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An effect of microstructure on the interface
resistance between a perovskite-type oxide
electrode and yttria-stabilized zirconia
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The electrode characteristics of perovskite-type oxides, Lag ¢Sr, ,C00; and Lag ¢Sr, ;MnO;, on
ceria-based oxide and stabilized zirconia were analysed by the a.c. impedance method. The
ionic conductivities of the electrolyte and electrode conductivities from the a.c. impedance
analysis agreed with those obtained from the current interruption and d.c. four-probe methods.
Two semicircles from the charge transfer and diffusion processes appeared as the electrode
resistance. The relative contribution of these two processes to the overall electrode resistance
strongly depended on the microstructure of the electrode. The electrode microstructure could
be controlled by the dispersion medium used for the electrode slurry. The Lag ¢Sty 4MnO,
electrode coated with n-butyl acetate slurry exhibited the smallest electrode resistance.

1. Introduction

The electrochemical properties of an oxygen concen-
tration cell with an oxide electrolyte are strongly
affected by the electrode materials, particularly when
the cell is operated at low temperatures [1]. Perov-
skite-type oxides, such as the La-Sr—Co-O and
La—Sr—Mn—O systems, have been known to possess
excellent characteristics as electrodes for yttria-stabil-
ized zirconia (YSZ) or ceria-based oxide solid electro-
lytes [2, 3]. We have reported that these perovskite-
type oxide electrodes are effective in lowering the
operating temperature of fuel cells and oxygen sensors
due to their low cathodic overpotential [4]. The elec-
trode reaction kinetics was discussed on the basis of
polarization data obtained by the current interruption
method [4-6]. Since the Co-based oxides become
reactive to YSZ electrolyte at 1000 °C or higher, these
electrodes are attractive for low-temperature appli-
cations of O, concentration cells [4, 7, §].

The electrode reaction rate or electrode resistance is
expected to be affected by the particle size of the
electrode and the microstructure as well as the type of
electrode material. In this paper, we report an invest-
igation of the electrode resistance at the electrolyte—
cathode interface by the a.c. impedance method and
the current interruption method. The influence of the
microstructure of electrode materials on the
electrode—electrolyte interface resistance is discussed.

2. Experimental procedure

(Z1O3)0.92(Y303)o.05 and (CeO,)y 5(SMO; 5)o., Were
prepared by calcination of the component oxide mix-
tures. The oxide mixtures of calculated amounts of

*Author to whom all correspondence should be addressed.

1532

CeO, (99.9%) and Sm,0; (99.9%) or ZrO, (99.9%)
and Y,0; (99.9%) were ball-milled for 24 h and then
calcined at 1300 °C for 10 h. The calcined powder was
pulverized and subsequently pressed into a disc
(20 mm in diameter and 1.8 mm thick) at 2.0 x 10® Pa
in vacuo. The pressed disc was sintered at 1650 °C for
15 h.

Perovskite-type  oxides, Lag ¢Sry,CoO; and
Lag 651, ,MnO,, were prepared by pyrolysis of the
corresponding metal acetates and solid-state reaction
at 900°C. The powder of perovskite-type oxide was
mixed with dispersion media, i.e. methyl cellulose,
turpentine oil, n-butyl acetate and water, as listed in
Table I. The slurry thus obtained was applied to both
sides of the solid electrolyte disc and used as the
working and counter electrodes. A platinum reference
electrode (KT-5, Tanaka Matthey) was also placed on
the electrolyte disc. The disc was calcined at 1000 to
1200 °C for 1 h after applying the electrode. The elec-
trodes prepared from different dispersion media are
expressed hereafter by symbols as listed in Table 1.

The following oxygen concentration cell was
studied:

0, + N,(Py,), electrode/electrolyte/electrode,
O, + Ny(Po,)

where the electrode was Lag¢Sry,MnO,; or
Lag ¢S1.,Co0O; and the electrolyte (ZrO,)g .4,
(Y,03)0.05 01 (CeO,)q.5 (SMO, 5)y ,. The partial pre-
ssure of oxygen (P,,) was controlled from 10° to 1 Pa
at 600-1000°C. The electrolyte and electrode resist-
ances were estimated from the a.c. impedance method
using an impedance meter (NF Electronic Instrumen-
ts, S-5720C) in the frequency range of
100 mHz-100 kHz. The applied voltage, V, was
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TABLE I La, ¢Sr, ,MnOj electrodes used in the present study

Electrode Dispersion medium Firing temperature
0

LSM-M-T Methyl celiulose 1000

+ turpentine oil

LSM-T Turpentine oil 1000

LSM-N n-butyl acetate 1000

LSM-W-1000 Water 1000

LSM-W-1100 Water 1100

LSM-W-1200 Water 1200

Every electrode was prepared from a slurry of La, (Sr, ,MnO,
powder and a dispersion medium.

kept less than 10 mV. The complex impedance was
measured by the three-probe or two-probe method.

