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Abstract

Yttrium-doped SrTiO5 (SYT) was assessed as an anode material for solid oxide fuel cells in terms of electrical conductivity, phase
stability, redox behavior, chemical compatibility with yttria-stabilized zirconia (YSZ) and Lag gSrg,GagsMgp,0,5 (LSGM), ther-
mal expansion coefficient, and fuel cell performance. With the optimized composition Srgg6Y.0sT1O5_3s, the electrical conductivity
was as high as 82 S/cm at 800 °C and oxygen partial pressure of 107! atm. A reversible change of conductivity was observed upon
oxidation and reduction. The resistance to oxidation was enhanced by partially replacing Ti with transition metals such as cobalt.
This material has high structural stability over a broad range of temperature (up to 1400 °C) and oxygen partial pressure (1-10=2°
atm). No phase change was found for mixtures of SYT with YSZ or LSGM sintered at 1400 °C for 10 h. The thermal expansion of
doped-SrTiO; was determined to be compatible with that of YSZ and LSGM. A maximum power density of 58 mW/cm? at 900 °C

was obtained for single cells with the new anode. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The goal to develop single phase mixed ionic and
electronic conductors (MIEC) as anodes for solid oxide
fuel cells (SOFC) is a continuing and elusive challenge.
This type of anode material offers a number of advantages
over the standard Ni—-YSZ cermet anode.

First, in mixed conductors where both oxygen ions
and electrons are mobile, the electrochemical reactions
occur over the entire electrode/gas interfacial area. The
usual requirements of a triple phase contact between elec-
trode, electrolyte and gas, are replaced by a simple
requirement of a two-phase boundary region between
electrode and gas phase. The positive effect of mixed con-
ductors at the interface has been well known for many
years.'™ Thus, polarization losses with a mixed conduct-
ing electrode are expected to be significantly less than with
electrodes exhibiting only electronic conductivity.>~¢

Second, sulfur poisoning might not be so problematic
because ceramics have a lower affinity for sulfur.
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Finally, ceramic anodes have advantages in producing
direct electrochemical oxidation of dry methane without
carbon deposition. Steele et al. have demonstrated that
platinum anodes are poor electrocatalysts for the oxi-
dation of CH, at 800 °C.” However Bi,Os—PrsO;; anodes
could electrochemically oxidize 100% CH, to CO, and
H,O at reasonable efficiencies without producing carbon
deposition.?

CeO, based materials have been evaluated for SOFC
anode applications.>~!! Doped CeO, exhibiting mixed
conduction in the fuel environment have been studied
both as single phase materials and as two-phase mixtures
with nickel. The CeO, anodes have shown considerable
promise as electrode materials for direct oxidation of
CH,. However, anodes based on doped CeO, have not
replaced nickel/YSZ anodes because of the relatively low
levels of electronic conductivity and the relatively large
lattice expansion associated with the loss of oxygen under
anodic conditions, which can eventually result in the
anode spilling off the electrolyte.!!

Various oxides in addition to CeO, have also been
investigated, including Y,05—ZrO,-TiO, solid solution,
Mo-doped Gd,Ti,O5, La-doped SrTiO3, and a number
of titanate systems such as Mg;_,Ti,,,Os and Mg,_,
Til +yo3.12—15
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So far, however, it has not been possible to develop a
single phase material that is stable over the oxygen partial
pressure range typically associated with anode opera-
tion and that exhibits sufficient electronic conductivity.
Identifying anode materials that satisfy all requirements
simultancously is a significant challenge. Some of the
required properties deteriorate when others are
improved, as for example, electronic conductivity versus
ionic conductivity or single-phase composition versus
stability over a wide range of oxygen partial pressure.
To optimize the anode materials requires a compromise
in the chemical and physical properties.

We have recently measured unusually high electrical
conductivity for yttrium-doped SrTiO; (SYT) under
reducing atmospheres.'® In this work, the chemical and
physical properties of SYT were studied in terms of redox
behavior, chemical compatibility with yttria-stabilized
zirconia (YSZ) and La()'gsro'zGao'gMgO'zOz'g (LSGM),
thermal expansion coefficient (TEC), and fuel cell perfor-
mance. Of all the systems investigated, the Srgg5Y0. 10
Ti 95C0¢ 05035 composition appears to be the most
probable candidate for an SOFC anode.

