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ABSTRACT 

Active reaction sites for 02 reduction in La0.~Sr01MnO3 electrode have been characterized by addressing the origin of 
the cathodic polarization effects on this electrode material. Cathodic polarization (up to - 1.2 V vs. Pt reference electrode} 
had several effects on O2 reduction kinetics. First, the O2 reduction rate was favorably increased when the perovskite 
electrode was cathodically polarized. Second, in situ x-ray photoelectron spectroscopy results indicated that the Mn ions 
are electrochemically reduced and concomitantly the oxygen stoichiometry decreases. Reduction of Mn ions was further 
demonstrated in the cyclic voltammogram traced under nitrogen atmosphere. Third, hysteresis in cathodic currents was 
observed in the cyclic voltammograms of the perovskite/YSZ/Pt system, and the hysteresis phenomena were more promi- 
nent at higher O~ pressure. We interpreted these findings to mean that the internal  and/or external surface oxide vacancies 
participate in the O2 reduction reaction. However, it has been explained from the Po2-dependent hysteresis phenomena that, 
even though those surface sites are active in the O2 reduction~ their activity is less than that of the three-phase boundary 
sites since additional diffusional processes are required for the former sites. Consequently, the three-phase boundary sites 
are the major reaction sites at lower O2 pressure, which leads to a small hysteresis. However, at higher 02 pressure, the 
surface sites also participate in the reaction, resulting in a larger hysteresis. 

Strontium-doped lan thanum manganites (Lal xSr= 
MnO3) are widely studied for their possible applications as 
cathode materials in solid oxide fuel cell systems. 1-3 Even 
though many results have been reported on aspects of the 
oxygen reduction kinetics and on the nature of the active 
reaction sites, there still remain controversies on this issue 
in the l i t e ra tureY 

The manganite perovskites are electronic conductors, 9 
but  under  cathodic potential they are supposed to be par- 
tially reduced, creating oxide vacancies. 6'1~ Rate enhance- 
ment found in cathodically polarized electrodes has been 
interpreted with an assumption that surface oxide vacan- 
cies are active for oxygen reduction. 5'~ Another set of the 
previous results that oxygen reduction kinetics can be im- 
proved by Sr doping to LaMnO~ has also been explained 
with the same assumption. ' '6 

On the contrary, other reports suggested that the surface 
sites cannot participate in O2 reduction since the O 2- bulk 
diffusion in the manganites is negligible compared to the 
cobalt analogs or YSZ electrolytes. 12 The favorable effect of 
the cathodic polarization was also attr ibuted to the en- 
largement of the three-phase boundary lines. 7'13 It is likely, 
however, that the surface or grain boundary diffusion in 
porous electrodes cannot totally be discarded for their pos- 
sible contribution to the overall kinetics since in general 
surface or grain boundary diffusion is much faster than 
bulk diffusion. 

In this study, we tried to elucidate the nature of the active 
sites for O2 reduction and the origin of the favorable effects 
of the cathodic polarization. To this end, in situ x-ray pho- 
toelectron spectroscopy was utilized to see whether oxide 
vacancies are produced on the surface of the cathodically 
polarized electrodes and also, to see whether the surface _~ 
oxide vacancies actually participate in O2 reduction, elec- 
trochemical techniques such as cyclic voltammetry and ac 
impedance spectroscopy were employed. 

Experimental ..e= 
Materials.--Aqueous solutions of nitrate of La, Sr, and 

Mn were mixed together in the proper molar ratio, into 
which an excess amount of citric acid (1.2 times of the c 
equivalent) was added. The resulting solution was then 
concentrated to give viscous sol and further dried under 

* Electrochemical Society Active Member. 
Present address: Institute for Inorganic Chemistry, University 

of Miinster, D-48149 Mfinster, Germany. 

