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A Kinetic Study of the Oxygen Reduction Reaction
at LaSrMnO 3-YSZ Composite Electrodes
Anne C. Co,* Shen Jiang Xia,** and Viola I. Birss** ,z

Department of Chemistry, The University of Calgary, Calgary, Alberta T2N 1N4, Canada

The primary focus of this paper is on the establishment of reliable methods for the determination of the mechanism and kinetics
of the oxygen reduction reaction~ORR! at solid oxide fuel cell cathodes consisting of lanthanum strontium manganite
@(La0.8Sr0.2)0.98MnO3 , LSM# in a 50 vol % mixture with yttria-stabilized zirconia electrolyte~LSM-YSZ composite!. Techniques
used include half-cell cyclic voltammetry and electrochemical impedance spectroscopy~EIS! methods in a variablepO2

atmo-
sphere at temperatures ranging from 600 to 900°C. The exchange current densities for the ORR, determined both from the low and
high field cyclic voltammetry data and from the charge-transfer resistance from EIS data, are shown to agree closely, yielding an
apparent activation energy ofca. 120 kJ/mol for the ORR at these composite cathodes. No evidence for diffusion-controlled
reactions is seen under the conditions of our work. In this paper we also show the theoretically predicted impact of temperature on
the Tafel slope, as well as on the potential range over which the low- and high-field approximations, are valid.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1859612# All rights reserved.
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The typical anode and cathode materials employed in solid o
fuel cells ~SOFCs! consist of Ni mixed with Y2O3-stabilized ZrO2
electrolyte ~Ni-YSZ! and lanthanum strontium mangan
(LaSrMnO3 , LSM) mixed with YSZ in a 50 vol % mixture, respe
tively. This results in highly porous composite electrodes with
extensive triple phase boundary~TPB!,1-4 where the gas, the ele
trode, and the YSZ electrolyte meet.

Over the last few decades, the kinetics and mechanism o
oxygen reduction reaction~ORR! at LSM-YSZ cathodes have be
investigated primarily with the use of electrochemical impeda
spectroscopy~EIS!, and less commonly using dc polarization te
niques. While there are discrepancies in the literature regardin
interpretation of these electrochemical data, it is generally acc
that the ORR occurs at the TPB.2-5 However, other groups5,6 have
suggested that the ORR can occur anywhere on the LSM su
due to its low but finite oxygen ion conductivity.

It is often assumed that the mechanism of the ORR first invo
the adsorption of O2 on the LSM surface.7,8 This is followed by the
dissociation of O2 to two O atoms, followed by a series of electr
transfer steps, reducing O to O22, which is transported across t
electrolyte. It has also been reported9 that the ORR occurs in tw
steps, and that O2 surface diffusion is the dominant process at
overpotentials, while in other work10-12 a charge-transfer step w
proposed as rate determining. Others13-15 have suggested that a d
sociative adsorption step may be rate determining at LSM cath

Activation energies (Ea) for the ORR on LSM deposited on YS
~LSM/YSZ! or for LSM-YSZ composites have been reported to
between 100 and 200 kJ/mol;16,17this range in values may be rela
to different electrode preparation methods or different cathode
positions employed by various research groups. ORR Tafel sl
rarely reported in the SOFC literature, are seen to be 250-450
dec of current at both dense and porous LSM~noncomposite! cath-
odes~deposited on YSZ! at temperatures of 700-950°C.18-20 In fact,
the expected Tafel slope, as well as the potential range over
exponential i/E behavior should be observed, are strongly tem
ture dependent, as will be shown. Indeed, the Tafel slope can
useful tool for interpreting reaction mechanisms of electrochem
reactions.

The present research has focused primarily on efforts to o
reliable kinetic data using both EIS and cyclic voltammetric~CV!
data @both low-field ~linear approximation of Butler-Volmer equ
tion! and high-field~back reaction can be neglected! approaches# for
the ORR at LSM-YSZ composite cathodes. It is shown that all t

* Electrochemical Society Student Member.
** Electrochemical Society Active Member.

z E-mail: birss@ucalgary.ca
e

.

,
/

-
a

methods yield valid kinetic data and similar activation energie
the ORR for cathodes prepared in-house and at Fuel Cell En
Ltd., ~FCE, formerly Global Thermoelectric, Inc.! to specified re
quirements using commercial processing equipment. No evid
for diffusion-controlled reactions is seen under the conditions o
work. In this paper, we also consider the theoretically pred
impact of temperature on the Tafel slope, as well as on the pot
ranges over which the low- and high-field approximations are v
with low error.

