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Abstract

A number of studies have been conducted concerning compositional/microstructural modifications of a Sr-doped lanthanum ferrite (LSF)

cathode and protective Sm-doped ceria (SDC) layer in an anode supported solid oxide fuel cell (SOFC). Emphasis was placed on achieving

enhanced low temperature (700–800 8C) performance, and long-term cell stability. Investigations involved manipulation of the lanthanum

ferrite chemistry, addition of noble metal oxygen reduction catalysts, incorporation of active cathode layer compositions containing Co, Fe

and higher Sr contents, and attempts to optimize the ceria barrier layer between the LSF cathode and YSZ electrolyte.
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1. Introduction

The purpose of this paper is to detail recent investigations

at Pacific Northwest National Laboratory (PNNL) directed

towards the improved lower temperature (700–800 8C) per-

formance of anode-supported solid oxide fuel cells (SOFCs)

by optimizing the cathode and its interfaces. It is widely

established that the performance of low-temperature SOFCs

is highly dependent on cathode polarization losses, which

must be minimized to optimize the SOFC power densities. In

our own research La0.8Sr0.2FeO3�d (LSF-20) has demon-

strated high power outputs (�0.9–0.95 W/cm2 at 750 8C/

0.7 V), and good long-term stability [1]. It should be noted

that the aforementioned performance is atypical, and a more

consistent, reproducible power value is 0.75–0.8 W/cm2

(750 8C/0.7 V). The exact phenomena behind the inconsis-

tencies have not been precisely established, though this

subject and possible explanations will be considered

throughout the text. Other perovskite compositions pre-

viously considered at PNNL with Co, Ni and Mn B-site

cations have indicated either poor chemical, and long-term

performance stability, or the materials simply exhibited

lower power densities than our optimized LSF cathode.

Therefore, most of the recent cathode research efforts at

PNNL have been directed towards LSF. This present study

predominantly considers non-stoichiometric LSF-20 com-

positions, (La0.8Sr0.2)xFeO3�d (x ¼ 0:95–1.05), the addition

of second phases to the LSF (in particular ceria and noble

metals), and optimization of the relevant microstructures

and interfaces in an attempt to enhance the ultimate cell

performance and longevity.

2. Experimental

Anode (NiO–YSZ)–electrolyte (YSZ) substrate samples

were produced via standard organic tape casting and tape

lamination procedures, co-sintered at 1375 8C for 1 h, and

subsequently creep-flattened at 1350 8C for 2 h. The post-

sintered/post-reduced anode (�500 mm thick) was com-

prised of a bulk layer with a solids ratio of 40/60 vol.%

Ni/YSZ (and approximately 30 vol.% porosity), and a

5–10 mm thick active anode layer with 50/50 vol.% solids

Ni/YSZ. The sintered thickness of the YSZ membrane was

5–10 mm thick. All cathode and Ce0.8Sm0.2O1.9 (SDC-20)

powders used in this investigation were synthesized using a

glycine-nitrate combustion technique [2]. Post-synthesized

powders were typically calcined from 1000 to 1200 8C for

1 h, and then attrition milled for 10–30 min to achieve the

desired particle size distribution (typically d50 < 1 mm,

d90 < 2 mm). SDC-20 interlayers (�5 mm post-sintered

thickness) were applied to creep-flattened anode substrates

via screen-printing, and sintered from 1100 to 1300 8C for 2 h.
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The cathodes were also applied by screen-printing (25–

40 mm post-sintered thickness). Cathode compositions were

typically sintered from 1100 to 1250 8C. The diameter of the

anode support was 25 mm, and that of the screen-printed

cathode initially 22 mm. Recently, however, concerns of

chemical interaction between the cathode and the seal

material have led to a decrease in the cathode diameter to

19.5 mm. The cathode area was used as the active cell area to

calculate current and power densities. Screen-printed Pt

grids with embedded Pt gauze, and screen-printed NiO grids

with embedded Ni gauze were used as current collectors for

the cathode and anode, respectively. Figs. 1 and 2 show a

schematic of the single cell set-up, and a photo of the cell (air

side) in place on the test fixture, respectively. The cells were

sealed to alumina test fixtures using Aremco cements, and

current–voltage data recorded from 700 to 850 8C using an

Arbin BT2000 potentiostat–galvanostat electrochemical

testing system. Cells were held at 0.7 V and periodically

subjected to current sweeps from 0 to 7 A. A 97% H2–3%

H2O gas mixture was flowed to the anode at 200 sccm, and

air to the cathode at 300 sccm. At least two samples of each

cathode composition were analyzed to verify cell perfor-

mances. Thermal expansion in air was conducted on sintered

bars (�25 mm � 3 mm � 3 mm) using a Unitherm model

1161 dilatometer.

