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Abstract The oxygen reduction reaction on mixed con-
ducting (LaggsSrg.15)0.0MnO;5 electrodes with various
porosities was investigated by analysis of the ac-impedance
spectra. To attain a mixed electronic/ionic conducting state
of (Lag g5519.15)0.oMnO3 with high oxygen vacancy con-
centration, the electrode specimen was purposely subjected
to cathodic polarisation. The ac-impedance spectrum
clearly showed a straight line inclined at a constant angle
0f'45° to the real axis in the high-frequency range, followed
by an arc in the low-frequency range, i.e. it exhibited the
Gerischer behaviour. This strongly indicates that oxygen
reduction on the mixed conducting electrode involves
diffusion of oxygen vacancy through the electrode coupled
with the electron exchange reaction between oxygen
vacancies and gaseous oxygen (charge transfer reaction)
at the electrode/gas interface. It was further recognised that
the two-dimensional electrochemical active region for
oxygen reduction extends from the origin of the three-
phase boundaries (TPBs) among electrode, electrolyte and
gas into the electrode/gas interface segments, which is on
average approximately 0.7 to 1.1 um in length below the
electrode porosity 0.12. Based from the fact that the ac-
impedance spectrum deviated more significantly from the
Gerischer behaviour with increasing electrode porosity
above 0.22, it is proposed that due to the increased length
of TPBs, the rate of the overall oxygen reduction on the
highly porous electrode is mainly determined by the charge
transfer reaction at the TPBs, and the subsequent diffusion
of oxygen vacancy occurs facilely through the electrode.
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Introduction

In recent years, the environmental friendly solid oxide fuel
cell (SOFC) has been considered as one of the most
efficient power generation systems [1, 2]. Especially, due to
its high operating temperatures, the SOFC offers several
potential advantages over polymer-based fuel cells,
including fast electrode kinetics, high tolerance to typical
catalyst poisons, internal reforming and direct use of hy-
drocarbon fuels [2, 3]. Among various kinds of oxide ma-
terials, strontium-doped lanthanum manganite, i.e. (La;—,
Sry)1-,MnO;3 (x=0.05 to 0.4 and y=0 to 0.1), has been
widely used as a cathode material for the SOFC, owing to
its high electrocatalytic activity for oxygen reduction, high
electrical conductivity and good chemical/thermal compat-
ibilities with zirconia electrolytes [3, 4].

During the SOFC operation, the overpotential is mainly
given by the cathodic oxygen reduction reaction [5]. In this
respect, the mechanism of oxygen reduction on the (La,_,
Sry)1-,MnOj; electrode has been extensively investigated
by employing ac-impedance spectroscopy [6—15], which
provides an exceptionally powerful tool for separating the
dynamics of several electrode processes with different
relaxation times.

In contrast to the strontium-doped LaCoO5 with a mixed
electronic/ionic conducting property, the (La;_,Sry),-,
MnOj; electrode predominantly shows an electronic
conducting behaviour, since the substitution of Sr*" for
La®" increases the Mn*" content in the electrode rather than
the concentration of oxygen vacancies [16]. Therefore,
most researchers [6—8, 12—15] have interpreted their ac-
impedance spectra measured on the (La;-,Sry);-,MnO;
electrode under the assumption that only the three-phase
boundaries (TPBs) among electrode, electrolyte and gas
provide the electrochemical active sites for the oxygen
reduction reaction.
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However, it has been reported [17, 18] that the (La;_,
Sry)1-,MnO; electrode subjected to a large cathodic
polarisation undergoes the partial reduction of Mn>" to
Mn?", leading to the formation of oxygen vacancies in the
electrode itself. This indicates that during the SOFC
operation the electrode can be so altered that it has a
mixed conducting property. Nevertheless, relatively little
attention has been paid to the oxygen reduction reaction on
the mixed conducting (La;_,Sr,); ,MnO; electrode with
high oxygen vacancy concentration.

The present work considers the oxygen reduction reac-
tion on the porous mixed conducting (LaggsSrg15)0.9
MnOj electrode by using ac-impedance spectroscopy. First-
ly, to attain a mixed conducting state of (LaggsStg 15)0.0
MnO;, the electrode was purposely subjected to cathodic
polarisation. Secondly, the ac-impedance spectra measured
at various temperatures and oxygen partial pressures were
quantitatively analysed by employing the theoretical im-
pedance model developed by Adler et al. [19] for oxygen
reduction on the mixed conducting electrode. Finally, the
influences of the electrode porosity on the oxygen reduction
kinetics were discussed based upon the measured impedance
spectra.

