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ABSTRACT 

To improve the LSM-YSZ cathode performance of intermediate temperature 

solid oxide fuel cells (SOFCs), Sm0.6Sr0.4CoO3-δ (SSC) perovskite nanoparticles 

are incorporated into the cathodes by a reaction-infiltration process. The SSC 

particles are ~20 to 80nm in diameter, and intimately adhere to the pore walls of 

the pre-formed LSM-YSZ cathodes. The SSC particles dramatically enhance 

single-cell performance with a 97%H2+3%H2O fuel, between 600oC and 800oC.  

Consideration of a simplified TPB (triple phase boundary) reaction geometry 

indicates that the enhancement may be attributed to the high electrocatalytic 

activity of SSC for electrochemical reduction of oxygen in a region that can be 

located a small distance away from the strict triple phase boundaries. The 

implication of this work for developing high-performance electrodes is also 

discussed. 
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INTRODUCTION 

For practical SOFC cathodes, the selected materials must be chemically and 

structurally stable, and be compatible with adjacent cell components, not only under 

operation conditions, but also at the high temperatures where SOFC membranes are 

fabricated. The cathode must be catalytically active to promote the electrochemical 

reduction of oxygen, and have a high electronic conductivity to exhibit a low 

polarization resistance (1, 2). Since La1-xSrxMnO3-δ (LSM)-YSZ (yttria stabilized 

zirconia) composites reasonably meet these criteria, they are the most popular cathode 

material used in SOFCs operated at temperatures above 800oC.  

To reduce costs, lowering of the SOFC operating temperatures has been widely 

pursued to expand the materials selection, to suppress the degradation of SOFC 

components, and consequently to extend cell lifetime (3-7).  Unfortunately, with 

decreasing temperatures the low oxygen ion diffusivity and reduced catalytic activity 

of LSM tends to limit cell performance (8, 9). Noble metals particles, including Ru 

and Pt, have been incorporated in cathodes to improve performance (8, 10) but, from 

a practical point of view, their prohibitive cost and tendency to coarsen at high 

temperatures make this approach unattractive. Recently, cobalt oxide particles were 

infiltrated into LSM-YSZ cathodes, significantly raising cathode performance (11-

13). This suggests the general possibility of directly introducing catalytically active 

materials into pre-formed LSM-YSZ cathodes to enhance their activity. Compared to 

LSM, the Sm0.6Sr0.4CoO3-δ (SSC) perovskite is a superior electrocatalyst for oxygen-

reduction reaction because of its mixed ionic-electronic conduction properties (14-

16). We developed a reaction-infiltration method that produces nanosize SSC 
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particles in the pores of the pre-formed LSM-YSZ cathodes.  The morphologies of the 

resulting cathodes and the effect of SSC addition on cell performance are reported. 

 

EXPERIMENTAL 

A reaction-infiltration method was developed to deposit nano particles (SSC, LSM, 

La0.8Sr0.2FeO3- δ (LSF)) into porous LSM-YSZ electrodes. As a base line, aqueous 

precursor solutions for these materials, containing nitrates in corresponding ratios as well 

as urea (CO(NH2)2), were heated at 90oC for 2hrs before firing at 800oC for 2hrs. The 

decomposition products were then examined using a (Siemens D-500) diffractometer 

with CuKα radiation in the 2θ range from 20o to 80o.   

Single SOFC cells were fabricated by tape casting (6).  Nickel oxide (NiO; J. T. 

Baker) and YSZ (Tosoh-Zirconia; TZ-8Y) powders in a 50:50wt% ratio were thoroughly 

mixed in water with Duramax D3005 as the dispersant.  Duramax B1000 and HA-12 

binders were then added to form the NiO-YSZ slurry.  After evaporation of excessive 

water, the slurry was tape-cast onto a Mylar film, and dried at ambient temperature.  The 

green tape was then cut into circular discs with a diameter of about 4cm, and preheated at 

1100oC for 2hrs.  A thin layer of YSZ powder was deposited by an aerosol spray method 

(7), and the resulting bi-layer was sintered at 1400oC, for 4hrs, to obtain a dense YSZ 

electrolyte.  A La0.65Sr0.3MnO3-δ (Praxair Specialty Ceramics):YSZ (50:50wt%) cathode 

with an active area of 1cm2 was then deposited on the electrolyte via the aerosol spray 

method, and the samples were fired again, at 1150oC, for 1hr, in air.  Symmetric cells 

(cathode/electrolyte/cathode) were also prepared using the aerosol spray method (7).  For 

these cells, LSM-YSZ electrodes were sprayed on both sides of a thick YSZ disc 

(~0.7mm), and subjected to the identical treatment described above.  The porous cathodes 
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were saturated with a 0.7M nitrate/urea precursor solution, and heat-treated using the 

same heating schedule as for the ex-situ preparation of the SSC. In this process, the pores 

may be regarded as micro-reaction vessels, in which the pore walls act as the 

heterogeneous nucleation sites for precipitate formation.  Related urea methods for 

coating SiC particles and hollow glass spheres with oxides, exploiting heterogeneous 

nucleation, were employed in several other instances (17, 18). 