J. Electrochem. Soc., Vol. 142, No. 8, August 1995 �9 The Electrochemical Society, Inc. 

vacuum to give a gel. The gel was crushed and calcined at 
800~ for 5 h: The resulting powder was milled for 12 h in 
ethyl alcohol using zirconia media. The final powder 
product was obtained after screening with 400 mesh stan- 
dard sieve. X-ray powder diffraction analysis of the 
product indicated a perovskite structure with no discern- 
able impurities. 5 The particle size distribution is shown in 
Fig. i. About half of the powder has a particle size of I txm. 

Deposition of electrodes.-- The powder was dispersed in 
turpentine oil and silk-printed (400 mesh) on the polycrys- 
talline 8 mole percent (m/o) YSZ disk (diameter = 1.8 cm, 
thickness = 1 ram). Sintering was performed at 1200~ for 
6 h. As a counter- and reference electrode, Pt paste (Ferro 
No. 4082) was silk-printed (I00 mesh) on the other side of 
the disk and sintered at 950~ for i h. The areas of the 
working, counter-, and reference electrodes were 0.22, 1.17, 
and 0.15 cm 2, respectively. 

For the electrical contact, a piece of Pt gauze was con- 
tacted on the cathode surface and pressed with an alumina 
tube. For the counter- and reference electrode, Pt wires 
were attached on the electrodes with Pt paste. 

Electrochemical measurements.--The cell was located 
inside of the furnace, and the oxygen partial  pressure was 
controlled by mixing a proper ratio of nitrogen and oxygen. 
The actual 02 pressure was measured with an oxygen sen- 
sor prepared with a zirconia tube and Pt paste. The total 
flow rate was controlled to have 150 cm3/min. Electro- 
chemical measurements were performed with the three- 
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Fig. 1. Particle size distribution of the Lao.gSro.,Mn03 powder. 
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Fig. 2. SEMphotograph showing the interfacial region between 
La0.gSr0 ,MnOjYSZ. 

electrode configurat ion.  Only the  hal f -ce l l  character is t ics  
of the  cathode were  invest igated.  The oxygen  par t i a l  pres-  
sure in both  sides of the cell  was the same. Expe r imen t s  
were  pe r fo rmed  under  10 -5 to 1 arm of Po2, and the  meas-  
ured t empera tu re  was in the  range  of 700 to 900~ 

AC impedance  measurements  were  made  over  the fre-  
quency range of 0.05 Hz to 100 kHz using E G & G  PARC 173 
potent ios ta t ,  276 interface,  and  5208 two-phase  lock- in  an-  
alyzer. Deconvo lu t ion  of the  complex  impedance  spectra  
was pe r fo rmed  wi th  E G & G  PARC 378 e lec t rochemica l  
impedance  software.  Cyclic vo l t ammet ry  was pe r fo rmed  
wi th  the  same potent ios ta t ,  175 func t ion  generator,  and 276 
interface.  The scan ra te  was 0.05 mV/s. 

XPS measurements.--XPS measurements  have  been 
done in a mul t iana lys is  u l t rah igh  v a c u u m  (UHV) chamber  
equipped  wi th  a Leybo ld -Heraeus  spectrometer ,  e lectron 
energy ana lyzer  (HA 150, VSW), and x - r ay  source (A1 k~ 
1486.6 eV, VSW). The b inding  energy was ca l ib ra ted  in ref-  
erence to Ag 3d level�9 

The e lect rolyte  was 10 m/o  y t t r i a - s tab i l i zed  zi rconia  
(100)-oriented s ingle-crys ta l  p la te  (1 x 1 • 0.05 cm). The 
perovski te  e lectrode was deposi ted  by f i rs t  s lurry coat ing  
and then  ca lc ina t ion  at 1200~ for 2 h. As the  countere lec-  
trode, Pd /PdO was appl ied  on the o ther  side of the z i rconia  
plate.  It  was p repared  by the slurry coat ing of Pd paste, 
fo l lowed by hea t - t r ea tmen t  at 800~ for 1 h. The scanning 
electron mic rograph  (SEM) pho tograph  of the  side v iew of 
the e lec t rode/e lec t ro ly te  in ter face  is p resen ted  in Fig. 2. 
The porous electrode layer  adhered  wel l  to the electrolyte,  
and the layer  th ickness  is about  5 ~m. The resul t ing cell, 
hav ing  a two-e lec t rode  conf igurat ion,  was moun ted  on a 
resist ively hea ted  Pt  foil  w i th  a homemade  cell  holder. ~ 