Experimental
Preparation of (Lag g5S1¢.15)0.oMnO3 specimen

The (LaggsSrg.15)0oMnO5; powder was prepared by cal-
cinating a pressed mixture of La,O3 (Aldrich, USA, purity
99.9%), MnO, (Aldrich, purity 98.0%) and SrCO; (Aldrich,
purity 99.9%) at 1,273 K for 5 h in air with intermittent
grindings. The resulting powder specimen was further
ground to below 1 um in particle size by ball milling. To
identify the crystal structure of the (LaggsSto.15)0.0MnO;
powder, x-ray diffraction (XRD) patterns were recorded on
an automated Rigaku diffractometer (Rigaku, D/max-RC)
using Cu Ko radiation. Figure 1 shows the XRD pattern of
the (La().gssr().ls)o_g Ml’l03 powder. In the XRD analysis, it
was found that the (Lag g5S1q.15)0.0MnO; powder showed the
well-known perovskite structure.

The slurries with various viscosities were made by
mixing the (Lag g5S1g 15)0.0MnO3 powder with 5 to 52 wt.%
polyvinyl butyral (CH,—1,2-[(CH);CH,0,C5H]) binder
in toluene (C4HsCHj) and 2-propanol ((CH;3),CHOH).
Moreover, 2.5 wt.% dibutyl phthalate (CgHyu—1,2—
[CO,(CH,;);CH3]5) (plasticiser), 1.4 wt.% Triton-X (homo-
geniser) and 3.0 wt.% fish oil (dispersant) were added to
the slurry.

Preparation of three-electrode electrochemical cell

In this work, 8 mol% Y,0s3-stabilised ZrO, (YSZ) squared
pellet 1.0 cmx1.1 cmx0.2 mm in size (Tosoh Co., Japan)
was used as the electrolyte. The (LaggsSrg.15)0oMnO3
slurry was first coated on one side of the YSZ pellet using
the screen printing method, followed by sintering at
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Fig. 1 XRD patterns of the (Lag g5Sro.15)0.oMnO; powder that was
prepared by calcinating a pressed mixture of La,O3;, MnO, and
SrCOs5 at 1,273 K for 5 h in air with intermittent grindings

1,623 K for 30 min in air. The counter and reference
electrodes were then prepared by printing Pt pastes on the
other side of the YSZ pellet, respectively, followed by
firing at 1,273 K for 1 h in air. The reference electrode was
4 mm away from the counter electrode to circumvent the
difficulties in potential distortion in the bulk electrolyte.
The working, counter and reference electrodes were coated
over areas 0.6, 0.8 and 0.2 cm?, respectively. To provide
electrical conduction, Pt meshes and wires were finally
attached onto the three kinds of the electrodes with Pt paste
and fired at 1,223 K for 30 min in air. The schematic
diagram of the cell configuration employed in the present
work is given in Fig. 2.

Electrochemical measurements

For the purpose of investigating the electrochemical
behaviour of the mixed conducting (Lag g5Sr¢ 15)0.0MnO;
electrode, the as-sintered electrode was previously sub-
jected to the cathodic polarisation of —0.9 V at 1,273 K for
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Fig. 2 Schematic diagram of the cell configuration employed for
the ac-impedance measurement



Fig. 3 SEM micrographs of the cross-section of the (Lag g5Srg.15)0.0
MnOj; electrode coated on the 8 mol% Y,0Os-stabilised ZrO, (YSZ)
pellet from the slurry with 52 wt.% polyvinyl butyral binder a and
the YSZ surface obtained after dissolving the (Lag g5Sto.15)0.oMnO;
electrode in 1 mol HCI solution b

6 h in air by using a Solartron 1,287 electrochemical inter-
face (ECI). Ac-impedance measurement was then per-
formed with a Solartron 1,255 frequency response analyser
combined with a Solartron 1,287 ECI. Ac-impedance
spectra were measured on the (Lag g5Sr¢.15)0.oMnO3 elec-
trode at the open circuit potential by applying an ac-
amplitude of 5 mV,p,, over the frequency range from 102
to 10° Hz in atmospheres of the O,/N, gas mixtures with
the oxygen partial pressures pp, 0.04 to 0.21 atm at various
temperatures 7 ranging from 1,123 to 1,273 K.
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Results and discussion

