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Abstract

Gd1ÿxSrxMnO3 (0�x�0.6) is synthesized as the cathode material for solid oxide fuel cells (SOFC) using a citrate process. Properties of

the oxides such as the crystal structure, electrical conductivity, thermal expansion coef®cient (TEC) and reactivity with 8 mol% yttria-

stabilized zirconia (8YSZ) or Ce0.8Gd0.2O1.9 (CGO) electrolyte are investigated. The crystal structure is orthorhombic (0�x�0.3), cubic

(0.4�x�0.5) or tetragonal (x�0.6), as dictated by the composition. The electrical conductivity increases, but the activation energy for

conduction decreases, with increasing Sr content. The TEC displays normal behavior for x�0.3 and increases with increasing Sr content.

When heated at 13008C for 48 h, Gd1ÿxSrxMnO3 reacts with 8YSZ to produce SrZrO3, but does not react at all with CGO. The cathodic

polarization of the mixed cathode, Gd0.6Sr0.4MnO3ÿd±CGO, is reduced with increase in the CGO content. The maximum power density is

about 210 mW/cm2 in the vicinity of 50 vol.% CGO in the mixed cathode at an operating temperature of 8008C. # 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The solid oxide fuel cell (SOFC) is now considered to be a

potential future energy system and is expected to substitute

existing energy conversion systems which use fossil fuels.

The SOFC, however, must be operated at high temperatures

(around 10008C) to achieve satisfactory power density. Such

high-temperature operation causes various problems which

include: sintering of electrodes, formation of an insulating

layer at the electrode/electrolyte interface by interdiffusion,

crack formation due to stresses caused by a large difference

in the thermal expansion coef®cients (TECs) of the cell

components. It is, therefore, desirable to lower the operation

temperature. This would not only solve the above-men-

tioned problems, but also extend the range of material

selection for cell components such as the interconnector

and the cell housing. The reduction of operation temperature

can be achieved either by thinning the electrolyte layer [1,2]

or by using highly conductive electrolytes such as ceria-

based oxides [3].

La1ÿxSrxMnO3, one of the representative cathode materi-

als for SOFCs, has been reported to form second phases like

La2Zr2O7 or SrZrO3 at the interface where it contacts the

YSZ electrolyte. The formation of second phases causes

degradation in cell performance, since such phases usually

have electrical conductivities which are two to three orders

lower than that of YSZ. La1ÿxSrxCoO3, though it has higher

conductivity than La1ÿxSrxMnO3, is known to have pro-

blems of high TEC (>20�10ÿ6/8C) and phase instability at

high temperatures. La1ÿxSrxFeO3 is similar to the YSZ

electrolyte in its linear thermal expansion coef®cient, but

has a rather low electrical conductivity [4,5]. La1ÿxSrx-

Co1ÿyFeyO3, which has been widely studied as a cathode

material for low-temperature SOFCs, also suffers from

chemical reaction with YSZ. La1ÿxSrxMn1ÿyCoyO3, known

to have a high reducing power, is believed to form a second

phase when the cobalt content is high [6].

In this study, Gd1ÿxSrxMnO3 [7] has been synthesized as

the cathode material for SOFCs using a citrate process.

Thereafter, its crystal structure, electrical conductivity,

TEC, and reactivity with 8YSZ or CGO electrolytes have

been investigated. Also, the cathodic polarization, which

depends upon the content of CGO in the mixed cathode

Gd0.6Sr0.4MnO3ÿd±CGO, has been evaluated.
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2. Experimental procedure

Gd1ÿxSrxMnO3 (0�x�0.6) powders were produced as the

cathode material for SOFCs. For this purpose, polymeric

precursors were synthesized using the citrate process [8,9]

and calcined at 7008C for 2 h. Gd(NO3)3�6H2O (99.95%),

Sr(NO3)2 (99.9%) and Mn(NO3)2�xH2O (99.99%) from

Aldrich were used as the starting materials. The calcined

powder was reheated at 13008C for 5 h in air for X-ray

diffraction experiments. For other characterization, the

powder was compacted into 8 mm diameter rods and sin-

tered at 14008C for 4 h.