3. Results and discussion

It is important to note that the studies reported in this

paper have been conducted over an 12–18-month period,

during which time the performance of the base LSF material

has periodically changed to a small degree, apparently

coinciding with the use of newly synthesized powder

batches. Laboratory scale processing typically enables the

production of a 200 g batch of powder, and approximately

every 3 months a new batch is required. Despite maintaining

established protocols for powder synthesis each powder

batch indicates a slight degree of performance variation.

As such it is not possible to directly compare each and every

result to be presented in this paper. However, within each

given investigation all powders used were taken from the

same synthesis batch, and hence at the very least these

Fig. 1. Schematic of single cell apparatus.

Fig. 2. Photograph of single cell apparatus—cathode side.
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results can be confidently compared and hopefully accurate

conclusions drawn.

3.1. Non-stoichiometric (La0.8Sr0.2)xFeO3�d compositions

Many perovskites, in particular lanthanum chromites

[3–5], exhibit markedly different sintering characteristics

with small variations in A/B stoichiometry. Varied sintering

characteristics can in turn lead to over- or under-sintering

of the cathode (at a given temperature), and subsequent

performance reduction due to lack of porosity or insufficient

cathode adherence. Slight variations in the A/B ratio are,

however, not expected to significantly affect physical char-

acteristics such as electrical conductivity and thermal expan-

sion. Compositions of the form (La0.8Sr0.2)xFeO3�d, where

x ¼ 0:95, 0.98, 1.00, 1.02 and 1.05, were considered. Fig. 3

shows the sintering shrinkage behavior of the investigated

compositions (calcined at 800 8C/4 h). To provide an idea of

the varied sintering behaviors of these compositions, for

x ¼ 0:98 a 15% shrinkage is achieved by �1150 8C com-

pared to 1350 8C for x ¼ 1:05. A-site depleted samples

exhibit enhanced densification while B-site depleted com-

positions show retarded sintering behavior compared to the

stoichiometric A/B ¼ 1 composition. Fig. 4 shows XRD

traces for each composition after calcination at 1200 8C.

Compositions with x ¼ 1:00 appeared relatively phase pure

(possibly containing a trace phase tentatively identified as

Sr7Fe10O22), while samples with x > 1:00 indicated SrLa-

FeO4 as an additional phase. Interestingly A/B < 1:00

compositions do not show a precipitated Fe-O phase, and

A/B > 1:00 no La-O phases. La2O3 is often observed in B-

site depleted manganites and chromites, and extremely

detrimental to sample integrity due to hydration, and sub-

sequent volume expansion, of the oxide. Fig. 5(a) and (b)

indicate I–V data at 700 8C for the aforementioned compo-

sitions (sintered at 1150 8C/2 h) at 0 h (start of test) and 72 h.

For diagram clarity the power curves have been omitted

but power densities can be easily established knowing the

active cathode area is 3 cm2. Not surprisingly, the x ¼ 1:00

Fig. 3. Sintering shrinkage behavior of (La0.8Sr0.2)xFeO3�d (x ¼ 0:95–

1.05).

Fig. 4. X-ray diffraction data for (La0.8Sr0.2)xFeO3�d (x ¼ 0:95–1.05) after calcination at 1200 8C.
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composition indicates the best cell performance for cathodes

sintered at 1150 8C. This sintering temperature had pre-

viously been established as the optimum sintering tempera-

ture for LSF-20 (x ¼ 1:00) [1], and hence the non-

stoichiometric compositions are likely either over-sintered

(for x < 1:00) or poorly adhered (for x > 1:00). Indeed SEM

of the LSF-20 (x ¼ 0:95) sample (Fig. 6) indicates coarser

particles in both LSF and Sm-doped ceria (SDC) layers

compared to LSF-20 (x ¼ 1:00) (Fig. 7). Larger particles in

the LSF-20 (x ¼ 0:95) are simply due to over-sintering

(coarsening) of the microstructure. The disparity between

the morphology of the SDC layer for x ¼ 0:95 and 1.00 is

explained by the presence of high proportions of Fe in the

SDC interlayer (detected by EDX). As will be described in

greater detail later in this paper the incorporation of transi-

tion metal cations into the SDC layer can have a marked

affect on the sintering and microstructural evolution of this

layer. It may be possible to sinter the LSF-20 (x < 1:00)

