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ABSTRACT

To develop ceramic composite anodes of solid oxide fuel cells without metal catalysts, a small amount of barium carbonate was

added to an (La
0.8

Sr
0.2

)(Cr
0.5

Mn
0.5

)O
3
 (LSCM) - YSZ ceramic composite anode and its catalytic effects on the electrode performance

were investigated. A barium precursor solution with citric acid was used to synthesize the barium carbonate during ignition,

while a barium precursor solution without citric acid was used to create hydrated barium hydroxide. The addition of barium car-

bonate to the ceramic composite anode caused stable fuel cell performance at 1073 K; this performance was higher than that of a

fuel cell with CeO
2
 catalyst; however, the addition of hydrated barium hydroxide to the ceramic composite anode caused poor sta-

bility of the fuel cell performance. 
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1. Introduction

uel cells are electrochemical energy conversion devices

with high energy conversion efficiency and fuel flexibil-

ity. Because solid oxide fuel cells (SOFC) usually perform at

temperatures higher than 873 K, hydro-carbon fuels, such

as methane, can be used without subjecting the fuels to a

reformation process; decent performance can also be

obtained without using noble metal catalysts in the elec-

trodes.1) 

Due to the high operating temperature of SOFCs, ceramic

catalysts have been adopted in the cathodes and anodes of

these devices, while PEMFCs, which operate at low tem-

peratures, require noble metal catalysts in their cathodes

and anodes.2,3) For the cathodes of SOFCs, many different

types of oxides, such as (La0.8Sr0.2)MnO3, (La0.8Sr0.2)CoO3,

(La0.8Sr0.2)FeO3 (LSF), (Ba0.5Sr0.5)(Co0.8Fe0.2)O3-δ, and SmBa0.5

Sr0.5Co2O6-δ, have been actively studied; most of these

ceramic electrodes have mixed ionic electronic conductivity

(MIEC) and good catalytic activity for the oxygen reduction

reaction in air atmosphere.3) Ceramic composite electrodes

composed of MIEC ceramic and yttria-stabilized zirconia

(YSZ) show high cathodic performance; indeed, catalytically

active ceramics have been infiltrated into ceramic composite

electrodes to obtain both long-term stability and high cata-

lytic activity.4) 

On the other hand, ceramic catalysts for anodes have been

less studied than those for cathodes. The Nickel-YSZ cermet

has been widely used because nickel has high electrical con-

ductivity and good catalytic activity for the hydrogen oxida-

tion reaction; however, nickel has problems of carbon

coaking and sulfur poisoning in hydrocarbon fuels; it also

coarsens at high temperature, which causes degradation in

performance.5) Therefore, to replace this cermet with a

ceramic composite anode, electrically conductive ceramics in

reduced atmosphere and ceramic catalysts for hydrogen oxi-

dation reactions have been studied recently.2) 

Several ceramics, such as (La0.8Sr0.2)(Cr0.5Mn0.5)O3 (LSCM)

and (La,Sr)VO3, have been studied as electrically conductive

ceramics in reducing atmospheres.6-8) It has been reported

that LSCM has a higher catalytic activity than that of LSV,

although the electrical conductivity of LSCM is lower than

that of LSV.7,8) CeO2 or modified CeO2 has been the most

widely used material in ceramic composite anodes as a cata-

lyst for the HOR.9) 

Recently, it was reported that BaO nano particles dis-

persed on Ni/YSZ cermet can inhibit carbon coaking by

water mediated carbon removal; also, the addition of CaO to

Ni/CeO2-Sm2O3 (Ni/SDC) has been found to enhance the sta-

bility of fuel cell performance for direct methane fuel.10,11)

BaCO3 nano particles were tested in the LSF cathode as cat-

alysts; they were found to enhance the cathode performance

of LSF.12) Therefore, in this work, barium carbonate or bar-

ium hydroxide were incorporated into a porous LSCM-YSZ

ceramic composite anode; to investigate the catalytic activ-

ity of these materials in ceramic composite anodes, their

electrode performances were compared with that of CeO2

catalysts in reducing atmosphere.
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2. Experimental Procedure