The crystal structures of the synthesized powders were

determined from their XRD patterns measured on a Rigaku

diffractometer (Geiger¯ex DMAX-II) using Cu Ka radia-

tion. The electrical conductivity was measured at tempera-

tures in the range of 400±9008C using the four-probe dc

method. In the measurements dc currents of 1±100 mA were

used. The linear thermal expansion was determined by

thermomechanical analysis (TMA) using a Rigaku 811H

instrument. Samples were heated at a rate of 58C/min up to

9008C and quartz was used as the reference.

In order to study the reactivity of Gd1ÿxSrxMnO3 cathodes

with electrolytes, the cathode and electrolyte powders were

mixed in a 1:1 weight ratio, compacted, and heated at

13008C for 48 h in air. The compact was then pulverized

in a mortar and analyzed using XRD. Two electrolyte

materials, 8YSZ and Ce0.8Gd0.2O1.9, were used in this

study. Ce0.8Gd0.2O1.9 was synthesized from Ce(NO3)3�6H2O

and Gd(NO3)3�6H2O, using the same process as for

Gd1ÿxSrxMnO3, but the calcination was carried out at

9008C for 1 h.

Fig. 1. X-ray diffraction patterns for Gd1ÿxSrxMnO3ÿd (0�x�0.6) after

firing at 13008C for 5 h: (a) calculated intensities for cubic structure of

Gd0.5Sr0.5MnO3ÿd from data (b) in this figure, and (c) intensities for

GdMnO3 from JCPDS card.

Table 1

Crystal structure and lattice parameters of the Gd1ÿXSrXMnO3ÿd

Composition Crystal structure Lattice parameter (AÊ )

a b c

GdMnO3 Orthorhombic 5.31 5.84 7.43

Gd0.9Sr0.1MnO3ÿd Orthorhombic 5.34 5.72 7.52

Gd0.8Sr0.2MnO3ÿd Orthorhombic 5.40 5.63 7.54

Gd0.7Sr0.3MnO3ÿd Orthorhombic 5.42 5.56 7.62

Gd0.6Sr0.4MnO3ÿd Cubic 3.84 3.84 3.84

Gd0.5Sr0.5MnO3ÿd Cubic 3.83 3.83 3.83

Gd0.4Sr0.6MnO3ÿd Tetragonal 3.83 3.83 3.81

Fig. 2. Arrhenius plots of electrical conductivity of Gd1ÿxSrxMnO3ÿd
(0.2�x�0.6).

Table 2

Electrical conductivity at 8008C and activation energy of the

Gd1ÿXSrXMnO3ÿd

Composition Conductivity at

8008C (S/cm)

Activation

energy (kJ/mol)

Gd0.8Sr0.2MnO3ÿd 123.6 20.6

Gd0.7Sr0.3MnO3ÿd 134.0 14.9

Gd0.6Sr0.4MnO3ÿd 157.8 11.4

Gd0.5Sr0.5MnO3ÿd 229.5 8.3

Gd0.4Sr0.6MnO3ÿd 319.6 <5
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YSZ powder from Tosoh Corporation and NiO powder

from Kanto were mixed in an approximate 40:60 weight

ratio. The anode powders were then compacted under uni-

axial pressure. Green anode substrates were subsequently

baked at 9008C for 10 h. AYSZ electrolyte ®lm was formed

on a NiO±YSZ anode substrate by a colloidal coating

method. The YSZ electrolyte/NiO±YSZ anode was then

®red at 14008C for 4 h. Gd1ÿxSrxMnO3 was mixed with

CGO in proportions which ranged from 100:0 to 40:60. The

Gd1ÿxSrxMnO3±CGO powder was then mixed with a-ter-

pineol and dibutyle phtalate to form a paste, and the paste

was coated on a YSZ/NiO±YSZ substrate and ®red at

Fig. 3. TMA curves for Gd1ÿxSrxMnO3ÿd (0.1�x�0.6), Ce0.8Gd0.2O1.9 and 8YSZ sintered at 14008C for 4 h (heating rate 58C/min).