2. Experimental

Doped SrTiOz specimens were synthesized by solid
state reaction at high temperature as described in previous
work.!” The samples for four-point conductivity
measurement were about 6 mm diameter by 15 mm long.

A gas mixture of carbon monoxide and carbon diox-
ide, controlled by an MKS mass-flow controller, type
1159B and an MKS readout, type 247C, was used to fix
different oxygen partial pressures. The effective oxygen
pressures depend on the ratio of CO and CO, according
to the equilibrium:

1
CO, =c0+§o2 (1)

The effective range of control, which can be achieved
at 800 °C, is 107'4-1072° atm of Po,.

The conductivity was measured by the standard four-
probe dc method. The sample was placed in a holder,
and external platinum leads were attached to both ends.
A current of 0.1 A from a Keithley 225 current source
was passed through the sample and the voltage drop
was monitored by an HP 34401 A multimeter. The input
impedance of the multimeter was 10!© ohms. All the
measurements were taken after the gas mixture had
been allowed to equilibrate for at least one hour, and no
significant change in conductivity was observed.

The fracture microstructures of yttrium-doped
SrTiO;, as prepared under reducing conditions, were
examined with a Philips 515 scanning electron micro-
scope. No coating was applied to the sample surface.

The oxygen vacancy concentration was determined by
thermogravimetric analysis in a Netzsch STA 409 thermal
balance under an atmosphere of flowing air at 1000 °C.
The method is based on the weight change observed as a
function of temperature or time. The error in the experi-
mental weight gain is estimated to be +0.05%.

An electrolyte disc (10 mm in diameter and 0.5 mm in
thickness) was prepared by sintering pressed YSZ pow-
der at 1400 °C for 10 h. A doped-SrTiOs—glycol slurry
was then painted on one side of the YSZ disc to make a
half cell and annealed at 1200 °C in air for 2 h followed
by a reduction of the anode at 1400 °C in 7% H, for 5
h. Pt paste (Engelhard) was applied on both sides of the
cell as current collector and/or cathode. The active
electrode area of the anode and cathode was 0.35 cm?
each. The single cell was sealed to an alumina tube with
Aremco cement. Gaseous H, saturated with water
vapor at room temperature was supplied to the anode,
and air was used as the oxidant at the cathode. A test
cell schematic is shown in Fig. 1.

3. Results and discussion
3.1. Grain size of Sr;_; 5xYxTiO3_s (SYT)

Fracture surfaces of Sr;_;5,Y, TiO3_5 (x=0.02, 0.04,
0.06, 0.08) sintered at 1400 °C for either 10 or 20 h were
examined by scanning electron microscopy as shown in
Fig. 2. In all cases, the grain size varied only slightly
from 3 to 6 pm. Grain growth in SrTiO; and BaTiO;
have been reported to be highly sensitive to donor-
doping.'82% At low donor concentrations, grain growth
may become pronounced during high temperature sin-
tering, often resulting in 50-100 pm grains, but at high
donor concentrations grain growth is suppressed, with
resulting grains of a few microns in size as were observed
here. Burn and Neirman (1982)!8 found that the thresh-
old in Y-doped SrTiO3 was close to 1%, depending on
the overall lattice cation stoichiometry. While this so-
called donor-anomaly has been the subject of much
research, to date a clear mechanistic interpretation has
not been proposed.

Sealant Electrolyte
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At ; " lf Cathode
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Fig. 1. Schematic of fuel cell test apparatus.
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Fig. 2. SEM micrographs of fracture surfaces of Y-doped SrTiOj; sintered at 1400 °C in air for various times: (a) Srg97Y.02TiO2.959 10 h, (b)
Sr0.94Y0.04Ti02.980 10 h, (¢) Sr.91Y0.06 TiO2.970 10 h, (d) Sro.85Y0.08TiO2.965 20 h.

Although the small grain structure may provide good
mechanical properties, the accompanying large grain
boundary areca may impede electrical conductivity.
Grain boundaries play an important role in the elec-
trical properties of a variety of ceramic materials and
components.