Characterisation of the porous (Lag gs5Srg.15)9.0MnO;
electrode

Figure 3a gives the typical scanning electron microscopic
(SEM) image of the cross-section of the (Lagg5Srg.15)0.9
MnOj; electrode coated on the YSZ pellet from the slurry
with 52 wt.% polyvinyl butyral binder. The coated
(Lag g5S10.15)0.oMnO;5 electrode had a porous structure,
and its thickness was estimated to be about 10 um. In the
simple comparison of the pore geometry shown in Fig. 3a
with the reference pore geometries typically reported in the
literature [20], the pore tortuosity 7 of the (Lag g5S19.15)0.9
MnOj; electrode was roughly estimated to be 2.5. The
surface area Ay of the porous (LaggsSrg 15)0.oMnO; elec-
trode per unit volume was calculated under the assumption
that A, is identical to the total surface area of the electrode
composed of the spherical particles from the calculated &
and the mean particle size measured from the SEM image
in Fig. 3a.

Figure 3b presents the SEM image obtained from the
YSZ surface after dissolving the porous (LaggsStg.15)0.9
MnOj layer in 1 mol HCI solution for 5 min. The lines that
look bright are considered to be the TPBs among electrode,
electrolyte and gas. The SEM picture of Fig. 3b was di-
gitised with an image scanner, and then it was transformed
to a binary image to quantitatively evaluate the length of
TPBs I1pg and the contact area A, between the electrode
and the electrolyte. Here, the image was transformed to its
brightness on a scale from 0 to 255, and subsequently any
brightness larger and smaller than 130 were set at 0 and 255,
respectively.

The electrode porosity € [21] was merely calculated
from the measured value of Ay, from

Acont
Ag

e=1-

(1

where A4, is the geometric area of the electrode. The values
of € obtained from Eq. (1) were quite well consistent with
those values evaluated from the comparison of the
theoretical density (6.55 g cm °; [21]) and apparent
density. The apparent density was measured using the
mass and thickness of the electrode from Fig. 3a. Table 1
lists all the geometric parameters mentioned above which

Table 1 Geometric parameters of the porous (Lag g5S1¢.15)0.0MnOj5 electrodes coated on the YSZ electrolyte from the slurries with various

contents of polyvinyl butyral binder

Binder content in  Apparent density,  Tortuosity,  Surface area per unit ~ TPB length per unit area, Contact area,  Porosity,
the slurry (Wt.%)  pa (g cm ) 7(5) volume, A (um™)  lrpp® (wm ) Acont (bm?) €09
5 4.28 2.5 1.8 0.57 4.0x107 0.33
30 5.26 2.5 1.32 0.51 4.6x107 0.22
0.53 5.81 2.5 0.95 0.45 5.2x107 0.12

?lrpp means number of the active reaction sites per unit TPB length
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were determined from the porous (LaggsSry 15)0.oMnO;
electrodes coated on the YSZ electrolyte from the slurries
with various contents of polyvinyl butyral binder.

Ac-impedance behaviour of the as-sintered
(La0.85Sr0.15)0.9MnO3 electrode

It is generally accepted [22, 23] that the (Lag g5Srg.15)0.9
MnOj electrode is a predominantly electronic conductor,
rather than a mixed conductor, hence only the TPBs
provide the electrochemical active region for oxygen
reduction. In this case, the oxygen reduction reaction is
known to proceed through four consecutive steps [6—8, 10—
15]: (i) diffusion of gaseous oxygen through the pores in
the electrode, (ii) adsorption of oxygen molecule on the
electrode surface, (iii) diffusion of adsorbed oxygen atom
along the electrode surface towards the TPBs and (iv) the
charge transfer reaction at the TPBs.

Figure 4a,b demonstrate the Nyquist plots of the ac-
impedance spectrum obtained from the as-sintered
(Lag.g5S19.15)0.0MnO3 electrode with £€=0.12 as a func-
tion of T at pp, =0.04 atm and as a function of pp, at
T=1,273 K, respectively. All the measured impedance
spectra simply consisted of two depressed arcs which
overlapped slightly over the whole Tand p, ranges. Itis
also shown in Fig. 4a,b that the magnitude of the high-
frequency arc decreased significantly with increasing 7,
but it remained nearly constant regardless of pp,. In
contrast, the low-frequency arc remained almost un-
changed in magnitude irrespective of the value of 7,
while it was highly dependent on the value of pg,.