compositions at lower temperatures to prevent particle

coarsening and Fe diffusion into the SDC layer, but with

Fig. 5. Current–voltage data for (La0.8Sr0.2)xFeO3�d (x ¼ 0:95–1.05) at

700 8C after (a) 0 h, and (b) 72 h.

Fig. 6. SEM micrograph of an anode-supported YSZ cell utilizing a

(La0.8Sr0.2)0.95FeO3�d cathode sintered at 1150 8C for 2 h.

Fig. 7. SEM micrograph of an anode-supported YSZ cell utilizing a

La0.8Sr0.2FeO3�d cathode sintered at 1150 8C for 2 h.

Fig. 8. Current–voltage data at 700 8C for an anode-supported YSZ cell

utilizing a La0.8Sr0.2FeO3�d cathode (1150 8C/2h) and Ce0.8Sm0.2O1.9

interlayer (1150–1300 8C/2 h).
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respect to the LSF-20 (x > 1:00) samples, which appear to

be under-sintered, using higher temperatures is probably not

possible for two reasons. Firstly, above 1200 8C YSZ

reacts with doped ceria to form a resistive interfacial layer

[6]—Fig. 8 illustrates reduced performance for cells with

SDC interlayers applied above 1250 8C. Secondly, preli-

minary studies on LSF cathode-supported cells at PNNL

have shown that above �1250 8C La readily diffuses from

the cathode into the SDC layer—studies by Eguchi et al. [7]

indicate that La incorporation reduces the ionic conductivity

of doped ceria materials. What this does indicate is that

slight variations in stoichiometry can dramatically affect the

cell performance, and that highly accurate standardization of

precursor solutions is required to ensure optimal and repro-

ducible data. As expected, the thermal expansion of LSF-20

showed little dependence on the A/B ratio, and was mea-

sured to be between 12:50 � 10�6 and 12:65 � 10�6 8C�1

for LSF-20 (x ¼ 0:95–1.05) (25–1200 8C).

3.2. SDC with transition metal dopants

The exact role of the Sm-doped ceria layer has not been

established though previous data at PNNL has indicated

significant performance improvements when the ceria layer

is present between the LSF cathode and the YSZ electrolyte

[8]. Reaction of iso-statically pressed LSF-20 and YSZ

powder mixtures at 1200 8C (Fig. 9) indicates no La- or

Sr-zirconate formation (this is in agreement with Ralph et al.

[9])—zirconate formation is typically observed with cobal-

tite and manganite cathodes on a YSZ electrolyte [10–14].

However, a small shift in the LSF peak positions indicating

increased unit cell volume (240–247 Å3) is apparent. Even

after reaction at 1400 8C for 24 h no zirconate phases could

be positively identified, though trace phases (with peak

intensities barely above background) indicated possible

matches with SrFe12O19, ZrO2, SrZrO3, SrY2O4 and

Sr3Zr2O7. This aforementioned peak shift (LSF–YSZ

reacted at 1200 8C) phenomenon and its implications are

under investigation, and will be reported in a future article.

Currently, it is assumed that the improved cell performance

observed when a ceria layer is present is a consequence of

the higher ionic conductivity and surface exchange kinetics

of SDC relative to YSZ.

Though the precise function of the SDC layer is not

understood, it is generally accepted that since this layer is

an ionic conductor (and hence an extension of the electro-

lyte), it should be of sufficiently high density to maximize

ionic transport through the layer, and cathode reaction sites

at the LSF–SDC interface. However, the SDC layer is

applied onto a post-sintered anode–YSZ substrate (rather

than co-fired with the anode support) to avoid detrimental

SDC–YSZ interactions at the anode-support firing tempera-

ture close to 1400 8C. As such, sintering of the SDC is

Fig. 9. X-ray diffraction data indicating no Sr-La zirconate formation after reaction of 8-YSZ and LSF-20 at 1200 8C for 2 h.