3.2. Redox behavior of SrpgsY.0sTiO3_s

The rate of oxidation and reduction of
Sros8Y0.0sTiO3_s has been studied by measuring the
change in the electrical conductivity as a function of
time as the specimen was annealed in air and 7% H,
(Fig. 3). The samples were initially reduced in forming
gas at 1400 °C to obtain a reference conductivity under
reducing conditions before the oxidation-reduction stud-
ies. The electrical conductivity changed rapidly with
changing atmospheres either from forming gas to air
(oxidation) or vice versa (reduction). One of the noticeable
features is the parabolic time dependence of the change
in electrical conductivity for both oxidation and reduc-
tion processes. Another observation is that conductivity
was reversible on oxidation and reduction. However, the
rate of reduction is much slower than that of oxidation,
indicating that the incorporation of oxygen into lattice is
much easier than the release of oxygen from lattice.

The oxidation-reduction reactions take place accord-
ing to Eq. (2)

oxidation—reduction

1
Op «—— 2+ Vs +§Oz(g) (2)

To be a useful material for fuel cell anodes, the
change of electrical conductivity must be either rapid
upon oxidation-reduction or kinetically hindered, espe-
cially for oxidation. The reduction of Sr(ggY 0sT1O03_s
involves the release of oxygen from the lattice, and
results in the generation of electrons and oxygen
vacancies. The opposite reaction occurs during the oxi-
dation process. The extent of reduction or oxidation, 7,
is defined as

AW - AW,

T AW — AW, 3)

n

where AW is the weight loss, or oxygen deviation from
stoichiometry, in relation to the stoichiometric compo-
sition, and t, o, and oo correspond to arbitrary time,
initial state, and the final state, respectively.?! Since the
oxygen deviation is proportional to the electron con-
centration [Eq. (2)], one can express Eq. (3) in terms of
conductivity as
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Fig. 3. Change of electrical conductivity for SrgggY(osTiOz_s at
800 °C after a sudden oxygen partial pressure change.
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assuming the electron mobility is independent of con-
centration. As can be seen, the degree of reduction is a
time dependent parameter.

Two processes in series have been proposed for the
oxidation and reduction reactions, the gas-solid inter-
face reaction and the bulk diffusion of relevant species,
one of which is rate controlling.>> As shown in Fig. 3,
the conductivity of SrygsY.0sTiO3_5 changes rapidly at
first, and reaches a plateau after some time. This beha-
vior is typical for diffusion controlled processes, indi-
cating a fast surface reaction at 800 °C for both
oxidation and reduction. The composition changes must
proceed by mass transport via diffusion from the gas—
solid interface into the bulk (reduction) or from the bulk
toward the gas—solid interface (oxidation). The kinetics
of these oxidation—reduction processes depends there-
fore on the rate of diffusion or mobility of the oxygen
vacancies. For the reduction process, the core of the
St 8sY0.0sTiO3_s is reduced by diffusion of oxygen
vacancies and reductant across the oxidized/reduced

oxide interface whose area decreases with time. The
distance of this interface from the surface of the speci-
men increases with time. Therefore, the rate of reduc-
tion or the conductivity decreases with time.

As pointed out elsewhere,>> when temperature is
changed, conductivity shows an effect due to the grain
boundaries. For most oxides with a close-packed oxygen
sublattice, oxygen diffusion at the grain boundaries
appears to be rapid relative to diffusion within the grains.
As a result, when oxygen partial pressure is changed, a
stoichiometric change at the grain boundaries occurs
preferentially.>* The grain boundaries may act as fast
conduction paths during reduction or as blocking layers
during oxidation, via a conduction mechanism that is
more or less independent of the grain properties.

3.3. Redox behavior of acceptor and donor Co-doped
SrTiO;

To evaluate the effects of acceptor addition at tita-
nium-sites on the oxidation-reduction behavior, a num-
ber of samples with the composition SrygsYg10Tl095
Mg 0503_s M=V, Mn, Fe, Co, Ni, Cu, Ga, Al,) were
studied by either electrical conductivity measurements
or thermogravimetric analysis. The samples were equi-
librated in 7% H, at 1400 °C for 10 h.