In general, it has been reported [12, 13, 15] that both the
diffusion reaction of gaseous oxygen through the pores and
the adsorption reaction of oxygen molecule on the
electrode surface are too facile to affect oxygen reduction
at 7>1,173 K and pp, >0.01 atm. From the experimental
results that the magnitudes of the high- and low-frequency
arcs strongly depend on the values of 7'and pp, as shown
in Fig. 4a,b, respectively, it is thus deduced that the high-
frequency arc is attributed to the charge transfer reaction at
the TPBs, and the low-frequency arc is associated with
diffusion of adsorbed oxygen atom along the electrode/gas
interface.

Theoretical consideration

Now, we consider some basic aspects of the theoretical
impedance model for oxygen reduction on the porous
mixed electronic/ionic conductor developed by Adler et al.
[19]. Let us assume that the overall oxygen reduction
reaction on the mixed conducting electrode is split into the
following two consecutive substeps: diffusion of oxygen
vacancy through the electrode and subsequent electron
exchange reaction between oxygen vacancies and gaseous
oxygen (charge transfer reaction) at the electrode/gas
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Fig. 4 Nyquist plots of the ac-impedance spectrum measured on the
as-sintered (Lag g5Srg 15)0.9MnO3 electrode with £€=0.12: a obtained
as a function of T'at pp,=0.04 atm; b obtained as a function of po, at
7=1,273 K

interface. For simplicity, we leave the diffusion reactions of
gaseous oxygen through the pores and of adsorbed oxygen
atom along the electrode/gas interface out of consideration.

The governing equation for oxygen vacancy transport
through the electrode is given as the modified Fick's
diffusion equation as follows [19]:

1—¢ 9%(8cy- )
( ) WthDva ( 5 0) - As]int
T ay

d(dcy)

(1-¢) o

@



with the instantaneous exchange flux jj, at the electrode/
gas interface,

. . a ]l -«
Jint = Jo {CXP <R_;" Aﬂint) —exp <— % AMint) }
(3)

where cy. is the oxygen vacancy concentration in the
electrode, écy- the deviation of cp. from the initial
concentration, ¢ the diffusion time of oxygen vacancy,
Wi, the thermodynamic enhancement factor of the compo-
nent diffusivity of oxygen vacancy, Dy the component
diffusivity of oxygen vacancy, y the distance from the
electrode/electrolyte interface towards the bulk electrode,
Jo the equilibrium exchange flux at =0, «; the transfer
coefficient for oxygen absorption, Ap;, the difference
between the chemical potentials of oxygen vacancies in the
electrode and gaseous oxygen, and R represents the gas
constant.

Solving the modified Fick's diffusion equation of Eq. (2)
under the boundary conditions of the oscillating concen-
tration (or potential) perturbation at the electrode/electro-
lyte interface ()=0) and of the semi-infinite diffusion of
oxygen vacancy, the following expression for dcy is
obtained [19]:

B EOFCVB

dey: = WoRT exp(—%\/l — jowtcn —ja)tch) (4)
. CV“<1 - 8)
th fg = o2 5
W e = A ®
Cy-Dy- (1 — 8)
and A =4/ —=—2—— (©)
A jo

where E, is the ac-amplitude of the oscillating potential, w
is the angular frequency, j is the unit of the complex
number (\/—_1 ) and ¢, denotes in a first approximation the
characteristic time constant required for diffusion of
oxygen vacancy from the electrode/gas interface through
the electrode to the electrode/electrolyte interface. In
addition, A\ represents the distance at which the value of
dcy- drops to (1/e) of the value at y=0 at steady-state (w=0).

The electric current / [A] at the electrode/electrolyte
interface is expressed by

3(Scy-
WDy, 225
o ay

2F(1 —¢)

fory=0 @)
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From Egs. (4), (5), (6) and (7), the electrode impedance Z
(w) is finally given as

1
Z(w) = Repy | ———— 8
@)= R\ [T ®)
RT T
ith Rep = ( ~— 9
W e <2F2> \/ (1= &)ev. Dy Ayjo ©)

where Ry, designates the characteristic resistance for the
oxygen reduction reaction. According to Eq. (8), the ac-
impedance spectrum exhibits a straight line inclined at a
constant angle of 45° to the real axis at high frequencies,
followed by an arc at low frequencies, which is frequently
called the Gerischer behaviour [24].