To obta in  the  ful ly oxidized sample  of the e lect rode ma-  
terial ,  i t  was  anodica] ly  po la r ized  at  0.8 V (vs. Pd/PdO ref-  
erence electrode) under  20 m b a r  of O2 at 650~ for 30 min  
and then  cooled to room tempera tu re  in the  same a tmo-  
sphere. Af te r  this t rea tment ,  the  sample  was t ransfer red  to 
the UHV chamber,  and the  X P S  spec t rum was obta ined  (for 
the  spec t rum ind ica ted  as 0.8 V, 25~ in Fig. 5). Next ,  the  
sample  was hea ted  to 650~ in the UHV chamber,  and a 
g iven po ten t ia l  was  app l ied  for 2 h. X P S  measurements  
were  car r ied  out  unde r  the  appl ied  po ten t ia l  at this t emper-  
a ture  (for the o ther  spectra  in Fig. 5). The appl ied  po ten t ia l  
was changed  to be more  ca thodic  in steps. The e lect rode 
layer  was  so conduct ive  tha t  any charging  effects were  not  
observed in the spectra. 

Results and Discussion 
Cathodic polarization effect.-- Figure 3a shows the  ac 

impedance  spectra  ob ta ined  af ter  impos ing  ca thodic  po-  
tent ia ls  for 2 h. The best  deconvolu t ion  was ach ieved  wi th  
the equ iva len t  c i rcui t  of R~(R2Q~) (R3Q3) as i l lus t ra ted  in 
Fig. 3b, where  a f i t ted  spec t rum is also presen ted  wi th  
the observed one. Table I summar izes  the resul t ing ac 
impedance  pa ramete r s  ob ta ined  by  f i t t ing the  spectra  of 
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Fig. 3. (a) Evolution of the impedance spectra as a function of 
applied potential. Each potential was imposed~ until the spectrum 
showed a steady value (about 2 h). T = 800 C, Po~ = 0.2 aim. 
Ib) Deconvolution of the impedance spectrum with the equivalent 
circuit. 

Fig. 3a. R1 was ass igned to the  ohmic  resis tance of the elec-  
trolyte,  R2Q2, the  para l le l  combina t ion  of the  res is tance and 
cons tan t -phase  e lement  of impur i t ies  or  new phases at the  
e lec t rode/e lec t ro ly te  interface.  1~,1~ R~Q3 was assigned to the  
para l le l  combina t ion  of the charge- t rans fe r  resis tance (Rct) 
for  oxygen  reduc t ion  and the  cons tan t -phase  element.  The 
semicircle  cor responding  to the  R2Q2 appeared  at h igher  
f requency  range.  

The 1~Rot values  ca lcu la ted  f rom the  spectra  of Fig. 3a are 
p lo t ted  against  the  app l ied  potent ia l s  in Fig. 4. Clearly, 
the  1/Rot values  become larger, i.e., e lec t rochemica l  O2 re-  
duc t ion  ra te  becomes faster, as the  imposed  po ten t ia l  
is more  cathodic.  It  is of va lue  for l a te r  discussion to note  
tha t  the  1/Rct vs. poten t ia l  profi le  shows a sharp increase 

Table I. The fitted ac impedanceporameters obtained from the 
spectra of Fig. 3. 