Platinum current collectors were placed on the electrodes of both symmetric and 

single cells, and these samples were fired at 800oC for 2hrs.  For the symmetric cells, the 

electrode polarization resistance was measured in air at open circuit (OCV), using a 

Solartron 1260 frequency response analyzer with a Solartron 1286 electrochemical 

interface.  Completed single SOFC membranes were sealed onto an alumina tube with 

Aremco-516 cement. Cell current/voltage (I-V) for 97%H2+3%H2O as the fuel, and air as 

the oxidant were collected using LabView software, and cell impedance spectra were 

obtained as well. The cathode morphologies were characterized with a JEOL FE- 

scanning electron microscope and examined in a PHILIPS CM200 transmission electron 

microscope. Based on the SEM observations of single cells, the cell component thickness 

was ~300μm, ~10μm, and ~30μm for the anode, the electrolyte, and the cathode, 

respectively. 

 

RESULTS  

Urea is added into the aqueous nitrate precursor solutions to facilitate the formation 

of the perovskite SSC phase at 800oC.  At this temperature, adverse reactions between 

SSC and YSZ that can occur at high temperatures (14) are avoided. Fig. 1 shows the 

XRD patterns of the decomposition products from the nitrate precursor solutions with and 
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without urea, after heating at 800oC for 2hrs. The characteristic x-ray peaks in Fig. 1a 

indicate that the SSC perovskite phase did not form as the decomposition product of the 

nitrate precursor solution. In contrast, with the addition of urea, the perovskite SSC phase 

becomes the predominant decomposition product, as evident in Fig. 1b. The detailed role 

of urea in this change has yet to be identified; it probably serves as a precipitation and 

complexing agent to form intimately mixed intermediate species, only requiring low-

temperature heating to produce the desired phases (19-21).  

The SSC particles that formed in the pores were examined with EDX (energy 

dispersive x-ray analysis) in the transmission electron microscope. The inset in Fig. 2 

shows a particle of ~60nm in the cathode produced by the reaction-infiltration process. 

The EDX spectrum contains O, La, Sm, Sr, Zr, Ar, Mn, Co and Y. Besides the 

contribution from supporting LSM, YSZ and Ar implanted during ion-mill processing to 

prepare the TEM specimen, the presence of Sm, Co strongly indicates the formation of 

nanosized SSC particles instead of the individual metal oxides, consistent with the ex-situ 

procedure.  

Fig. 3 is a SEM image of a porous LSM-YSZ cathode with infiltrated SSC nano 

particles. The infiltrated SSC particles are ~20 to ~80nm, and appear to be well bonded to 

the pore walls of the LSM-YSZ network. Interestingly, most of particles are isolated from 

each other. The insert in Fig. 3 shows the SSC particles after heating at 700oC for 750hrs; 

the particles appears to be about 40 to 90nm and, as expected, show little if any evidence 

of coarsening. This is an encouraging result, since morphological stability is an important 

requirement for the effectiveness of the process. 

The reaction-infiltrated SSC nanoparticles in LSM-YSZ cathodes substantially 

enhance the cell performance, as shown in Fig. 4.  At 600oC the cell OCVs with the 
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97%H2 + 3%H2O fuel are ~1.1V, indicating that the cells were well sealed.  The SSC 

reaction-infiltration almost doubles cell performance, and the cell maximum power 

density (MPD) increases from 80mW/cm2 to 153mW/cm2.  Furthermore, the SSC 

addition noticeably decreases the initial curvature of the I-V plots at low current 

densities.  This decrease can be further substantiated by the impedance measurement data 

shown in Fig. 5.  At 600oC the cell total resistance (Rt) (the intercept of the impedance 

spectrum on the real axis at low frequency) declines from ~9.9 to 3.3Ω·cm2 when SSC is 

included into the LSM-YSZ cathode.   The enhancement effect persisted up to 800oC. 

The performance improvement factor is calculated as the percentage of MPD (maximum 

power density) increase and is ~ 91%, 67%, 44% and 38% for 600oC, 650oC, 700oC and 

800oC, respectively. The relative improvement diminishes when the cell operating 

temperature is raised, which may be attributed the increasing catalytic activity and 

oxygen ion diffusivity of LSM itself with temperature. However, even at 800oC the SSC 

particles in the cathode still enhance the performance.  