The most remarkable point which should be mentioned
here is that for the overall oxygen reduction involving
oxygen vacancy diffusion through the electrode coupled
with the electron exchange reaction at the electrode/gas
interface, the two-dimensional electrochemical active
region is not restricted to the TPBs, but it is significantly
extended from the origin of the TPBs into the electrode/gas
interface segments: A in Eq. (6) is usually taken as the
extended active reaction length.

Ac-impedance behaviour of the (Lag g5Srg 15)9.oMnO3
electrode subjected to the preceding cathodic
polarisation

In this work, to attain the mixed conducting state of
(Lag.g5S10.15)0.oMnO3, the electrode was previously sub-
jected to the cathodic polarisation of —0.9 V at 1,273 K for
6 h. During the preceding cathodic polarisation, the partial
reduction reaction of Mn’" to Mn?" at the electrode/
electrolyte interface occurs simultaneously along with the
oxygen reduction reaction at the TPBs, causing the
formation of oxygen vacancies [17, 18]. The formation
of oxygen vacancies is represented as follows:

Oorsm + Voysz + 2Mnjdy + 2e

= Virsm + 2Mntdy + Ooysz (10)
(Kroger — Vink notation)
|00.vsz| +2Mnidy, + 2e = |Op Lsm| +2Mnily, (11)

(Schottky — Wagner notation)

The concentration of oxygen vacancies c¢y; generated
during the prior cathodic polarisation is uniquely deter-
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mined by the overpotential 7 across the electrode/electro-
lyte interface [17, 21]:

—20(2F77>

cy, = ¢y, exp (T (12)

where ¢, is the oxygen vacancy concentration in the as-
o

sintered electrode without the preceding cathodic polarisa-
tion, and «» is the transfer coefficient for the reduction
reaction Egs. (10) and (11). By taking the values of ¢j,. and

o as 5x10~% mol cm > [23] and 0.5, respectively, the value
of ¢y was calculated from Eq. (12) to be 1.8x107* mol
cm at 7=1,273 K.

The value of ¢y, obtained in this work is lower by more
than one order of magnitude compared with ¢y typically
reported in the intrinsic mixed conductors, e.g. Laj_,
S1,Co0;5 (x=0.2 and 0.4) [25]. Unfortunately, we failed to
obtain the mixed conducting (Lao,858r0,15)0_9MnO3 elec-
trode with the value of cy. higher than the critical
concentration 8.5x10> mol cm > that was reported by
Tagawa et al. [26], since the (LaggsSto.15)0.oMnO; elec-
trode was observed to decompose into La,O3 and Mn3Oy
phases when it was cathodically polarised below —0.9 V.

Figure 5a envisages the Nyquist plots of the ac-
impedance spectrum, measured as a function of T at
po, =0.04 atm on the (Lag g5S1¢.15)0.0MnO; electrode
previously subjected to cathodic polarisation. Ac-im-
pedance spectra theoretically calculated from Eq. (8) are
also designated in Fig. 5a. In contrast to the case of the
as-sintered electrode in Fig. 4a,b, the ac-impedance
spectrum clearly displayed the Gerischer behaviour, as
predicted from Eq. (8). As a matter of fact, the ac-
impedance spectrum in Fig. 5a is quite similar in shape to
those spectra determined from the intrinsically mixed
conductors such as Lag ¢St 4Co05 [25] and (Lag ¢Srg 4)
(Cog.oFeqg)O3 [27]. This reflects that by the cathodic
polarisation, the (Lagg5Srg.15)0.oMnO3 electrode was
altered to have the mixed electronic/ionic conducting
property.

In view of the Gerischer impedance, consequently, it was
recognised that the oxygen reduction reaction on the
(Lag.g5S10.15)0.0MnO5 electrode subjected to the preceding
cathodic polarisation involves diffusion of oxygen vacancy
through the electrode mixed with the electronic exchange
reaction between oxygen vacancies and gaseous oxygen
(charge transfer reaction) at the electrode/gas interface. The
rate of the overall oxygen reduction is determined by the
mixed control of the charge transfer reaction and the sub-
sequent oxygen vacancy diffusion.

