������������
t

�1ÿ e�aDvCvr0

r
�1�

Fig. 6. Effect of heat treatment on YSRO ®lms deposited at 400C by EACVD on CGO electrolye substrates. The YSRO ®lms were

crystallised by annealing at 800C.
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where the microstructural parameters are represented

by t (tortuosity), e (fractional porosity), and a

(internal surface area/unit volume). For the purpose

of the present analysis these microstructural para-

meters are assumed constant for the thick (15 mm)

electrode coatings to produce a value for M
�t/�1ÿ e�.a� equal to 6.16 10ÿ 4 when t� 1.5,

e� 0.3, a� 3500. The product CvDv can be replaced

by D�Co where D* is the oxygen self diffusion

coef®cient, and Co is the no. of moles of oxygen ions/

unit volume. Finally r0 is equal to kCo where k is the

oxygen surface exchange coef®cient. Values of D*

and k are not available for �Y0:8Sr0:2�2Ru2O7 (YSRO)

compositions and so it was decided to assume that

the k value for these compositions at 627C(900K)

was comparable to the value measured [23] for

La0:6Sr0:2Co0:2Fe0:8O3ÿx, i.e., 56 10ÿ 7 cm. sÿ 1.

From Fig. 8b the total electrode resistivity for

YSRO is approximately 154Ocm2. Substitution of

this value in expression (1) requires the oxygen ion

self diffusion coef®cient to have a value around

16 10ÿ 12 cm2 sÿ 1 (Table 1) which would corre-

spond to an ionic conductivity value around

10ÿ 7 Scmÿ 1. Ionic conductivity values of this

magnitude are indicated by extrapolation to 900K

of the results of Tuller et al. [10] for Sm0:9Sr0:1Ti2O7,

which suggests that the present interpretation of the

data is reasonable.

3.3.2. �Y1ÿxSrx�2Ru2O7 cathode ®lms (3 mm) pre-
pared by EACVD. A cathode ®lm having the

�Y0:8Sr0:2�2Ru2O7 composition had a resistivity of

114Ocm2 which may be explained by invoking

slightly different microstructural parameters

�e� 0.1, a� 5000� compared to the thick

�Y0:8Sr0:2�2Ru2O7 samples (Table 1). The reduced

porosity and slightly higher internal surface area

(corresponding to smaller grain size) is supported by

the SEM examination of a typical fracture surface of a

�Y,Sr�2Ru2O7 thick ®lm electrode (Fig. 7) which

depicts a relatively dense ®lm incorporating sub-

micron grains. However the lowest electrode

Fig. 7. SEM micrograph of fractured surface of YSRO ®lm cathode deposited by EACVD.

Table 1. Relationship between transport data and electrode resistivities

Composition M cm T C D cm2 sÿ 1 k cm. sÿ 1 RchemOcm2

�Y0:8Sr0:2�2Ru2O7 (15 mm) *66 10ÿ 4 627 1.06 10ÿ 12 5.06 10ÿ 7 155

�Y0:8Sr0:2�2Ru2O7 (3 mm) **3.36 10ÿ 4 627 1.06 10ÿ 12 5.06 10ÿ 7 115

�Y0:8Sr0:2�2Ru2O7 (3mm) **3.36 10ÿ 4 627 1.06 10ÿ 12 5.06 10ÿ 7 47

La0:6Sr0:4Co0:2Fe0:8O3 *66 10ÿ 4 627 5.26 10ÿ 10 5.56 10ÿ 7 6.5

�Gd0:95Sr0:05�2Ru2O7 *66 10ÿ 4 627 6.06 10ÿ 9 5.06 10ÿ 7 2.0

M� t/�1ÿ e;�a *�t� 1.5, e� 0.3, a� 3500 cmÿ 1� **�t � 1.5, e� 0.1, a� 5000 cmÿ 1�.
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resistivity at 635C (45Ocm2) was obtained with 5%

SrO doping levels see Fig. 8(c). Assuming all the

microstructural parameters remain the same

then an oxygen self diffusion coef®cient of

66 10ÿ 12 cm2 sÿ 1 (Table 1) can account for the

observed lower electrode resistivity. It is interesting to

note that Tuller et al. [10] obtained a maximum in the

oxygen ion conductivity of �Gd1ÿxCax�2Ti2O7 com-

positions for values of x around 0.1. Moreover the

maxima in ionic conductivity was associated with

lower activation energies (* 0.6 ev). The activation

energies of the electrode resistivities examined in the

present investigation are somewhat higher, typically

around 1 eV (Fig. 9). Again this would be expected

from the data of Tuller et al. [10] who examined ionic

conduction in the Sm2Ti2O7 doped with SrO, CaO,

and MgO. The highest conductivity and lowest

activation energy were associated with the CaO

dopant as the size of this ion is a better match to the

host cation Sm than the other dopants which are either

too large or too small. As Y3� is smaller than Sm3�

than the dopant-host mismatch is even greater for SrO

which is in accordance with the relatively high

activation energies (* 1 eV) recorded for the SrO-

doped Y2Ru2O7 electrode compositions. Finally it

should be noted that further details of the impedance

measurements as a function of temperature are

available [24].