 

DISCUSSION 

The cell-performance enhancement originates in the improvement of the LSM-YSZ 

cathode upon the introduction of the SSC nanoparticles. Fig. 6 displays the impedance 

spectra of LSM-YSZ/YSZ/LSM-YSZ symmetric cells without and with infiltrated 

catalyst at 600oC.  All AC impedance spectra show a relatively small high-frequency 

branch (HFB) and a dominant low-frequency branch (LFB). The cell ohmic resistance in 

the spectra is truncated for comparison, and the cathode polarization resistance (Rp) is 

directly determined from the spectra as illustrated (22).  With the infiltrated SSC 
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nanoparticles in the cathode, both the HFB and LFB are largely diminished so that Rp is 

reduced from ~19.8 to 8.5Ω·cm2 at 600oC.   

Where LSM contacts the YSZ, a triple phase boundary (TPB) is formed, in the 

presence of a gas phase.  Important in the functioning of such junction is the extent to 

which the relevant reactions can occur some distance away from the strict triple junction.  

Numerous advanced studies on electrode behaviors have been carried out to date (16, 23-

26).  The oxygen reduction processes in fuel cell cathodes were recently reviewed by 

Adler (9), yet understanding of TPB processes is still incomplete, due to the complex 

competition of various transport paths and interface mechanisms.   

A qualitative assessment of the relative effects of some transport parameters on the 

effectiveness of cathode may be obtained from a very simplified model for an extended, 

modified TPB, provided constancy of the microstructure.   The extended TPB is sketched 

in Fig. 7, and can be related to a model described by Kawada et al. (27).  It considers an 

LSM grain, of length 2L, in electronic contact with the current collector, between two 

grains of the YSZ skeleton, with the TPB extending over the LSM grain surface.  It is 

then assumed that this extended TPB may be divided in two zones, Zone 1 of extent 

δ, where the unaffected surface exchange limits the reaction rate, and Zone 2, extending 

to L where, after infiltration, an enhanced surface reaction rate prevails.  The total 

extended TPB current, ignoring all dependences on current density, could be regarded as 

the series resistances of the Zones 1 and 2. It is useful to define reaction and transport 

resistances for such simplified geometry. oxR  (in Ωcm) could stand for the oxygen ion 

diffusion "resistance", ignoring the details of the transport geometry, while sR1  and sR2  

(in Ωcm2) symbolize the interface reaction resistances in Zones 1 and 2, respectively. 
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 In such simplified model, the total relative TPB conductivity, ρ, will be proportional 

to  

ρ=ρδ + ρL      Eqn.1 

where 

ρδ =δ/ sR1       Eqn.2   

and 
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where the total TPB flux can be take to proportional to the total conductivity. 

With the usual expressions for the conductivities, ox
oR  and sR may be taken to be related 

to ox
oD , the bulk oxygen ion self-diffusion coefficient, and to the surface exchange 

coefficient, ks. The relationships between ox
oD , sk  and cL , the critical length above 

which diffusion resistance dominates, were developed by Steele (28), and have been 

reviewed by Gellings and Bouwmeester (29). These considerations led to ox
oD / sk =Lc 

and consequently to sR / ox
oR  = Lc. 

In the one extreme, for a fully impeded surface reaction, i.e.   ∞→sR2 , ρL (Eqn.3) 

becomes simply proportional to ,/)( sRL 2δ−  as expected, since 
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. In the other extreme, for very effective catalysis, 

corresponding to sR2 << δox
oR , ρL becomes proportional to )ln(
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L
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1 , i.e. to the oxygen 

diffusion coefficient, as it should. Enhanced catalysis by dispersed nanoparticles adhering 
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to the pore walls, beginning some small distance δ away from the strict TPB, can thus be 

effective only between the relative limits 
sR

L

2

δ−  and )ln(
δ
L

Rox
x

1 , corresponding to the 

high and the low interface resistance conditions in Zone 2, if it is assumed that the 

surface reaction rate in Zone 1 and the oxygen diffusion rate are invariant. The result is, 

of course, sensitive to the choice of δ.  If δ is smaller, then the range of effectiveness can 

become larger, while the opposite prevails if δ is larger.  