As a matter of fact, the Gerischer shape does not only
reflect bulk diffusion mixed with the charge transfer
reaction but also surface diffusion of oxygen molecules
coupled with the adsorption reaction. If the Gerischer
impedance resulted from the surface diffusion coupled with
the adsorption reaction, it should be more dependent on the
oxygen partial pressure than that of bulk diffusion coupled
with the exchange reaction, because the kinetics of the

3.0 T T T T T T T T T T
o =0.04 atm
£ Po,= Y
© ,5L temperature |
9 ' o experimentally measured T = 1123 K
=N A experimentally measured T= 1173 K
T oool o experimentally measured T = 1223 K |
o v experimentally measured T = 1273 K
8 calculated from Eq. (8)
S 15 .
()
Q
E
1.0 E
-
®
£
D o5} -
E
1
0.5 1.0 1.5 2.0 25 3.0 35
2
a Real Impedance, Z'/ Q cm
10% . . . 10'
101 3

ch

Characteristic Time Constant, l‘Ch /s

Characteristic Resistance, RCh / Q cm?

410
[ D
I -
10-1 3 o Lt>
i h :
g ° 11072
2
10°F  oxygen partial pressure p,= 0.04 atm
F 2
L I R I R I R 10-3
b 0.76 0.80 0.84 0.88 0.92
3
10°K/ T

Fig. 5 a Nyquist plots of the ac-impedance spectrum, o, o, 0 and O,
experimentally obtained as a function of T at pp,=0.04 atm from the
as-sintered (Lag.gsSrg.15)0.oMnO;3 electrode with £=0.12 subjected
to the preceding cathodic polarisation of —0.9 V for 6 h, (—) the-
oretically calculated from Eq. (8), and b the dependencies of the
characteristic resistance Ry, and the characteristic time constant 7,
for oxygen reduction on the temperature, determined by fitting the
measured impedance spectra to Eq. (8)

adsorption reaction is more influenced by pp, as compared
with that of the charge transfer reaction at the electrode
surface. For most cases of surface diffusion on the LSM
(Lag.gSrgoMnO; and LagSrg4MnOs) electrode, it was
reported that the magnitude of the impedance arc is nearly
dependent on p[)gs [10, 15, 28]. In the present work,
however, the Gerischer impedance obtained from the
(Lag g5510.15)0.oMnO3 electrode depends in magnitude on
po)*?. This indicates that the Gerischer impedance mea-
sured in this work is attributed to the bulk diffusion of
oxygen vacancy through the (La, 551 15)9.oMnO5 coupled
with the charge transfer reaction.



In the present work, it was found that the ac-impedance
spectrum measured on the (Lag g5S1g 15)0.0MnO; electrode
held at 1,273 K for 72 h after the cathodic polarisation was
exactly the same as the spectrum determined just after the
cathodic polarisation, which justifies oxygen vacancies
generated in the electrode during the prior cathodic
polarisation are hardly annihilated during the ac-impedance
measurement.

The measured impedance spectra in Fig. 5a were fitted to
Eq. (8) to determine the characteristic resistance R, and
time constant #., for oxygen reduction on the mixed
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Fig. 6 Plots of the component diffusivity of oxygen vacancy Dy,
a and the equilibrium exchange flux j, against the reciprocal of the
absolute temperature (1/7) b, determined from the (Lag g5Sro.15)0.9
MnOj electrode with £=0.12 at various values of po,. The electrode
was previously subjected to the cathodic polarisation of —0.9 V for
6 h, and the values of DV;)- and j, were calculated from Ry, and 7,

respectively
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conducting (Lag g5Srq.15)0.oMnO; electrode, and the result-
ing values are plotted on a logarithmic scale in Fig. 5b
against the reciprocal of the absolute temperature (1/7).

Figure 6a,b depict the plots of the component diffusivity
of oxygen vacancy Dy and of the equilibrium exchange
flux j, versus the reciprocal of the absolute temperature (1/7),
respectively, estimated from 7y, in Eq. (5) and R, in Eq. (9)
at various values of pp,. When calculating j,,, we took the
values of Wy involved in Eq. (5) as 154 to 1,500,
depending upon the values of Tand po, [29,30]. The value
of Dy- was observed to linearly increase from approxi-
mately 2.0x1077 to approximately 5.5x10°" cm® s ' with
decreasing (1/7), but it was almost independent of the value
of po,. On the other hand, j, gradually increased with rising
Po, over the whole T'range. Here, the value of j, was found
to be lower by about one order of magnitude than j,
evaluated from the La;_,Sr,CoO3 (x=0.2 and 0.4) electro-
des [25], which is ascribed to the lower concentration of
oxygen vacancies in the (Lag g5Srg 15)0.0MnO5 electrode.