Electrolyte supported SOFCs were fabricated by casting

tapes for the dense electrolyte and the porous electrode and

infiltrating the active electrode components into a porous

electrode scaffold. To make a porous/dense/porous three lay-

ered structure, two different types of tape were fabricated

using the tape casting method. The tape for the dense YSZ

layer was made from a slurry of organic solvents, such as

xylene and alcohol; the tape for the porous YSZ layer was

fabricated by adding graphite powder to the slurry as a pore

former. A more detailed description of the formulating of

the tape can be found in a previous work.7) Tapes with

graphite powder for the porous YSZ layers were laminated

on both sides of the tape for a dense YSZ layer; these lami-

nated tapes were sintered at 1773 K for 4 h. After that,

porous/dense/porous YSZ layered structures were obtained.

The porosity of the porous layer was about 70%; the thick-

nesses of the porous electrode layer and of the dense electro-

lyte layer were 40 μm and 80 μm, respectively.

To make the LSF-YSZ cathode and the LSCM-YSZ anode

composite electrode, LSF and LSCM precursor solutions

were fabricated by dissolving the appropriate amounts of

precursors, La(NO3)3·6H2O (99.9%, Alfa Aesar), Sr(NO3)2
(99.9%, Alfa Aesar), Fe(NO3)3·9H2O (99.6%, Alfa Aesar),

Cr(NO3)3·9H2O (99.3%, Alfa Aesar), Mn(NO3)2·xH2O (99.9%,

Alfa Aesar), and citric acid, in water. The exact composi-

tions of LSF and LSCM were (La0.8Sr0.2)FeO3 and (La0.8

Sr0.2)(Cr0.5Mn0.5)O3, respectively; the number of moles of cit-

ric acid was equal to the number of moles of the cations in

the aqueous solutions. The molar concentrations of LSF and

LSCM were 0.8 M and 0.7 M, respectively. 

To make the LSCM-YSZ composite anode, the LSCM pre-

cursor solution was infiltrated several times into one of the

porous YSZ scaffolds on the dense YSZ electrolyte until the

loaded LSCM reached 30 vol%. After each infiltration, the

cell was fired at 973 K to burn out the organic species. After

reaching the target vol% of LSCM, the cell was calcined at

1223 K for 1 h to synthesize the perovskite single phase of

LSCM. Then, to make the LSF-YSZ composite cathode, the

20 vol% LSF was loaded into the porous scaffold on the

other side of the dense electrolyte in the same way and cal-

cined at 1123 K for 1 h to obtain a single phase of LSF.

The CeO2 catalyst was incorporated into the LSCM-YSZ

composite anode by infiltrating the aqueous solution of 1 M

Ce(NO3)3 (Alfa Aesar, 99.5%) with citric acid; aqueous solu-

tion of 0.25 M Ba(NO3)2 (Alfa Aesar, 99+%) with or without

citric acid was used to add barium carbonate and the barium

hydroxide catalysts to the LSCM-YSZ composite anode. The

number of infiltrations of the Ce(NO3)3 and Ba(NO3)2 precur-

sor solutions were 1 and 4, respectively, considering that the

concentration of the Ce(NO3)3 precursor solution was four

times larger than that of the Ba(NO3)2 precursor solution.

After infiltrating the precursor solution of catalysts, the cells

were fired at 673 K in air, P(O2) = 0.21, before painting the

silver paste on the electrode as the current collector.

To measure the fuel cell performances, a ceramic adhesive

(Ceramabond 552, Aremco) was used to mount the fabri-

cated fuel cells on an alumina tube. Humidified (3% H2O)

air and hydrogen were flowed into the cathode and the

anode, respectively. The electrochemical impedance spectra

(EIS) and the V-i polarization curve were measured using a

potentiostat (Gamry Instruments) at 1073 K. The EIS in the

fuel cell mode were measured at a -0.10 V bias voltage in

the frequency range of 100 kHZ to 0.01 Hz with 20 mV AC

perturbation. 