Fig. 4. XRD patterns for mixtures of (a) Gd1ÿxSrxMnO3ÿd(0.1�x�0.6)/8YSZ and (b) Gd1ÿxSrxMnO3ÿd(0.1�x�0.6)/Ce0.8Gd0.2O1.9 after firing at 13008C
for 48 h.
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14008C for 4 h. Platinium mesh was used as the current-

collector, which was ®xed to the electrode surface by means

of silver paste from Dupont.

3. Results and discussion

The X-ray diffraction patterns for Gd1ÿxSrxMnO3 with

various Sr contents are presented in Fig. 1, together with

those calculated for a cubic Gd0.5Sr0.5MnO3 phase and

constructed from JCPDS data for an orthorhombic GdMnO3

phase. The crystal structure of Gd1ÿxSrxMnO3 is orthor-

hombic for 0�x�0.3. As the amount of Sr increases, how-

ever, the peak intensities decrease and (0 2 0) and (1 3 1)

peaks are shifted to the high angle side. This shift is thought

to be due to a decrease in the lattice parameter b. After all

these preparatory stages, the Gd1ÿxSrxMnO3 phase becomes

cubic when x�0.4 or 0.5. Finally, it turns into a tetragonal

Fig. 5. HRTEM/EDX analysis of 8YSZ/Gd0.5Sr0.5MnO3ÿd mixture after sintering at 13008C for 48 h: (a) HRTEM image and (b) concentration profile for

vicinity of interface.

Fig. 6. HRTEM/EDX analysis of Ce0.8Gd0.2O1.9/Gd0.5Sr0.5MnO3ÿd mixture after sintered at 13008C for 48 h: (a) HRTEM image, and (b) concentration

profile for vicinity of interface.
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structure when x�0.6, which can be recognized by the split

of (2 0 0) and (2 2 0) cubic peaks. The crystal structures and

their lattice parameters for Gd1ÿxSrxMnO3 phases are sum-

marized in Table 1.

Arrehnius plots for the electrical conductivity of

Gd1ÿxSrxMnO3 (0.2�x�0.6) are given in Fig. 2. The con-

ductivities, s, were measured in the temperature range 400±

9008C in air. The activation energies for conduction were

determined from the plots, using the following expression

derived for the small polaron mechanism [10,11]:

s � A

T
exp

ÿEa

kT

� �
(1)

where A is the preexponential factor, k the Boltzmann

constant, T the absolute temperature and Ea the activation

energy. It can be seen from the data in Fig. 2 and Table 2 that

the electrical conductivity increases, but the activation

energy decreases, with increasing Sr content. Also, most

of Gd1ÿxSrxMnO3 materials show the conducting behaviour

of semiconductors, except the one with x�0.6 which dis-

plays metallic conduction at high temperatures. The highest

conductivity was about s�320 S/cm at 8008C, which is

similiar to or higher than that of La1ÿxSrxMnO3.

The temperature dependence of thermal expansion of

Gd1ÿxSrxMnO3 is presented in Fig. 3. The thermal expan-

sion of 8YSZ and CGO is also shown for comparison. The

thermal expansion coef®cients of Gd0.9Sr0.1MnO3 and

Gd0.8Sr0.2MnO3 are negative. For Gd1ÿxSrxMnO3 with

x�0.3, however, the thermal expansion exhibits a normal

behavior similar to that of La1ÿxSrxMnO3, 8YSZ and CGO

and the coef®cient increases with increasing Sr content.

The XRD patterns for Gd1ÿxSrxMnO3/8YSZ and

Gd1ÿxSrxMnO3/CGO mixtures reacted at 13008C for 48 h

in air are given in Fig. 4. While a second phase of SrZrO3 is

formed in the former, none is formed in the latter.