Fig. 4 shows the weight change for selected composi-
tions during an oxidation-reduction cycle at a heating
rate of 5 °C/min. The onset temperature, i.e., the lowest
temperature for observed change of weight, the weight
change, and the degree of reduction are summarized in
Table 1. For all cases, the onset temperature for reduc-
tion is higher than that for oxidation, indicating a high
activation energy for reduction. This is in accord with
the relaxation time where the reduction process mon-
itored by the conductivity took much longer than the
oxidation process at the same temperature.

Because the oxidation and reduction is limited by
oxygen vacancy diffusion through the oxide, and
assuming diffusion occurs by the motion of isolated
oxygen vacancies, any dopant that enhances the oxygen
vacancy concentration should increase the oxidation
and reduction rate. Correspondingly, the faster the
oxygen diffusion is, the higher the degree of reduction
for oxidized materials. The degree of reduction for
Sr9.85Y0.10Ti0.0sM.0s03_s (M =Co, Cu, Ga, Al,) was
indeed enhanced compared with that of Srg g5Y ¢ 10T105_s.
However, this was not observed for manganese or
vanadium doped samples.

These results were consistent with the results of con-
ductivity measurements. Fig. 5 shows the change of
electrical conductivity during reduction in 7% H, at
800 °C for Srogs5Yo.10Ti0.0sMo.0s03-5 (M =Mn, Co),
along with the results for SrygsYo 10TiO3_s. Samples
sintered in forming gas were equilibrated in air at
1400°C for 5 h before the conductivity measurement.
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Fig. 4. Plots of thermogravimetric analysis during (a) oxidation pro-

cess and (b) reduction process for (1) SrggsYo.0sTiO3_5 (2)

Sr0.85Y0.10Ti0.95C00.0503-5, (3) Sro.ssYo0.10Ti0.95Ga0.0s03-5, (4) Srogs
Yo.10Ti0.95Cu0,0503 5.

Table 1

The degree of reduction for SrygsY(10TiO3_s, Srggs
Y0.10Ti0.95C00.0503-5s and  Srogs5Y0.10Ti0.905sMng.0503_5
after a period of 24 h was 11.7, 17.3, and 2.1%, respec-
tively. The addition of transition metals as donors in
SYT not only enhanced the degree of reduction but also
increased the resistance to oxidation.!”

3.4. Effects of porosity

Porous anodes are used in fuel cells to allow gas
access to the reaction sites without significant diffusion
limitation. In order to evaluate the effect of porosity on
conductivity, porous samples with compositions Srggs
Y0.10Ti0.95C00.0503_s and SrgggY.0sTiO3_s were made
by adding 20 wt.% carbon black as a fugitive phase and
annealing the samples in air at 1400 °C for 4 h. The
relative density is estimated to be 72.8 and 69.5%,
respectively.

Fig. 6 shows the change of conductivity of Srggs
YO.IOTi0.95C00.0503—6 in the range of oxygen partial
pressures of 10~14-10~1° atm at 800 °C. A significant
drop in conductivity was observed for the porous sam-
ple compared to the dense one. Juretscheke et al. have
proposed a mathematical model to interpret the relation-
ship of porosity and conductivity of ceramic materials.?
Assuming that spherical pores are homogeneously dis-
tributed in dense materials, the relationship between
relative conductivity and the porosity can be expressed
as:

o/c’ = (1 —¢&)/(1 +0.5¢) ®)

Results of thermogravimetric analysis (oxidation was carried out at a constant heating rate of 5 °C/min up to 1500 °C, reduction was carried out at

800 °C in 7% H, for 5 h)

Composition Redox condition Onset Weight Degree of
temperature change (%) reduction
0 (%)