To investigate the crystal structure of the infiltrated bar-

ium precursor solution in the fuel cell operating conditions,

aqueous solutions of the barium precursor with and without

citric acid were dried on a hot plate and fired at 673 K in air.

The obtained powders were treated in a humidified hydro-

gen atmosphere at 1073 K for 2 h; these conditions were the

same as the fuel cell operating conditions. Then, the crystal

structures of the obtained powder were examined using X-

ray diffraction (XRD) analysis. 

Half-cell testing of the LSF was also performed at 1073 K

to identify the contribution of the cathode to the total

impedance spectra. A symmetric LSF cell was fabricated by

infiltrating the LSF precursor solution into the porous scaf-

fold layers on both sides of the electrolyte layer. The EIS of

the symmetric LSF cell were measured in air atmosphere at

1073 K. 

3. Results and Discussion

Figure 1 provides the XRD patterns of the barium-precur-

sor solution (a) with and (b) without citric acid after treat-

ment in the hydrogen atmosphere at 1073 K for 2 h; also

shown are the XRD peaks of BaCO
3
 (JCPDS 71-2394) and

Ba(OH)
2
·H

2
O (JCPDS 78-1831). The XRD pattern of the

barium precursor solution with citric acid after treatment in

Fig. 1. XRD patterns of the barium-precursor solution (a)
with and (b) without citric acid after treatment in
hydrogen atmosphere at 1073 K for 2 h, along with
XRD peaks of BaCO

3
 (JCPDS 71-2394) and Ba(OH)

2
·

H
2
O (JCPDS 78-1831).
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the hydrogen atmosphere at 1073 K was identical to that of

the barium carbonate, BaCO3, while the pattern of the bar-

ium precursor solution without citric acid was identical to

that of the mono hydrated barium hydroxide, Ba(OH)
2
·H

2
O. 

These results indicate that the citric acid acted as a car-

bon source to synthesize the BaCO3 during the burnout pro-

cess; this generated barium carbonate was stable in a

hydrogen atmosphere at 1073 K. It is known that barium

carbonate can be decomposed above 1273 K.13) Without cit-

ric acid, the barium precursor solution formed hydrated bar-

ium hydroxide, of which the boiling point was about 1050 K;

therefore, the powder in the alumina crucible was found to

be completely molten in the humidified hydrogen atmo-

sphere at 1073 K. Because Ba(OH)
2
·H

2
O should be dehy-

drated during heating, it will take the form of Ba(OH)2 at

the fuel cell operating temperature of 1073 K.

Figure 2 provides the V-i polarization curves and the

power densities of the fuel cells with BaCO3 (■) or Ba(OH)2
(▲) as the catalysts (a) at the initial time and (b) after 5 h.

Initially, the performances of the fuel cells with different

catalysts were nearly the same, and the peak power densi-

ties of the fuel cells with BaCO3 or Ba(OH)2 were 0.73 W cm−2

and 0.69 W cm−2, respectively; however, as shown in Fig. 2(b),

after 5 h, the peak power density of the fuel cells with

Ba(OH)2 steeply decreased from 0.69 W cm−2 to 0.55 W cm−2,

while that of the fuel cells with BaCO3 did not significantly

change. 

To distinguish the anode contribution to the fuel cell per-

formances from the cathode contribution, a half-cell test of

the LSF symmetric cell was performed. Fig. 3 shows a

Nyquist plot of the AC impedance data from LSF symmetric

cells measured at 1073 K in humidified air. Considering

that the electrode of the cell was symmetric, both the real

and imaginary impedances were divided by two, and the

ohmic resistance was subtracted from the resulting value.

As shown in Fig. 3, two arcs were identified at high fre-

quency (summit frequency = 1 kHz) and at low frequency

(below 0.1 kHz); the arc at the low frequency was much

smaller than that at the high frequency. Generally, it is con-

sidered that an impedance arc of around 1 kHz is associated

with a surface reaction on the electrode, such as oxygen

adsorption and dissociation.14) Therefore, below 0.1 kHz, the

contribution of the cathode became negligible. 