Experimental

The LSM-YSZ composite working electrodes~WEs! used in ou
studies were either donated by FCE for the purposes of this pr
or prepared in-house. FCE electrodes were prepared by m
equal volumes of (La0.8Sr0.2)0.98MnO3 ~Praxair Ceramics, Inc.! with
8 mol % Y2O3 doped ZrO2 ~8YSZ, Tosoh! in alcohol and ballmill
ing. The slurry was screen printed~200 mesh stainless steel! sym-
metrically on each side of a 503 50 mm, 0.2 mm thick YSZ plat
~Fig. 1!, covering 403 40 mm ~1600 mm2!; this was done twice
resulting in two layers of the composite material. A pure LSM la
~ca. 15 mm thick! was screen printed on top of the LSM-YSZ co
posite layer to serve as a conducting current collector~Fig. 1!. The
cathode half-cell was then sintered in air at 1150°C for 2 h. T
electrodes~sometimes prior to sintering! were cut into smalle
pieces, providing a working area between 3 and 20 mm2.

In-house electrodes were prepared by screen printing~1100 silk
mesh! a LSM-YSZ slurry~50 wt % LSM! on each side of a 0.2 m
thick presintered commercial YSZ~Tosoh! plate, or on presintere
in-house pressed, 12 mm diam, 0.6 mm thick YSZ pellets, cov
between 5 and 50 mm2. In-house electrodes were sintered at 110
for 2 h before another thin layer of LSM was screen printed on
of the composite layer to serve as the current collector. This p
dure was followed again by sintering at 1100°C for 2 h.

The two sides later served as the WE and counter elect
~CE!. Pt paste~Ferro 4082! was also applied to the YSZ on the sa
side as the WE to serve as a reference electrode~RE!. The RE wa
normally placed 2-5 mm from the WE~Fig. 1!, ensuring that thi
distance was at least three times the thickness of the electrolyt21 Pt
gauze, attached to a Pt wire, was then press-contacted to the
LSM-YSZ and Pt paste electrodes with the aid of a spring-lo
ceramic cap, thus serving as the final current collector.

Half-cell experiments, involving air or oxygen withpO2
ranging

from 0.002 to 1 atm, were carried out over temperatures ran
from 450 to 1000°C in a tube furnace~Lindberg!. Cyclic voltamme
try ~CV! measurements~1-100 mV/s! were performed using a
EG&G PARC 273 potentiostat or a Solartron 1287 interface,
control and data collection handled by Corrware software~version
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2.7a!. The IR drop originating from the electrolyte resistance
compensated for by a postfactum correction of the CVs, usin
series resistance obtained from the EIS data, in order to establi
resistance-free i/E characteristics. For the EIS analysis, a Sol
1255 frequency response analyzer was coupled with the potent
The frequency range employed was 0.1 Hz to 500 kHz, and
measurements were made between 0 and20.4 V dc biasvs. the
open-circuit potential~OCP! or vs. the Pt RE, using a perturbati
amplitude of 10 mV root-mean-square~rms!. The EIS measuremen
and fitting analysis were controlled with commercial softw
~ZPLOT version 2.7!.

The thickness and porosity of the LSM-YSZ composites w
determined using a Philips/FEI environmental scanning electro
croscope~Health Sciences Center, University of Calgary!. An accel-
erating voltage of 20 kV and a high vacuum of 23 1024 Torr were
generally employed. The FCE-supplied composite cathodes
mechanically fractured before mounting them on Al stubs using
ducting carbon tape~E. T. Enterprises!. A thin layer of Au/Pd, Pt, o
C was sometimes sputtered onto the sample to improve surfac
ductivity. The samples were also tilted in the scanning electron
croscopy~SEM! chamber for a better estimation of the film thi
nesses.

Theoretical Considerations

Electrochemical methods for determining exchange cu
( i o).—The exchange current density,i o , the intrinsic ORR rate, ca
be obtained electrochemically22 using ac impedance spectrosco
~EIS!, as well as by using the low-field and high-field approxim
tions to the Butler-Volmer equation

i 5 i o@e
aaFh/RT 2 e2acFh/RT] @1#

where23,24

aa 1 ac 5
n

y
@2#

and for the reduction of oxygen

ac 5
g

y
1 rb @3#

and i o can also be represented by Eq. 423

i o 5
I o

A
5 const nFC

kT

h
e2~DGo,cÞ1bFwequil /RT! 5 Be2~Ea/RT!