Fig. 10. Sintering shrinkage data for Ce0.8Sm0.18M0.02O1.9 compositions

where M ¼ Co, Cu, Fe and Ni.
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Fig. 11. SEM micrographs of screen-printed Ce0.8Sm0.18M0.02O1.9 films sintered onto the post-sintered anode–YSZ substrate—fired between 1000 and

1200 8C. (a) SDC-20; (b) 2 mol% Co; (c) 2 mol% Cu; (d) 2 mol% Fe; (e) 2 mol% Ni.
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restricted to the ‘‘z’’ direction since the ‘‘x–y’’ plane remains

constrained by the anode–YSZ support. There are of course

many processing techniques that would yield a highly

densified ceria layer such as PVD, ECVD, etc., though these

methods are both slow and expensive, and a universal goal

within the SOFC community is to develop an economical

and commercially viable SOFC system. In an attempt to

improve the sinterability of the SDC layer, 2 mol% of

transition metal dopants were added to the SDC to give

compositions Ce0.8Sm0.18M0.02O1.9 (where M ¼ Co, Cu, Fe

and Ni). Fig. 10 indicates the sintering shrinkage behavior of

bulk samples of these materials. Similar findings were

observed by Kleinlogel and Gauckler [15]. Each transition

metal dopant addition produces enhanced sintering behavior

with a lower sintering onset temperature than SDC-20 with

no additional dopants. The subsequent expansion of the Cu-

and Co-doped samples is the result of entrapped air where

the surface of the sample has fully densified, so that any

trapped air expands on further heating causing the sample to

bloat. Figs. 11a–e show screen-printed layers of the afore-

mentioned transition metal doped compositions, which were

sintered from 1000 to 1200 8C. None of the compositions

shows improved density compared to the base SDC material,

and subsequent single cell testing with identical cathodes

indicated the highest power densities for cells using the

standard SDC material. Hence, although it’s possible to

improve the bulk sintering of SDC-20 with transition metal

dopants, the ‘‘x–y’’ sintering restriction of the screen-printed

layers still prevents complete densification of the ceria

interlayer. Current studies are focused on improving the

particle packing of the screen-printed layer to yield a higher

green density and hence post-fired density.

3.3. LSF-20–SDC-20 cathode mixtures

Mixed LSM–YSZ compositions have received consider-

able attention, and show improved cell performance over

pure LSM cathodes. As such, 20–60 wt.% SDC proportions

were added to LSF-20 cathodes to evaluate the affects of

incorporating a pure ionic conducting phase. The LSF–SDC

layer was incorporated as a thin (5–10 mm) interfacial layer

between the SDC and a bulk LSF cathode. Fig. 12 shows cell

performances at 750 8C after 1 day of operation. The

optimum power density is observed for an LSF-20–SDC-

20 (60–40 wt.%) mixture (�650 mW/cm2 at 750 8C/0.7 V),

approximately 150–200 mW/cm2 lower than pure LSF-20

cathodes. This should probably be expected since LSF-20 is

a mixed conductor, and replacement of this phase with SDC

may marginally enhance the ionic conductivity of the cath-

ode, but is likely to significantly reduce the electronic

conductivity.

3.4. Noble metal catalysts

A number of studies have been conducted on the catalytic

benefits of small noble metal additions to SOFC cathodes

[16–18]. For this study 1–2 vol.% Pd or Pt was added to

either the base LSF-20 or to an LSF-20–SDC-20 (60–

40 wt.%) cathode. Noble metals were incorporated into

the cathodes via two methods: (1) diammine–palladium

(or –platinum)II nitrite (Strem Chemicals) was added to

the pre-combusted La–Sr–Fe nitrate solution; (2) high sur-

face area Pd or Pt (�20 m2/g, Alfa Aesar) was milled with

post-synthesized LSF-20 powders. A thin (�5 mm post-

sintered) layer of the Pd/Pt containing cathodes was

screen-printed onto the sintered ceria interlayer followed

by a bulk LSF-20 cathode (�40 mm post-sintered thickness).