Figure 4 shows the imaginary impedances (Im-Z) of the

fuel cells with BaCO3 (■) or Ba(OH)2 (▲) as catalysts at the

Fig. 2. V-i polarization curves and power densities of fuel
cells with BaCO

3
 (■) or Ba(OH)

2
 (▲) as the catalysts

(a) at the initial time and (b) after 5 h.

Fig. 3. Nyquist plot of the AC impedance data from the LSF
symmetric cells measured at 1073 K in humidified
air. 

Fig. 4. Imaginary impedances (Im-Z) of the fuel cells with
BaCO

3
 (■) or Ba(OH)

2
 (▲) for the catalysts at the ini-

tial time (closed symbols) and after 5 h (open sym-
bols), along with the Im-Z of the LSF symmetric cell.
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initial time (closed symbols) and after 5 h (open symbols),

along with the Im-Z of the LSF symmetric cell. Below

1 kHz, the magnitude of the Im-Z of the LSF symmetric cell

was much smaller than the magnitude of the Im-Z of the

fuel cells, which means that the lm-Z below 1 kHz was

mainly caused by the anode rather than the cathode. The

Im-Z of the fuel cells showed three summits at the high,

mid, and low frequencies, while the Im-Z of the LSF sym-

metric cell showed a single summit at a high frequency of

around 1 kHz. Therefore, the summits of the Im-Z of the

fuel cells found at the mid and low frequencies can be con-

sidered to be related to the anode. 

In the case of the fuel cells with BaCO3, the Im-Z at the

initial time was nearly the same as it was after 5 h. The Im-

Z of the fuel cell with Ba(OH)2 at the initial time was also

similar to that of the fuel cell with BaCO3; however, after 5

h, the Im-Z of the fuel cell with Ba(OH)2 increased in the fre-

quency range below 1 kHZ; one more summit was generated

at about 110 Hz. This change clearly shows that the cata-

lytic activity of the anode with Ba(OH)2 significantly

decreased with time. 

The abrupt degradation of the performance of the fuel cell

with Ba(OH)2 can be correlated with the low melting tem-

perature of barium hydrate. The melting temperatures of

monohydrated barium hydroxide and anhydrous barium

hydroxide are 573 K and 680 K, respectively. Such low melt-

ing temperatures can result in the loss of Ba(OH)2 at the

high temperature of 1073 K. Therefore, it can be said that

the addition of citric acid to the barium precursor solution

forms barium carbonate rather than barium hydroxide

during ignition; this contributes to improving the long-term

stability of the catalytic activity. 

Figure 5 shows the (a) V-i polarization curves and the (b)

Nyquist plots of the impedance spectra of the fuel cells i)

without catalyst and with ii) CeO2 or iii) BaCO3 as catalysts

at 1073 K. As shown in Fig. 5(a), the slope of the V-i polar-

ization curve became smaller with the addition of the cata-

lysts; the addition of BaCO3 was slightly more effective at

reducing the slope of the V-i polarization curve than was the

addition of CeO2. The peak power densities of the fuel cells

without catalysts and with CeO2 or BaCO3 were 0.55 Wcm−2,

0.66 Wcm−2, and 0.74 Wcm−2, respectively. 

Fig. 5(b) shows the impedance spectra for a comparison of

the electrode performances of these three types of cells. The

cross section points on the real part of the impedance at

high frequency and low frequency correspond to the ohmic

area specific resistance (ASR) and the total ASR, respec-

tively. The difference between the ohmic ASR and the total

ASR is equal to the non-ohmic ASR, which represents the

electrode performance. As shown in Fig.5(b), among the

three cells, the total ASR of the fuel cell without a catalyst

was largest; the fuel cell with BaCO3 had a smaller total

ASR than that of the fuel cell with CeO2. Due to the similar

thicknesses of the electrolytes, the ohmic ASRs of the three

types of fuel cells were nearly the same. Therefore, Fig. 5(b)

shows that the difference in the total ASRs was mainly due

to the difference in the electrode performance of the three

types of cells.