3. Results and discussion

3.1. The electrolyte and electrode resistance
The electrode and electrolyte resistances of the oxygen
concentration cell with a (CeO,), 5(SmO; ), , elec-
trolyte and La, ¢Sty ,CoO, electrode, mixed with
turpentine oil and calcined at 1000°C, are estimated
from a.c. impedance analysis and the current inter-
ruption method. Fig. 1 shows Cole—Cole plots for the
cell at 800 °C at three different values of P,. Of the
two intercepts of the arc, the resistance at the high-
frequency intercept was unchanged with P, , whereas
the low-frequency intercept strongly depended upon
Pg,. The resistance at the high-frequency intercept is
considered to be the electrolyte resistance. The ionic
conductivity of the electrolyte, G,, was obtained from
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Figure I Cole—Cole plots for Lag¢Srq,Co0; electrode on

(Ce0,)o.5 (SMO 5)o., electrolyte at 800°C at (1) Py, = 10° Pa,
(2) Py, = 10° Pa and (3) Py, = 102 Pa. R, is the intercept on the Z’
axis in the high-frequency region, R is calculated from the first arc
and Ry, from the second arc.

TABLE II Ionic  conductivity of  electrolyte, o,

R; as summarized in Table II from the equation
c; = I/RA (1)

where A is the electrode area and [ the electrolyte
thickness. Table II also shows the ionic conductivities
measured by the four-probe method and the current
interruption method. In the latter method, the voltage
drop was separated into the iR drop, which was
simultaneously observed with the current interrup-
tion, and the overpotential m, which gradually de-
cayed with time. The ionic conductivity was obtained
from the iR drop because the iR drop corresponds to
the ohmic component of the electrolyte. The ionic
conductivities obtained from these three methods
were very close. In the temperature range 600 to
1000 °C the arc for bulk and grain-boundary processes
in the electrolyte appeared above a frequency of
100 kHz. Therefore, the resistance at the high-fre-
quency intercept is attributed to the electrolyte resist-
ance.

The shape and resistance of the semi-circular arcs
strongly depended on Py,. This part of the resistance,
ie. Ry or Ry + Ry, in Fig. 1, is expected to be at-
tributed to the electrode and/or electrode-—electrolyte
interface resistance. The impedance curves consisted
of a single semicircular arc at high P, but two arcs are
obvious at low Pg,. The electrode conductivities o
and o, were obtained from the two intercepts of the
arc at the real axis (Rg and Rp) and from Equations 2
and 3 below after the two arcs were separated:

1/RgA (2)
1/R, A 3)

O =

Op =

The o values are summarized in Table I1. The elec-
trode conductivities measured by the current inter-
ruption method are also summarized in Table II. The
electrode and/or electrode—electrolyte interface resist-
ance, Rg, was obtained from the current density and
the overpotential. The electrode conductivities from
the a.c. impedance and the current interruption
methods agreed with each other.

Fig. 2 shows the dependences of o and o, on Py,
The o value from the first arc exhibited a small
dependence on P, in the high P, region, while its
slope approached 1/4 in the low P, region. It has
been reported that the slope for o is 1/4 when the
charge transfer reaction is the rate determining step
[4]. Of the two components in the electrode resistance,
the first arc in the higher-frequency region is at-
tributed to the chemical reaction and the second one
in the lower-frequency region is the component with a

electrode  conductivity, o, at Py, =10°Pa  for

Lag 4814 ,C003/(Ce0,)p s P0,(SmO, ), , from the a.c. impedance, current interruption and d.c. four-probe methods

Temperature A.c. impedance method Current interruption Four-probe method:
O
o;(Sem ™) cp (Sem™?) o, (Sem™1) G (Sem™?) o; (Sem™1)
600 1.07x 1072 8.65%x 107! 1,16 x 1072 8.02x 107! 1.29x 1072
700 426 %1072 3.17 3771072 2.70 3.87x 1072
800 8.53x1072 8.27 8.88x 1072 7.87 9.02x1072
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Figure 2 Py, dependence of logog (open symbols) and logop
(closed symbols) for Lag ¢Sty ,CoO3/(Ce0,),5(SmO, )y, at
(O,9)800°C, (A,A) 700°C, (V,V¥) 600°C and (1) 500°C.

larger time-constant. The second arc appeared only in
the low P, region, and the slope of o, against P,
was unity. Although oy decreased with decreasing
temperature because the electrode reaction becomes
slow, op was unchanged with temperature. Tsu-
neyoshi et al. [9] have attributed oy, to the diffusion
process of oxygen molecules for the La, (Sry ,MnO,
electrode. The o, component changes in proportion
to Py, but is independent of temperature.

3.2 The particle size effect of electrode
materials

As mentioned above, the a.c. impedance method is
employed to separate the electrode resistance from the
ohmic resistance of the electrolyte. An electrode reac-
tion accompanies the diffusion of oxygen species in
pores or on the surfaces of an electrode and reduction
of oxygen to oxide ion around the three-phase bound-
ary. The diffusion process and the length of the three-
phase boundary are closely related with the
microstructure and particle size of an electrode. In the
present study, the effect of the microstructure of
La, (Sr, 4,MnQ, electrodes was investigated for cells
with a (ZrO,)g.45(Y,03)0.05 electrolyte. It is found
that the electrode microstructure can be easily modi-
fied by varying the kind of dispersion medium of the
Lag ¢Sty 4MnO; powder. Methyl cellulose, turpentine

oil and water were used as dispersion media for the
Lag ¢Sty 4 MnO, powder. The preparation conditions
of electrodes are summarized in Table 1. Fig. 3 shows
the Cole—Cole plots of these cells at different P,
values.