As already pointed out in the preceding section
“Theoretical consideration”, the two-dimensional electro-
chemical active region for oxygen reduction involving
oxygen vacancy diffusion coupled with the surface
exchange reaction is extended from the origin of the
TPBs into the electrode/gas interface segments. The length
of the electrode/gas interface segments A calculated from
Eq. (6) at various values of pp, is plotted in Fig. 7 against
the reciprocal of the absolute temperature (1/7), and the
value of A ranged from 0.7 to 1.1 pm, depending upon T
and po,. Since the increase of j, with pp, dominated over
the increase of Dy with po, as presented in Fig. 6a,b, the
A term in Eq. (6) was determined to decrease with
increasing po, over the whole 7 range.
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Fig. 7 Plots of the length of the electrode/gas interface segments
from the origin of TPBs A versus the reciprocal of the absolute
temperature (1/7), obtained from the (Lag g5S1¢ 15)0.0MnO; electrode
with £=0.12 at various values of pg,. The electrode was previously
subjected to the cathodic polarisation of —0.9 V for 6 h
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<« Fig. 8 Nyquist plots of the ac-impedance spectrum measured on the
(Lag.g5S19.15)0.oMnO3 electrodes with £=0.12 a, £0.22 b and
€=0.35 ¢ at 7=1,273 K and pp,=0.04 atm. The electrode was
previously subjected to the cathodic polarisation of —0.9 V for 6 h

Figure 8a—c illustrate the ac-impedance spectra in
Nyquist representation, measured at 7=1,273 K and po, =
0.04 atm on the (LaggsSrg15)09oMnO3 electrodes with
different values of € which were previously subjected to
the cathodic polarisation. As the £ of the electrode
increased, the measured impedance spectrum deviated
more significantly from the Gerischer behaviour, finally to
become one simple arc. Due to the fact that the TPB length
Itpp increased with rising &, it appears that the oxygen
reduction reaction on the highly porous electrode proceeds
under the condition that equilibrium for the charge transfer
reaction is noticeably disturbed at the TPBs, and equilib-
rium for the subsequent diffusion of oxygen vacancy is
practically undisturbed through the electrode. The value of
Itpp is of great importance for the charge transfer-
controlled oxygen reduction, whereas the value of A is
valid for the mixed control of the charge transfer reaction
and diffusion of oxygen vacancy. The following work
would go into details with respect to the role of the
electrode porosity in the oxygen reduction reaction on the
mixed conducting electrode.

Conclusions

In the present work, the oxygen reduction reaction on the
porous (Lag g5S1¢.15)0.0MnO5 electrode with mixed con-
ducting property was examined by means of analysis of
the ac-impedance spectra. The results are summarised as
follows:

1. The Nyquist plot of the ac-impedance spectrum
obtained from the as-sintered (LaggsSrg.15)0.oMnO3
electrode showed two depressed arcs which are
associated with the charge transfer at the TPBs in the
high-frequency range and diffusion of adsorbed oxy-
gen along the electrode surface in the low-frequency
range, respectively.

2. The ac-impedance spectrum measured on the as-
sintered (Lag.gs5S19.15)0.0MnO; electrode subjected to
the preceding cathodic polarisation clearly exhibited
the Gerischer behaviour. This reflects that the overall
oxygen reduction reaction on the mixed conducting
electrode proceeds under the condition where diffusion
of oxygen vacancy in the electrode is kinetically
coupled with the electron exchange reaction between
oxygen vacancies and gaseous oxygen (charge transfer
reaction) at the electrode/gas interface.

3. According to the theoretical impedance model based
on the Gerischer behaviour, it is suggested that the two-
dimensional electrochemical active region for oxygen
reduction extends from the origin of TPBs to the
electrode/gas interface segments. The length of the
electrode/gas interface segments from the origin of



TPBs, A, was calculated to be approximately 0.7 to
1.1 pum on average below the electrode porosity €0.12.
As the electrode porosity increased, the ac-impedance
spectrum deviated more significantly from the Gerischer
behaviour, which suggests that due to the increased
TPB extent [tpg, the overall oxygen reduction
reaction on the highly porous electrode proceeds
mainly by the charge transfer reaction at the TPBs
for which the equilibria are strongly impeded. The
subsequent oxygen vacancy diffusion occurs undis-
turbedly through the electrode.
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