A plot of )]/()ln[( ox
o

S
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S

s

ox
oox

o
R
R

R
RL

R
RR 22

1
+++= δδρ  in relative units versus   

log[ ox
o

S

R
R2 (cm)] is shown in Fig. 8, for assumed values of δ=10-3μm and L=1μm.  It may 

be argued that for LSM 
ox
o

s

c
R

R
L 1=≈δ , so that ρδ would be about 1 (with the present 

definitions ρ  would have units of Ω-1).  It is clear from this graph that to allow for a 

factor of 2 increase in the TPB performance, as experimentally observed here, while 

keeping ox
oR  constant, the corresponding starting value of cox

o

s
L

R
R

=1  would have to 

be significantly higher than 10-5cm, about 2 orders of magnitude higher than the 2*10-7 

cm  - the value of Lc derived by Carter et al. (30) for LSM at about 700oC, using the 

measured oxygen bulk self-diffusion coefficient and surface exchange coefficient. This 

implies an inconsistency with the model of more than 2 orders of magnitude. The 

difference in the Lc that makes the dispersed catalyst effective, and the Lc values cited by 

Carter et al. are not readily reconciled, unless it is assumed that for LSM the actual 

oxygen diffusion rates are substantially higher than oxygen ion self diffusion rates 
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derived from tracer measurements, or that the surface reaction resistances are much larger 

than predicted from the ks for LSM.  Recent work by Horita et al. (31, 32) indeed 

suggests that the oxygen transport for LSM is more extensive than suggested by the 

oxygen self diffusion, leading to active surfaces of about 0.5μm away from the strict 

TPB. It is also clear that to enhance further the TPB performance, enhanced oxygen ion 

transport should accompany enhanced surface reaction rates, since nothing more can by 

gained by further enhancing catalysis in Zone 2. Lowering the surface reaction resistance 

in Zone 1, such as by surface alloying, however, can remain effective, up to the gas 

transport limit. 

This study demonstrates that the performance of LSM-YSZ cathodes at 

intermediate temperatures can be improved substantially by decorating the pore walls 

with nanoparticles providing supplemental catalytic functions.  These nanoparticle 

catalysts need not be confined to the strict TPB to be effective. The critical length 

concept, however, by itself is not a useful parameter for predicting the effectiveness 

of an extended TPB, since a large Lc can derive from either a high oxygen diffusion 

rate or a low surface reaction rate, and thus does not relate directly to TPB resistance. 

The total TPB resistance is, however, within limits, approximately proportional to the 

oxygen diffusion rate, and to a function of the Lc, as follows form Eqn. 3.  

The choice of nanoparticle catalyst is not limited to SSC but should extend to 

other catalyst oxides that possess substantially higher catalytic activity.  For example, 

as shown in Fig.6, replacing SSC with LSF nanoparticles in the LSM-YSZ cathodes 

leads to a similar beneficial result that is absent for LSM nanoparticle infiltration. It is 

therefore plausible that the reaction-infiltration concept can be exploited broadly in 

the engineering of high-performance electrodes.    
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CONCLUSIONS 

It has been demonstrated that composite cathodes can be made to operate more 

effectively by reaction-infiltration of dispersed nanocatalysts that need not be fully 

confined to the strict TPBs.  Specifically, in this study conventional LSM-YSZ cathodes 

have been modified by the reaction-infiltration of SSC nanoparticles, using a process that 

does not exceed 800oC.  Microstructural examinations showed extended stability of the 

SSC particles at least at 700oC.  Electrochemical characterization of single cells shows 

that the SSC nanoparticles dramatically increase the cell power densities between 600oC 

and 800oC.  A simplified extended TPB model suggests that the enhancement by the 

dispersed nanocatalysts involves an oxygen ion transport rate for LSM that is 

significantly higher than expected from the bulk oxygen ion self diffusion in the LSM.  
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Figure captions 

Fig. 1 XRD patterns of the decomposition products from (a) nitrate precursor (b) 

urea+nitrate precursor heated at 800oC for 2hrs. (P) Peaks corresponding to perovskite 

phase. 

Fig. 2 The EDX spectrum of an infiltrated particle shown in the embedded TEM image. 

Fig. 3 SEM images of a porous LSM-YSZ cathode with infiltrated nano SSC particles 

and after heated at 700oC for 750hrs (the embedded). 

Fig. 4 Performance curves for the cell without (■) and with (□) nano SSC particles in an 

LSM-YSZ cathode at 600oC (fuel: 97%H2 + 3%H2O).  

Fig. 5 Impedance plots for the cell without (■) and with (□) nano SSC particles in an 

LSM-YSZ cathode at 600oC (fuel: 97%H2 + 3%H2O).  

Fig. 6 Impedance spectra of symmetric LSM-YSZ/YSZ/LSM-YSZ cells (square) with 

infiltrated nano LSM (circle), SSC (triangle) and LSF (star) at 600oC. 

Fig. 7 Simplified extended TPB between YSZ and LSM. 

Fig. 8 Total oxygen conductivity multiplied by the oxygen ion diffusion resistance,  per 

unit TPB, in arbitrary units versus  log[ ox
o

S

R
R2 (cm)]. 
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