The results of HRTEM/EDX analyses for Gd1ÿxSrxMnO3/

8YSZ and Gd1ÿxSrxMnO3/CGO mixtures are shown in

Figs. 5 and 6, respectively. The above statement on the

second phase formation at the interface was again

con®rmed.

A unit cell with a con®guration of (H2/H2O), Ni±YSZ/

YSZ/Gd0.6Sr0.4MnO3ÿd±CGO mixed cathode, air was eval-

uated in terms of its current±voltage (I±V) characteritics.

The open-circuit voltage (OCV) obtained for single cell

tested at 8008C was about 1.0 V. The I±V curves, cathodic

polarization and power densities according to a difference in

the content of CGO in the cathode at an operating tempera-

ture of 8008C are shown in Figs. 7±9, respectively. The

cathodic polarization is reduced and the maximum power

Fig. 7. Cell voltage of air, Gd0.6Sr0.4MnO3ÿd±Ce0.8Gd0.2O1.9/8YSZ/Ni±

8YSZ, (H2/H2O) unit cell tested at 8008C according to the content (wt.%)

of Ce0.8Gd0.2O1.9 in Gd0.6Sr0.4MnO3ÿd±Ce0.8Gd0.2O1.9.

Fig. 8. Cathodic polarization of air, Gd0.6Sr0.4MnO3ÿd±Ce0.8Gd0.2O1.9/

8YSZ/Ni±8YSZ, (H2/H2O) unit cell tested at 8008C according to the

content (wt.%) of Ce0.8Gd0.2O1.9 in Gd0.6Sr0.4MnO3ÿd±Ce0.8Gd0.2O1.9.

Fig. 9. Power density of air, Gd0.6Sr0.4MnO3ÿd±Ce0.8Gd0.2O1.9/8YSZ/Ni±

8YSZ (H2/H2O) unit cell tested at 8008C according to the content (wt.%)

of Ce0.8Gd0.2O1.9 in Gd0.6Sr0.4MnO3ÿd±Ce0.8Gd0.2O1.9.
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Fig. 10. SEM micrographs of cross-section fracture of Gd0.6Sr0.4MnO3ÿd±Ce0.8Gd0.2O1.9 cathodes for Ce0.8Gd0.2O1.9 powder at (a) 0%; (b) 10%; (c) 20%;

(d) 30%; (e) 40%; (f) 50% and (g) 60% of the total weight after firing at 14008C for 4 h.
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density is increased with CGO content in the

Gd0.6Sr0.4MnO3ÿd±CGO mixed cathode. The maximum

power density is about 210 mW/cm2 (485 mV, 435 mA)

for the cathode including 50±60 wt.% CGO. The mixing

of CGO in cathode enlarged the three-phase boundary

(electrolyte/cathode/air) length.

The microstructure of the Gd0.6Sr0.4MnO3ÿd±CGO mixed

cathode is shown in Fig. 10. As the content of CGO

increases, the size of the cathode particles is reduced.

4. Conclusions

Gd1ÿxSrxMnO3 (0�x�0.6) has been synthesized as the

cathode material for SOFCs using a citrate process. The

crystal structure was orthorhombic (0�x�0.3), cubic

(0.4�x�0.5), and tetragonal (x�0.6) as dictated by the

composition. The electrical conductivity increases, but the

activation energy for conduction decreases with increasing

Sr content. The thermal expansion shows normal behaviour

for x�0.3 and the coef®cient increases with increasing Sr

content. When heated at 13008C for 48 h, Gd1ÿxSrxMnO3

reacts with 8YSZ to produce a second phase of SrZrO3, but

does not react at all with CGO. The cathodic polarization of

a Gd0.6Sr0.4MnO3ÿd±CGO mixed cathode is reduced as the

CGO content is increased. The maximum power density is

about 210 mW/cm2 in the vicinity of 50 vol.% CGO in a

Gd0.6Sr0.4MnO3ÿd±CGO mixed cathode.
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