Potential R 1 R2 Q2 ~ R~ Q~ a 
(V) (tl) (FI) Yo (gl-1) n (t'l) Yo (1~ -1) 

0.0 3.4 19.2 2.81 x 10 -3 1.00 55.5 5.27 X 10 -~ 0.87 
-0.1 3.4 19.3 3.00 x 10 -~ 1.00 54.9 5.12 x 10 3 0.85 
-0.5 3.5 19.5 2.62 • 10 -a 0.90 44.0 6.77 x 10 -~ 0.80 
-0.7 3.5 21.5 2.60 x 10 ~ 0.89 29.6 7.98 x 10 -~ 0.81 
-0.9 3.5 16.3 3.29 x 10 3 0.89 28.3 6.79 • 10 -z 0.77 
-1.0 3.5 12.9 3.68 x 10 -~ 0.89 28.0 5.95 X 10 -~ 0.76 

a Q is a circuit description code (CDC) to represent the constant- 
phase element (CPE). l~Representation of the CPE in admittance is 
Y(r = Yo (jto)L 
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Fig. 4. Plot of 1/R~, vs. applied potential. The R~ values were 
obtained from the spectra of Fig. 3. 

around -0 .6  V to reach a maximum value at more nega- 
tive potentials. 

The electrolyte resistances (R~ values) are also listed in 
Table I. In general, the electrolyte resistance is inversely 
proportional to the contact area at the electrode/electrolyte 
interface 

1 l 
A 

where R1, l, and ~ mean the resistance, thickness, and con- 
ductivity of the electrolyte, respectively. The parameter A 
indicates the contact area. If the contact area (that is, the 
three-phase boundary lines) is enlarged by the cathodic 
polarization, R1 should be decreased since the l and (r val- 
ues are invariant under the present experimental condi- 
tion. However, in our result, the variation in the electrolyte 
resistances is negligible compared to the large enhance- 
ment in 1~Rot values. This result tells that the rate enhance- 
ment upon cathodic polarization is due to a favorable effect 
given on the electrode material  itself. 

To see how the cathodic polarization affects the physico- 
chemical properties of the electrode material  itself, in situ 
XPS measurements were performed under UHV condition. 
A1 Ks  excited Mn 2P3/2 and 2pl/2 spectral region is presented 
in Fig. 5. Those spectra were corrected by inelastic back- 
ground and satellites subtraction. Also, the intensity ratios 
between the elements are listed in Table II. They were 
weighted by ionization cross section and electron mean 
free paths, t7'~8 

~kvo features in the Mn 2p spectra are noticeable. First, 
the peaks are shifted to the lower binding energy side as the 
applied potential becomes more cathodic. Even though the 
peak shift is quite small, which is not unusual with Mn 2p 
bands, a steady shift can be recognized in the figure. In fact, 
it is known that the binding energy difference between Mn 
ions of different oxidation states is small (1 to 2 eV). 20 Sec- 
ond, the ionization peaks are broad and do not show any 
significant line broadening or peak separation as the a p -  
plied potential or temperature is varied. The first feature, 
i.e., the binding energy shift, manifests itself in the Mn ions 
are electrochemically reduced when the electrode is ca- 
thodically polarized. If this occurred, the lattice or intersti- 
tial oxide ions should be removed from the electrode mate- 
ria] for charge compensation. 

Cathodic reaction 

2Mn °÷ + O 2 (interstitial) + 2e- --~ 2Mn ~+ 

+ V (interstitial) + 0 5- (electrolyte) 

2Mn 3÷ + O 2- (lattice) + 2e- ---> 2Mn 2÷ 

+ V (lattice) + O 2- (electrolyte) 

Anodic reaction 

O ~- (electrolyte) -> 1/2 O2 (gas) + 2e- 

Overall reaction 

21VIn 3+ + 02- (interstitial) --> 2Mn 2+ 

+ V (interstitial) + 1/20~ (gas) 

2Mn 3+ + O 2. (lattice) ---> 2Mn 2+ + V (lattice) + 1/2 02 (gas) 