Although only a single arc appeared at P,
= 10° Pa, the curve consisted of two arcs at P,
= 10 Pafor every LSM electrode. At P, = 10 Pa, the
second arc for the LSM-W-1000 electrode was larger
than that for LSM-M-T and LSM-T electrodes. At
intermediate Py, (10? Pa), the second arc was recog-
nized only for the LSM-W-1000 electrode. Since the
LSM-W-1000 electrode possesses a less porous micro-
structure than LSM-M-T and LSM-T electrodes, the
second arc from the diffusion resistance of oxygen
molecules is dominant at low Pg,.

The electrode conductivities o, at P, = 10° Pa are
plotted in Fig. 4 as a function of 1/7. The LSM-N
electrode exhibited the highest electrode conductivity
among LSM electrodes. SEM photographs of the
electrode materials are shown in Fig. 5. The LSM-
M-T electrode was porous, whereas the LSM-W-1000
electrode was dense. Observation of SEM photo-
graphs indicated the following sequence of porosity of
the electrode materials:

porous « LSM-M-T electrode (methyi cellulose and
turpentine oil)

> LSM-T electrode (turpentine oil)
> LSM-N clectrode (n-butyl acetate)

> LSM-W-1000 celectrode (water fired at
1000 °C) — dense

Microstructural models of the LSM electrodes are
shown in Fig. 6. The electrode resistance is affected by
the morphology of the electrode material, particularly
by the length of the gas—clectrode—electrolyte bound-
ary. The LSM-W-1100 and LSM-W-1200 electrodes
which were coated by using a water-based slurry
consisted of very coarse particles. The particles appear
to undergo grain growth with the aid of adsorbed
water during the heating process. Methyl cellulose and
turpentine oil decompose on heating, leaving a large
content of voids in the electrode. Thus, the loosely
packed microstructure gives rise to a small
electrode—electrolyte interface area. The LSM-N elec-
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Figure 3 Cole—Cole plots of Lag ¢Sty 4MnO;3/(Zr05)e 65 (Y3O03)g.05 at 800°C: (a) LSM-M-T, (b) LSM-T, (c) LSM-W-—1000. Preparation
conditions of every electrodes are shown in Table 1. Pressures in the figure are Pg,.
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trode, coated by n-butyl acetate-based slurry, pos-
sesses a relatively large interface area and a long
gas—electrode—electrolyte boundary, which contrib-
utes to the electrode reaction. Thus, this electrode
exhibited the highest electrode conductivity. n-butyl
acetate vaporizes at room temperature. The electrode
consists of densely packed particles and contains a
large number of micropores.

At Py, = 10 Pa, two arcs were recognized for the
LSM-W-1000 electrode, because the electrode posses-
ses a less porous microstructure. On the other hand,
LSM-T and LSM-M-T electrodes possess a porous
microstructure, so only one arc was recognized at
Py, = 107 Pa. At Py, = 10 Pa, for the LSM-W-1000
electrode the second arc was larger than the first arc.
The electrodes with less porous microstructure exhib-
ited a high diffusion resistance at low Pg,.

4. Conclusion

Perovskite-type  oxides, Lag (Sry ,Co0O; and
La, ¢Sty 4 MnO,, were applied on ceria-based oxide
and stabilized zirconia, and their electrode character-
istics were analysed by the a.c. impedance method and
the current interruption method. The microstructure
of the perovskite electrode, and hence the preparation
condition of the electrode, strongly affected the elec-
trode resistance. The electrode resistance is found to
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Figure 4 Arrhenius plots of electrode conductivity o for
Lag 657 4MnO;/(Z10,)5 62(Y:03).085 Po, = 10° Pa. (A LSM-M-
T, (O) LSM-T, (®) LSM-N, (A) LSM-W-1000, () LSM-W-1100,
() LSM-W-1200. Preparation conditions of every electrode are
listed in Table L.

Figure 5 SEM images of surfaces of La, ¢Sr, ,MnOj electrodes: (a) LSM-M-T, (b) LSM-T, (c) LSM-N, (d} LSM-W-1000, (e) LSM-W-1100, (f)
LSM-W-1200. Preparation conditions of every electrode are listed in Table I.
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Figure 6 A schematic model of microstructures of the electrode—electrolyte interface. (a) LSM-M-T, mixed with methyl cellulose and
turpentine oil and fired at 1000 °C; (b) LSM-N, mixed with n-butyl acetate and fired at 1000 °C; (c) LSM-W-1000, mixed with water fired at

1100°C.

depend upon the kind of dispersion medium used for
the electrode powder. In particular, the clectrode ap-
plied on the electrolyte by using n-butyl acetate slurry
exhibited the smallest electrode resistance. An effect of
electrode microstructure is observed both on the
charge transfer process and on the diffusion process
during the electrode reaction.
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