@4#

Herei is the measured ORR current density per electrode geom
area,A, aa andac are the anodic and cathodic transfer coefficie
respectively,h is the overpotential,n is the total number of electro
passed in the reaction,g is the number of electrons transferred
fore the rate-determining step~rds! in the reaction sequence,y re-

Figure 1. Schematic of three-electrode setup for FCE or in-house L
LSM-YSZ/YSZ/LSM-YSZ/LSM cell.
e
n
t.

-

flects the number of times the rds occurs for one occurrence
full reaction,r is the number of electrons transferred during the
b is the symmetry coefficient of the rds~normally assumed to b
0.5!, C is the concentration of the reactant,k is the Boltzmann con
stant,h is the Planck constant,DGo,cÞ is the chemical energy
activation,fequil is the equilibrium potential difference across
LSM/YSZ interface,B is the combined pre-exponential term, andF,
R, andT have their usual meaning. Based on these considera
the Tafel slope increases with temperature~Eq. 1!. However, the
effect of the temperature dependence of the Tafel slope on the r
the ORR is outweighed by the substantial effect of temperaturei o
~Eq. 4!. This results in an overall significant increase in the O
rate with increasing temperature.

From experimental i/E data,i o can be obtained at both small a
large overpotentials. In the low-field case, with<2% error, the
Butler-Volmer ~Eq. 1! can be linearized when

h <
0.2~RT!

aF
@5#

leading to the low-field equation

i 5 i o

Fn

RTy
h @6#

In the case of a simple one-electron reaction,b 5 0.5, g 5 0,
n 5 1, and thusa 5 0.5. The linear low-field region~Eq. 5! then
extends to610 mV at 25°C,627 mV at 500°C, and637 mV at
800°C. Notably, for highera values, the linear range of potentia
narrowed at all temperatures.

i o can also be deduced from the charge-transfer resistanceRct)
obtained from impedance data, using Eq. 7. As impedance me
ments are obtained by perturbing the system typically within
610 mV rmsvs. the OCP, Eq. 7 is derived from the low-field a
proximation of Eq. 6

i o 5
1

Rct

RTy

Fn
@7#

At higher overpotentials, the back reaction (O2 evolution! can be
ignored, leading to Eq. 8, from whichi o can also be readily obtain

i 5 i oe
2acF/RTh @8#

h > ln~99!
RTy

Fn
@9#

The overpotential above which the high-field approximatio
valid is also temperature dependent, as seen in Eq. 9. For exa
allowing ,1% error, a minimum overpotential of 427 mV~assum
ing n/n of 1! is necessary to reach the Tafel region at 800°C, c
pared to 118 mV at 25°C. Notably, the ratio ofn/n, indicative of an
assumed reaction mechanism, also influences the onset poten
the Tafel region. For example, forn/n values of 4/1, 4/2, and 4/
the minimum overpotential is 107, 213, and 320 mV, respective
800°C. These calculations demonstrate that a large overpo
must be reached before the high-field approximation of the Bu
Volmer equation can validly be used to givei o at the high tempera
tures typical of SOFC conditions

Results and Discussion

Morphology of LSM-YSZ composite electrodes.—An SEM image
of the cross section of the FCE composite LSM-YSZ electrod
shown in Fig. 2. The total thickness of the composite electrode
is ca. 15 mm, with particle diameters ranging between 0.5 and
mm, while the current collector layer~pure LSM! is ca.10 mm thick.
In the case of the in-house LSM-YSZ~SEM image not shown!, the
total thickness of the composite layer wasca. 30 mm, with particle
diameters ofca. 0.2 mm and a current collector layer thickness
ca. 30 mm. The distribution of YSZ and LSM particles in both



see
X

f the
cting
layer
lec-

rfacia
c-

ents
f
SM/
rious
i-
third
ency

to a
itting
-
-
low-

ssive

the
t al-
hys-

ts,
ation.
g. 3,

al
the
ca-

ing

n the
to the
uctor
pres-

and
Pt/

s
-

partial

-

so

ed
s of
for
ncy

sen.
um-

from
om-

ath-

Journal of The Electrochemical Society, 152 ~3! A570-A576 ~2005!A572
FCE and in-house composite electrode is quite uniform, as was
from the similar relative ratios of La to Zr obtained from ED
analyses carried out at a range of locations. The porosity o
composite electrode is lower than that of the outer current-colle
LSM layer, as desired for good oxygen access to the active
After subjecting the FCE and in-house LSM-YSZ composite to e
trochemical measurements at high temperatures, no other inte
layer or products,e.g., La2Zr2O7 , which would be resistive to ele
tron transfer,25,26 were seen to have formed.