In the above scheme, Vindicates the oxide vacancies in the 
interstitial or lattice sites. Actually, Table II indicates that  
the surface oxygen concentration gradually decreases with 
increasing cathodic polarization. The anodically polarized 
(i.e., electrochemically oxidized) sample shows an oxygen 
excess in stoichiometry (Io/(Isr + ILa) = 3.32). But the cathod- 
ically polarized electrodes show an oxygen deficiency (Io/ 
(Isr + I~,) < 3.0), that is, oxide vacancies in the lattice. Also, 
considering the detection depth for x-ray photoelectron 
spectroscopy (XPS), these results manifest that the Mn ion 
reduction/oxide removal even takes place at the external 
surface of the electrode, It is believed that this electro- 
chemical reaction starts at the electrode/electrolyte inter- 
face at the initial stage and propagates to the whole inter- 
nal and external surface through the grain boundary path 
in the porous electrode. Mn ions are electrochemically re- 
duced, and O ~- ions (the lattice or interstitial oxides) are 
transported to the electrolyte. At the anode, 0 2. ions are 
electrochemically oxidized to produce mo]ectflar oxygen. A 
pressure buildup inside the UHV chamber observed during 
the cathodic polarization is believed to be due to oxygen 
evolution. The second feature, i.e., the lack of a fine struc- 
ture, cannot clearly be explained. This would be possible if 
the election exchange (hopping) rates between the Mn ions 
are faster than the inverse of the XPS time scale (1018 s 1). 19 

In short, the XPS data illustrate that under cathodic po- 
larization the Mn ions are reduced and concomitantly O x- 
ide vacancies are formed on the electrode surface. However, 
there is still no indication whether the Mn ion reduction/ 
oxide vacancy formation actually takes place under oxygen 
atmosphere (not under UHV condition) and whether the 
surface oxide vacancies participate in the oxygen reduction 
reaction. 

Act ive  reaction s i tes . - -Figure  6 shows the cyclic voltam- 
mograms traced with La0.0Sr0.1MnO3 at various O~ pres- 
sures. The potential was moved from 0.0 V to the negative 
direction, switched at -1 .0  V, and scanned to +0.4 V. It can 
be seen that  the reverse currents are larger than the for- 
ward ones (hysteresis) on the cathodic current s and the hys- 
teresis gradually diminishes as the O~ pressure is lowered. 
Furthermore, under nitrogen atmosphere, the hysteresis is 
not observed (Fig. 7a). 

In Fig. 7a, during the forward (negative) scan, the current 
starts to evolve from -0.5  V to reach a steady value at 
- 1.0 V. On the reverse scan, there appears a current peak at 
about -0 .6  V and another current peak develops from 0.0 V. 
The cathodic current evolved between -0 .6  and -1 .0  V can 
be assigned to either a small electronic conduction of the 
electrolyte, electrochemical reduction of the trace amount 
of adsorbed oxygen, or electrochemical reduction of the 
electrode material. To test the first possibility, a cyclic 
voltammogram for Pt gauze/YSZ/Pt cell was traced under 
the same condition as for La0.0Sr0.1MnO3/YSZ/Pt (Fig. 7b). 
For this experiment, a piece of Pt gauze wag contacted, as 
a working electrode, on the YSZ surface by pressing with 
an alumina tube. The cyclic voltammogram observed with 
the Pt gauze electrode does not show any current peaks 
between 0.2 and -1 .3  V. If the current observed in Fig. 7a 
originated from the electrolyte, the same voltammogram 
should be traced with the Pt gauze/YSZ/Pt cell. Thus, the 
first possibility can be excluded. Meanwhile, the voltam- 
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Fig. 5. The Mn 2p3/2 and 2p1/2 
regions of the AI kc~-excited XPS "-- 
spectra for La0.vSr0.1MnO 3 at vari- c 
ous applied potentials. For the 
top spectrum (0.8 V, 25~ the 
sample was pretreated under 
20 mbar of O2 and 0.8 V in the 
prechamber and transferred to ,_>" 
the UHV chamber. For the other ce 
spectra, the sample was pre- 
treated at each potential for 2 h in -= 
the UHV chamber. 
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mogram in Fig. 7b suggests that YSZ can be electrochemi- 
cally oxidized (more positive than about 0.2 V) and reduced 
(more negative than -1 .3  V). A similar result has been 
reported by Kleitz e t  al . ,  =o who proposed that  under this 
extremely polarized condition YSZ can have a mixed con- 
ductivity such that oxygen reduction can take place on the 
YSZ surface. 