Sro_ggY()'()gTi02_97 Oxidation 450 0.29

Reduction 900 0.19 66
SrO.gSYO.]Ti0.95C00.05O3_5 Oxidation 550 0.40

Reduction 750 0.39 97
Sr0.85Y0.1Ti0.95A10.0503_5 Oxidation 480 0.09

Reduction 850 0.09 100
SrolngO.1Ti0_95V040503,5 Oxidation 420 0.94

Reduction 550 0.52 55
Sro.85Y0.1Tio.95Cu0.0s03_s Oxidation 350 0.30

Reduction 670 0.30 100
Sro_ng()'1Ti()_95G'd()_()503,5 Oxidation 520 0.17

Reduction 720 0.16 94
Sro,gSYo,]Ti0.95Mn0.05O3_5 Oxidation 460 0.16

Reduction 620 0.06 38
St0.85Y0.1Tig.95Ni0.0503_5 Oxidation 600 0.53

Reduction
Sro_ng()»1Ti0_95Feo_0503,5 Oxidation 550 0.39

Reduction
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where the porosity e = 1 — p/p°, p and p° are the actual
and theoretical density, respectively. The experimentally
determined conductivity and porosity for Srggs
Yo.10Ti9.95C00.0503_s are in accord with that predicted
by Eq. (5).

Since the gas penetrates the materials via the pores so
that diffusion lengths are greatly diminished, the oxida-
tion and reduction rates are expected to be enhanced.
This was confirmed by a comparison of conductivity
change between dense porous and samples having com-
position SrgsYo0sTiO3_s (Fig. 7). Typically, a rapid
reduction was observed for the porous sample rather
than the long period of reduction of the dense one,
which is favored for the anode reduction in situ.

3.5. Compatibility with electrolytes

Since the SOFC membrane is a layered structure oper-
ating for long duration at elevated temperatures, chemical
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Fig. 5. Electrical conductivity as a function of time during reduction
in 7% H, at 800 °C.
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Fig. 6. Influence of porosity on electrical conductivity for
Sro.85Y0.10Ti0.95C00,0503 5 at 800 °C.

compatibility and thermal expansion compatibility of
adjacent layers are essential.

Linear thermal expansion coefficients (TEC) of sin-
tered samples (20 mm in length and 5 mm in diameter)
were measured in air over the temperature range 25—
1100 °C. Thermal expansion plots for several repre-
sentative compositions are shown in Fig. 8, together
with the thermal expansion of the electrolyte materials
710 34Y0.1601.92 and Lag sSrg,Gag Mgy ,03_s reported
respectively by Ménner et al. and Stevenson et al.2?’
The TECs of various doped SrTiO; compositions
remain constant with temperature and are near those
of the electrolyte materials. Average TEC values for
all the compositions are summarized in Table 2. Since
the longitudinal thermal stress, o, is a product of
thermal expansion coefficient, @, and Young’s modulus,
E, as given by

ox=—oTE (6)

Dense
,-I/"J-’.-—.
—_ e L
E 3 Porous
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Fig. 7. Comparison of conductivity between dense and porous samples
of Sro.85Y0.0sT103_;s during oxidation—reduction processes at 800 °C.

12000 |

10000 -

8000 -

4000 |

Expansion (ppm)
:

0 200

400 600 800 1000
Termperature (°C)
Fig. 8. Thermal expansion plots for (1) SrggsY0.0sTiO3_5, (2) Srogs

Y0.10Ti0.95C00.0503-5, (3) Sro.g5Y0.10Ti0.95Al0.0503_5, (4) Lagg Sro:
Gag sMgo203_s, (5) Zro.34Y0.1602-s-
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where T is temperature, the difference of Young’s mod-
ulus also has to be considered to avoid thermal stress
failure.?®

In order to assess the possible reactions of yttrium-
doped SrTiO; with YSZ or LSGM at high temperatures,
powder mixtures of SryggY.0sT103_5/Z1084Y0.1602—_s
(TZ-8Y, Tosoh Corp.) and STOV88Y0.08TiO3,5/Lao_8Sro'z
Gay gMgy,05_;5 (Praxair) were pressed into pellets and
sintered at 1400 °C for 10 h. Fig. 9 shows the XRD
spectrum for the reacted samples. Peak overlaps were
observed between SrygsYo03TiO5.5 and LaggSrg-Gag g
Mg, ,05_s because of the similar lattice parameters of
the two oxides. No new phases were detected for either
case under the experimental conditions. However, this
examination could not determine the level of interfacial
diffusion between the two phases and the resulting
effects on conductivity. The addition of oxide impurities
such as MgO, Ga,O5; and ZrO, which are components
of the electrolytes, results in a decrease of the con-
ductivity of Srygs5Y.10T103_s as shown in Fig. 10.