Fig. 13 shows an SEM micrograph of a Pd containing

cathode. Fig. 14 indicates the performance of 2 vol.%

additions of Pd or Pt to the LSF–SDC mix. Compared to

the base LSF–SDC the Pd addition results in a 50% power

density improvement at 0.7 V/700 8C, whereas the Pt addi-

tion affords no discernible enhancement. Similar trends

were obtained for Pd/Pt additions to the LSF-20. However,

long-term testing of samples incorporating Pd indicates

performance instability. Fig. 15 shows a long-term plot

(700 8C/0.7 V) for a cell utilizing an LSF-20 cathode with

2 vol.% Pd. After 2 h the performance reached a maximum

of �610 mW/cm2 followed by a rapid degradation in less

than 24 h to <400 mW/cm2 (comparable to the power den-

sity of a cell without Pd additions). Thus, it appears that Pd

facilitates initial cathode improvements with respect to the

catalytic activity for O2 reduction, but this enhancement is

not sustainable. A tentative reason for the observed perfor-

mance decrease may be related to the migration of Pt to the

cathode–SDC interface during cell operation. This phenom-

enon was reported in a previous study conducted at PNNL

[8], and is believed to be related to the volatilization of Pt-O

species at the surface of the Pt current collector, and sub-

sequent reduction to Pt metal at the cathode–SDC interface;

the fact that no Pt is ever observed in the bulk cathode

Fig. 12. Current and power density data for La0.8Sr0.2FeO3�d–

Ce0.8Sm0.2O1.9 cathode mixtures.
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probably rules out solid state or surface diffusion processes.

It should also be noted that this phenomenon only occurs

when the cell is discharged electrically for a period of time

(rather than being merely held at temperature). SEM/EDX

examination of Pd containing cells show that after only 24 h

of operation the Pd particles have become significantly

alloyed with Pt, which has presumably migrated from the

cathode current collector. From Fig. 14 it is evident that Pt

does not aid the cathode reaction processes, and the alloying

of Pt with the Pd particles may be responsible for the

observed degradation phenomenon. Hence, at present it is

uncertain if Pd will give long-term improvements in cell

performance and the exact role (if any) of Pt the aforemen-

tioned instability must be assessed. To accurately establish

this, the Pt current collector should be completely removed,

and work is currently underway to design/fabricate an

alternative cell fixture configuration that would not require

a Pt cathode current collector.

3.5. High ionic conductors as interfacial cathode phases

It is generally accepted that improved ionic conductivity

with the cathode close to the electrolyte interface should

significantly improve the cathode activity. However, as

reported by Ullmann et al. [19] there is a proportional linear

relationship between ionic conductivity and thermal expan-

sion coefficient (TEC). The anode support structure has a

TEC close to 12 � 10�6 8C�1, and hence the need to avoid

large thermal mismatches limits the TEC of other cell

components. However, it was considered that a very thin

Fig. 13. SEM micrograph of a La0.8Sr0.2FeO3�d bulk cathode with a 5 mm La0:8Sr0:2FeO3�d þ 2 vol.% Pd active cathode layer.

Fig. 14. Current and power density data for La0.8Sr0.2FeO3�d bulk

cathodes with La0.8Sr0.2FeO3�d–Ce0.8Sm0.2O1.9 (60–40 wt.%) active

cathode mixtures containing 2 vol.% Pd or Pt.

Fig. 15. Long-term performance data at 700 8C/0.7 V for a

La0.8Sr0.2FeO3�d bulk cathode with La0.8Sr0.2FeO3�d active cathode

mixture containing 2 vol.% Pd.
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high ionic conducting layer between the LSF-20 and SDC-