One of the alternatives, electrochemical reduction of the 
adsorbed oxygen, can also be discarded as follows. The cur- 
rent values on the forward scans in Fig. 6 are sampled at 
four different potentials and are plotted against the oxygen 
pressure (Fig. 8). The sampled currents at -0 .3  and -0 .6  V 
show a gradual decrease as the oxygen pressure is lowered. 
Those sampled at -0 .8  and -1 .0  V show a similar behavior 
at higher O2 pressure but, interestingly, they grow up again 
below 0.1 arm. This current rise at the lower oxygen pres- 
sure on the -0 .8  and -1 .0  V profiles cannot simply be at- 
tr ibuted to oxygen reduction. If only oxygen reduction is 
involved, the profile should show a steady decrease even 
under 0.1 arm and eventually the current should approach 
to zero under N= atmosphere. It is, thus, clear that there 
must be some other electrochemical reduction process in- 
volved at - 0.8 and - 1.0 V. This would be the electrochemi- 
cal reduction of the electrode material, most probably, the 
Mn ion reduction coupled with a loss of oxygen ions. Point- 
ing this view to the voltammogram obtained under N2 con- 
dition (Fig. 7a), the cathodic current observed at more neg- 
ative potential than -0 .6  V can be assigned to the Mn ion 
reduction. In addition, the data in Fig. 7a and 8 demon- 
strate that  the Mn ion reduction/oxide vacancy formation 
actually takes place even under O2 atmosphere when the 

Table II. The intensity ratio between the elements in 
La0.vSr0.1MnO3 with different applied potential. 

Potential (V) (Temp., ~ 1 J I L ,  Io/(Isr + IL,) 

0.8 (25) 0.13 3.32 
0.8 (650) 0.12 2.86 
0.4 (650) 0.11 2.79 
0.0 (650) 0.10 2.67 

-0.4 (650) 0.12 2.59 
-0.8 (650) 0.i0 2.48 

electrode is cathodically polarized (more negative than 
- 0.5 to - 0.6 V). It is likely that the Mn ion reduction and 02 
reduction are competing with each other under O2 atmo- 

I 10~A 
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I 1 L , ~ 1 �9 l J J J 
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E(M) vs. Pt reference electrode 
Fig. 6. Cyclic voltomrnograms traced with Loo:gSro.IMnO3/YSZ/Pt 

at various oxygen pressures. T = 700~ scan rate = 0.05 mV/s. 
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Fig. 7. Cyclic voltammograms traced under N2 atmosphere. (a) 

La0.gSr0.1MnO3/YSZ/Pt, (b) Pt gauze/YSZ/Pt. T= 900~ scan rate = 
0.05 mV/s. 

a) 60 

sphere. At high O2 pressure, O~ reduction would be domi- 
nant,  but the reverse would be true at lower pressure. 

Now, it is interesting to compare the evolution of l/Rot vs. 
potential (Fig. 4) with the cathodic forward current vs. po- 
tential in Fig. 7a. They show similar profiles against the 
potential. If one assumes that the rate-determining step for 
oxygen reduction on this material is the charge-transfer 
process (details to be published elsewhere) and that the 
surface oxide vacancies are active for oxygen reduction, 
the 1~Rot values can be directly related to the amount of 
surface oxide vacancies. Thus, the enhancement of O2 re- 
duction rates, which were observed with those electrodes 
cathodically polarized at more negative potential than 
-0.5 V, can be ascribed to the enlargement of the surface 
sites. Figure 7a tells us that the surface oxide vacancy for- 
mation is more pronounced at this potential range (more 
negative than - 0.6 V). 
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Fig. 8. Plot of the sampled currents vs. Po2 The currents were 
sampled at four different potentials from the voffammograms shown 
in Fig. 6. 
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Fig. 9. (a) Evolution of the impedance spectra according to the 

elapsed time after imposing a potential (-0.5 V). T = 800 C. (b) 
Evolution of the impedance spectra according to the elapsed time 
after removing the potential. T = 800~ 