3.6. Fuel cell performance

Single cell tests were performed on electrolyte-sup-
ported cells with hydrogen and air. The electrolyte was

Table 2
Average thermal expansion coefficients of doped SrTiO; and electro-
lyte materials from 25 to 1100 °C

Composition TEC (x10°/°C)
Sro.88Y0.08T103 5 12.0
Sro.85Y0.10Ti0.95A10.0503—5 11.2
Sr0.85Y0.10Ti0.95C00.0503—5 12.0
Zr984Y0.1601.92 10.8
Lay §Srg.2Gag sMgo 2035 11.3
*
(a) *SYT
X xYSZ
i
g o
=
LA /\._J L J\ J\ M

20 30 40 50 60 70
20

Fig. 9. X-ray spectrums for the sintered mixtures (a)
Sro.88Y0.08T103 5+ Zro.84Y0.1602—5, (b) Sro.88Y0.08TiO3_5+ LagsSro»
GagsMgp203_s.

0.5 mm thick. The anode materials were applied as a
paste and co-fired with the electrolyte. Pt paste was used
for the cathode. Fig. 11 shows results of voltage (V)
versus current density (J) measurements for SOFCs with
anode composition (a) Srygs5Yo.10110.95Gag0503_s and
(b) Srpgs5Y010Ti0.95C0005035_5. Stable cell potentials
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Fig. 10. Effect of 5% Ti substitution on the conductivity of
Srotngo_]gTiO:;,,; at 800 OC, by (a) Ga, (b) Zr, (C) Mg
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03,5.
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with a slight degradation were observed for a period of
24 h. Both current density and maximum power density
increased with increasing temperature of operation. The
cells with doped SrTiO; as anodes gave poor power
density (max. 58 mW/cm? at 900 °C) although the
standard open circuit potential was observed. Partial
delamination of the anode was evident after cooling.

The efficiency of an SOFC depends mainly on its
ohmic resistance and electrode polarization but can be
minimized by material modification and cell fabrication.
The resistance of the total cell was observed to be
780-1000 € at operating temperatures, which is
much higher than that expected from the anode and
the electrolyte. Upon examination of the ceramic
membrane after the fuel cell tests, it was observed that
the anode coating had separated from electrolyte. The
poor power density observed in this study could be due
to the high contact resistance between anode and
electrolyte. If this is the case, the electrochemical
performance of doped SrTiO; as the anode of the fuel
cell was not well characterized. The ohmic resistance
could be reduced by decreasing the thickness of electro-
lyte and electrodes, as has been demonstrated by lami-
nation of slip-cast tapes and screen printed or sprayed
electrodes.?*3° Those researchers reported a power den-
sity up to 900 mW/cm? at 800 °C. Reducing the resis-
tance to less than 10 © by decreasing the thickness of the
membrane and improving interface contact is expected
to improve the performance to industrial standards.

4. Conclusions

The conductivity of SryggY.0sTiO3_s is reversibly
recovered from oxidized samples by reduction at 800 °C.
However, the reduction rate is about four times slower
than the oxidation rate. Thermogravimetric studies
indicate that the reduction process starts at a higher
temperature than the oxidation. Of the 5 mol% accep-
tor-doped compositions, the system SrggsYo.10T10.95
Co00.0503_5 had the highest conductivity of 45 S/cm at
800 °C and oxygen partial pressure of 10~!° atm, which
dropped to 33 S/cm for a sample with 30% porosity.

No phase change was observed for mixtures of
Sro'ggYO'OgTiO:;,(; with YSZ or LSGM fired at 1400 °C
for 10 h. This suggests chemical compatibility between
the yttrium-doped SrTiO; and the electrolytes. How-
ever, the effects of interfacial diffusion on conductivity
have not been assessed. The thermal expansion coeffi-
cients (TEC) of doped-SrTiO; were determined to be
compatible with those of YSZ and LSGM. SEM exam-
ination showed that the average grain size of
Sri_15.Y, TiO5_;5 (0.02<x<0.08) is 3—6 um. The small
grain size may provide good mechanical properties
when SYT is used as the support structure in SOFC
membranes.
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