To analyze the impedance data as a function of frequency,

the impedance data shown in Fig. 5(b) are presented in a

Bode-plot as a function of frequency in Fig. 6. Fig. 6 shows

the Bode-plot of (a) the imaginary part and (b) the real part

of the AC impedances of the fuel cells i) without catalyst and

with ii) CeO2 or iii) BaCO3 as catalysts at 1073 K. As shown

in Figs. 6 (a) and (b), the characteristics of the impedance as

a function of frequency were revealed more clearly in the

imaginary part of the impedance data than in the real part.

In Fig. 6(a), three summits can be identified in the imagi-

nary impedance data. For the three fuel cells, the heights of

the summits at a high frequency of around 1 kHz were simi-

lar. The impedance in this high frequency region is mainly

attributed to the dissociative adsorption of oxygen in the

cathode as well as to charge transfer at the interface

between the electrode and the electrolyte in the anode.14)

These electrochemical reactions are affected by the LSF and

the LSCM rather than by the catalysts dispersed on the

Fig. 5. (a) V-i polarization curves and (b) Nyquist plots of
impedance spectra of the fuel cells i) without cata-
lyst and with ii) CeO

2
 or iii) BaCO

3
 as catalysts at

1073 K.
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LSCM, which results in similar levels of impedance at high

frequencies above 1 kHz. 

There were significant differences in the values of Im-Z

among the three types of fuel cells in the frequency range

below 1 kHz. Generally, it is known that the impedance

data of the Ni-YSZ anode in low frequency regions should be

attributed to gas diffusion and gas conversion;14-16) however,

the gas transport process could not have caused the differ-

ence shown in Fig. 6(a) because the same anode scaffold was

used in all three types of cells. 

Another possible reason for the impedance in the low fre-

quency range is the slow kinetic chemical exchange reaction

on the surface of the mixed ionic and electronic conductor. The

slow surface reaction of the gas species can increase the

impedance in the low frequency range, even when the reac-

tant gas is abundant on the electrode surface.17) This phenom-

enon has frequently been observed in ceramic electrode

composite electrodes with poor catalytic activity.18) Therefore,

the reduction of the imaginary impedance of the fuel cell with

BaCO3 in the low frequency range below 1 kHz suggests that

the addition of BaCO3 to the LSCM-YSZ composite anode

enhanced the surface chemical exchange reaction. Interest-

ingly, the promotion effect of BaCO3 was larger than that of

CeO2, which has been widely used in anodes as a catalyst. 

The reason that BaCO3 can improve the catalytic activity

of the anode is still ambiguous. There are several possible

candidates for this mechanism: the high catalytic activity of

BaCO3, the substitution of Ba into LSCM, and the genera-

tion of catalytically active secondary phases. The exact

mechanism and the application of BaCO3 as a catalyst will

be studied in future work.

4. Conclusions

A barium precursor solution was infiltrated into an

LSCM-YSZ ceramic composite anode to investigate the pos-

sible use of barium compounds as catalysts. The existence of

citric acid in the barium precursor solution played a very

important role in determining the phase of the barium com-

pound in the fuel cell operating conditions. In a humidified

hydrogen atmosphere at 1073 K, a barium precursor solu-

tion with citric acid led to the formation of BaCO3, while the

solution without a citric acid let to the formation of Ba(OH)2.

The fuel cell with Ba(OH)2 showed an initial good perfor-

mance but this performance became significantly worse

with time; the performance of the fuel cell with BaCO3 was

stable and even higher than that of the fuel cell with CeO2

ceramic catalyst. Therefore, the addition of a small amount

of barium precursor solution with citric acid to LSCM-YSZ

can improve the performance of the LSCM-YSZ ceramic

composite anode more than can the addition of the CeO2 cat-

alyst.
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