The proposed interpretation of the impedance data

in terms of oxygen self diffusion and surface

exchange coef®cients has the merit of being internally

self-consistent, and in accordance with the ionic

conductivity trends for rare earth titanate pyrochlore

compositions established by Tuller and co-workers

[8]. However the assumptions implicit in this

interpretation certainly require further examination.

For example, although the rutile phases, TiO2 and

RuO2, have similar lattice parameters only a small

mutual solubility exists [25] due to differences in the

3d�Ti4�� ÿ 2p�O2ÿ� and 4d�Ru4�� ÿ 2p�O2ÿ� orbital

interactions [26], and so care has to be taken in

drawing too many parallels between Gd2Ti2O7 and

Y2Ru2O7. In this context it is interesting to note that

Tuller and Spears [12] interpret their data for

Gd2�Ti1ÿxRux�2O7 in terms of almost complete

reduction of Ru4� to Ru3� at moderate temperatures

(750C). However this is most unlikely as the 4d Ru4�

Fig. 9. Electrode resistivity for various compositions of

strontium-doped yttrium ruthenate as a function of reciprocal

temperature. Original impedance data at various temperatures are

available in [23].

Fig. 8. (a) Complex impedance of undoped thick (15mm)

Y2Ru2O7 cathode on CGO electrolyte. (b) Complex impedance of

�Y0:8Sr0:2�2Ru2O7 thick (15mm) cathode on CGO electrolyte. (c)

Complex impedance response of �Y0:95Sr0:05�2Ru2O7ÿx ®lm

cathode fabricated by EACVD method on CGO electrolyte.
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ion is relatively stable in oxides until the oxygen

partial pressure is suf®ciently low to cause reduction

to metallic Ru, and there is no evidence [27] for the

formation of an intermediate sesquioxide, Ru2O3.

Bourchard and Gillson's claim [28] that Y2Ru2O7 is

essentially stoichiometric is supported by the work of

Peacock [29] on the stoichiometry of RuO2 which

only indicates a narrow range of homogeneity,

RuO1:98 ÿ RuO2:015 in the temperature range 500±

600C. More recently Linquette-Mailley et al. [18]

suggest that the the stoichiometric range for

Bi2Ru2O7:3 is also relatively small. It thus appears

that in Y2Ru2O7 most of the ruthenium is present as

Ru4�, and so the introduction of Sr2� �Srl
Y� will

probably be compensated by the formation of oxygen

ion vacancies �V��o �, although a small concentration of

Ru5� �Ru�Ru� may also be produced. The formation of

anion vacancies is, of course, consistent with the

interpretation proposed earlier to explain the impe-

dance data.

The data of Tuller and Spears [11,12] do suggest

that it should be possible to obtain oxygen diffusion

coef®cients exhibiting values of at least

66 10ÿ 9 cm2 sÿ 1 (i.e., si * 66 10ÿ 4 Scmÿ 1) at

627C for compositions in the CaO doped Gd2Ru2O7

series. Such values would lead to cathode resistivities

at least 3 times lower than those associated with LSCF

(Table 1), which support the case for further

investigations in this area.

Conclusions

Bi2Ru2O7:3 and Pb2Ru2O6:5 powders react with

Ce0:9Gd0:1O1:95 (CGO) electrolyte powders at 900C

and cannot be considered as appropriate cathode

materials for CGO. In contrast Y2Ru2O7 appeared to

be stable in contact with CGO and was examined as

a candidate cathode material. Impedance measure-

ments indicated that Y2Ru2O7 exhibited very high

ASR values (* 4000Ocm2) at 627C. Doping with

5 mole% SrO reduced the ASR to 47Ocm2 at 627C.

The behavior of the Y2Ru2O7 cathodes was inter-

preted in terms of oxygen ion diffusion and surface

exchange coef®cients which suggested that the

behavior of ruthenate cathodes could be further

improved so that they should have superior perfor-

mance to La0:6Sr0:4Co0:2Fe0:8O3 electrodes at

intermediate temperatures.
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