The Po2-dependent hysteresis phenomena in Fig. 6 shed 
light on the active sites for O3 reduction. During the poten- 
tial cycling, as the potential moves to the negative direc- 
tion, surface oxide vacancies are formed such that more 
active sites are exposed to molecular oxygen. As a result, 
during the reverse scan from -1.0 to 0.0 V, more oxygen 
molecules would be electrochemically reduced (hysteresis). 
Intuitively, however, it can be imagined that the three- 
phase boundary sites are the better reaction sites than the 
surface sites since O 2- ions produced at the latter sites need 
additional transport processes to move to the electrolyte. 
For this process, the major transport pathway would be the 
surface diffusion or grain-boundary diffusion since the 
bulk diffusion of oxide ions in this electrode material is 
very slow. 12 At high O5 pressure, 02 reduction would take 
place on the surface sites as well as the three-phase 
boundary sites since the latter sites are well occupied by 
oxygen, resulting in a rather significant hysteresis in the 
reduction current. However, at lower 02 pressure, the 
chance for the surface sites to participate in the O3 reduc- 
tion would be rather low such that major reaction would 
take place at the three phase boundary sites. Then, the hys- 
teresis phenomena will gradually disappear as the O2 pres- 
sure is lowered. 

Kinetics of  the oxide-vacancy formation.--Figure 9 
shows the time-dependent impedance spectra which were 
obtained after imposing (Fig. 9a) and removing (Fig. 9b) a 
cathodic potential. The initial spectrum in Fig. 9b corre- 
sponds to the final spectrum in Fig. 9a. The time-dependent 
1/Rct profiles are plotted in Fig. 10. It can be seen in the 
figure that the Rct values keep decreasing under  cathodic 
polarization to reach a steady value. After removal of the 
applied potential they increase again to reach a certain 
final value. Evidently, they do not fully recover to the ini- 
tial value (that before the cathodic polarization). The 1/Rc, 
values show a linear relation with (time) ~/2 at the earlier 
stage of polarization, 2~ but at the later stage the relation- 
ship is rather obscure. As discussed above, the observed 
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Fig. 10. (a) Plot of R~ t vs. (time) 1/2. The R~ values were obtained 
from the spectra in Fig. 9a. (b) Plot of R~ vs. time. The Rot values were 
obtained from the spectra in Fig. 9b. 

1/Rct values can be directly related to the amount of surface 
oxide vacancies. The ti/2-dependence of 1/Rot (that is, the 
amount  of surface oxide vacancies) suggests that  oxide va-  
cancy formation or the removal of the interstitial oxide 
ions is controlled by diffusional processes. It is likely that 
under a cathodic polarization Mn ions are electrochemi- 
cally reduced and oxide ions (lattice oxygen or interstitial 
oxygen) are transported to the electrolyte for charge com- 
pensation. This paired process would start at the electrode/ 
electrolyte interface at the initial stage and propagates to 
the whole electrode surface through the grain boundary 
path. The diffusional processes through the grain boundary 
region seem to be rate limiting since the 02- bulk diffusion 
in the manganites is very slow. ~2 But the kinetics at the later 
stage cannot be clearly identified. Furthermore, the kinet- 
ics of the reverse process, the lattice or interstitial oxide 
formation looks rather different (Fig. I0). The best fitting 
was obtained with I/Rct vs. time. 

Finally, the result that the Rct value does not fully recover 
to the original value after removing the applied potential 
suggests that the process of vacancy formation/reoccnpa- 
tion by oxide ions is not fully reversible. Thus, the possibil- 
ity that cathodic polarization induces a structural change 
should be considered. 

Conclusion 
1. Mn ions in La09Sr01Mn Q are reduced and concomi- 

tant ly  oxide vacancies are formed when the electrode ma-  
terials are cathodical ly polarized. 

2. Surface oxide vacancy sites as well as the three-phase 
boundary sites are active in oxygen reduction. But the la t -  
ter  is favored since addi t ional  diffusional processes are re- 
quired for the former sites. At lower 02 pressure, the three- 
phase boundaries are the major reaction sites, but  the 
contr ibution from the surface sites becomes more impor- 
tant  at higher  02 pressure. 
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