20 layers may have less induced stress resulting from any

thermal expansion mismatches. Compositions of the type

Sr0.9La0.1CoxFe1�xO3�d (x ¼ 0, 0.2 and 0.5 denoted by

SLF-9110, SLCF-9128, and SLCF-9155, respectively) were

considered. Fig. 16 indicates IV–IW data for cells incorpor-

ating the aforementioned layers at 750 8C. The Co-contain-

ing compounds have significantly reduced performance

compared to the straight Sr-La-Fe-O compound (SLF-

9110), but even this compound indicates considerably lower

power densities compared to the base LSF-20 cathode (SLF-

9110, �525 mW/cm2, LSF-20, �800 mW/cm2 at 750 8C/

0.7 V). The phenomenon responsible for the poor perfor-

mance of these cathode configurations is readily apparent

from the SEM micrograph in Fig. 17, which shows a 1 mm

thick interfacial phase, identified by EDX as Sr-Zr-O rich

(probably a resistive Sr-zirconate phase), between the SDC

interlayer and YSZ electrolyte. Presumably during sintering

of the cathode a liquid phase was formed within the SLCF

layer, which subsequently wicked through the porous SDC

layer and reacted at the YSZ interface. All three composi-

tions indicated the presence of the Sr-Zr-O layer, the thick-

ness of which increased with Co content. Hence, though the

SLCF layer appears well adhered without any discernible

cracking resulting from potential thermal mismatch induced

stresses the presence of the detrimental liquid phase is likely

to inhibit the use of the aforementioned interfacial layers or

the incorporation of the SLCF phases as a second phase

mixed in with the LSF. However, if the resulting reaction

layer arises from liquid wicking through the ceria, the ability

to better densify the ceria layer may prevent the liquid

diffusion to the SDC–YSZ interface and subsequent reaction.

3.6. Long-term cell stability

Whilst substantial cathode improvements are still neces-

sary to facilitate increased power densities for low tempera-

ture SOFCs, an equally important goal is that of long-term

stability. There are many phenomena that can affect long-

term cell performance including chemical interaction of

adjacent cell components to form insulating phases, volati-

lization of chemical species (e.g. Cr in the case of Cr

containing alloy separator plates), and sintering of the

cathode and/or anode. Despite the importance of long-term

cell performance, little extended cell data has been presented

in the published literature for the array of cathodes currently

being studied in the SOFC community. With our own

research instability has been observed for La(Sr)CoO3

Fig. 16. Current and power density data for La0.8Sr0.2FeO3�d bulk cathodes

with thin interfacial Sr0.9La0.1CoxFe1�xO3�d cathode layers (x ¼ 0, 0.2 and

0.5 denoted by SLF-9110, SLCF-9128, and SLCF–9155, respectively).

Fig. 17. SEM micrograph depicting Sr-Zr-O rich phase at the YSZ–SDC interface for a cell utilizing a La0.8Sr0.2FeO3�d bulk cathode with a thin interfacial

Sr0.9La0.1Co0.5Fe0.5O3�d layer.
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and La(Sr)Fe(Ni)O3 cathodes—the former indicated phase

separation and Co diffusion at 750 8C/0.7 V. However, LSF-

20 has shown very promising long-term data. Fig. 18 illus-

trates the most recent long-term performance data of an

anode-supported YSZ cell utilizing a base LSF-20 cathode.

After initial data acquisition at 850 and 800 8C the cell was

held at 0.7 V and 700 8C, and achieved a power density of

770 mW/cm2 with no discernible degradation over a 500 h

period. The vertical lines on the graph are the result of

periodic IV sweeps.

4. Conclusions

Research with respect to improved activity SOFC cath-

odes is of paramount importance to realize the commercia-

lization of low temperature (high performance) SOFCs. At

PNNL reasonable success has been achieved towards this

goal with the use of anode-supported SOFCs utilizing a thin

YSZ electrolyte and Sr-doped lanthanum ferrite cathode.

Current studies (not all detailed in this paper) involve

optimizing the base LSF-20 cathode with respect to micro-

structure and thickness, the incorporation of high electronic

conducting bulk cathodes, e.g. lanthanum nickel ferrites,

with an LSF-20 active cathode layer to reduce sheet resis-

tances and aid current collection, engineering the cathode–

ceria interlayer interface to maximize the contact area (triple

phase boundaries), maximizing the sintered density of the

ceria layer (since it is essentially an extension of the

electrolyte), understanding the role of the ceria interlayer

to enable possible removal of said layer while maintaining

high performance (previous tests have shown more than a

doubling in power density for an YSZ–SDC–LSF config-

uration compared to YSZ–LSF), compositional modification

of the base LSF-20 material to induce higher electronic/ionic

conductivities, and the addition of noble metal phases to an

active cathode layer to enhance the oxygen reduction reac-

tion. As demonstrated by this article not all of these research

avenues will necessarily lead to improved cathode perfor-

mance, but it is envisaged that they will provide a better

understanding of this particular cathode system, and a basis

on which to eventually exact significant enhancements in

low temperature power and cell longevity.
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