Determination of ORR kinetics from the exchange curr
( i o).—ORR kinetics from EIS data.—Figure 3 shows a family o
complex impedance plots obtained for the ORR at a FCE L
LSM-YSZ composite electrode at the OCP, 800°C, and at va
oxygen partial pressures. AbovepO2

5 0.5 atm, only two sem
circles are seen, while at lower oxygen partial pressures, a
semicircle is seen at low frequencies. The size of the low-frequ
semicircle increases~higher resistance! with decreasing O2 partial
pressure, indicating that it is related directly to the ORR.

An inductive response, commonly attributed in the literature
dynamic increase in surface area or activity, such as in p
corrosion,27 the nucleation of active sites,28 or the formation of elec
tronic defects,7 appears at low frequencies when the O2 partial pres
sure is greater than 0.5 atm. In the SOFC literature, the

Figure 2. ~a! FCE LSM-YSZ composite cathode cross section. Shown
left to right is the dense YSZ layer, two layers of porous LSM-YSZ c
posite, and an outer layer of LSM.~b! Top view of the highly porous LSM
current collector.
n

.

l

frequency inductor has been attributed to the activation of a pa
layer at the electrode surface,29 or specifically for the
La0.5Sr0.5MnO3 system,30 to the adsorption of several species at
same site. In our data, while the low-frequency inductor is no
ways observed, it is often correlated with the appearance of a
teresis loop~counter-clockwise response! in the CV measuremen
indicating a possible increase in the active area during polariz

The EIS data were fitted to the equivalent circuit shown in Fi
with three R/CPE units in series with a fourth resistor (R1) and an
inductor.22 A constant phase element~CPE! represents a nonide
capacitor,e.g., of the double layer at a nonplanar TPB, and
associatedn parameter indicates the CPE’s similarity to a true
pacitor, for whichn is 1. The CPE values are obtained by fitt
experimental data to Eq. 10

Z 5
1

CPE~ j v!n
@10#

Incorporated in R1 is the uncompensated resistance betwee
RE and the WE, the contact resistance between the Pt leads
WE current collector, and the resistance of the leads. The ind
reflects the low-frequency behavior seen at high oxygen partial
sures in Fig. 3 also usually seen at Pt/YSZ interfaces in O2 .31

R2 and R3 , originating from the high and mid frequency arcs
independent of the O2 partial pressure, are associated with the
LSM and LSM/LSM-YSZ interfaces,22,32 or with grain boundarie
within the ceramic materials.33 R4 , which arises from the low fre
quency arc and showing a strong dependence on the oxygen
pressure~Fig. 3!, is assigned to the charge-transfer resistance,Rct ,
which is related directly to the ORRi o ~Eq. 7!. The i o values ob
tained through this means are given in Table I.

Similar to the FCE cathode~Fig. 3!, a series of semicircles is al
observed for the ORR at the in-house LSM/LSM-YSZ/YSZ~Fig. 4!,
but with a smaller R2 /CPE2 semicircle size and a less well-defin
R3 /CPE3 feature. This may arise from the different thicknesse
the LSM and LSM-YSZ layers or the different number of layers
these two types of electrodes. Again, only the low-freque
R4 /CPE4 elements change with the O2 partial pressure, giving thei o

value, consistent with the approach of Jørgensen and Mogen16

Due to the relatively small value obtained for the medi

Figure 3. Complex impedance spectra of FCE LSM-YSZ composite c
ode ~ca. 5 mm2 apparent WE area! on YSZ disk at 800°C at OCP~10 mV
rms!, at various O2 partial pressures:~j! 0.9, ~h! 0.5, ~s! 0.2, ~,! 0.1, ~d!
0.09, ~.! 0.08, and~n! 0.02 atm.
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frequency-range R3 /CPE3 unit using a three-arc model, a two-a
model was sometimes used to fit the impedance data obtain
the ORR at the in-house LSM-YSZ/LSM electrode. However,
values for R1 and R4 /CPE4 were essentially independent of
choice of equivalent circuit used.

The literature shows that the impedance response for the O
LSM-YSZ composites depends strongly on the electrode com
tion, morphology, and processing parameters.2,4,9,13,16,19In general
the high-frequency arc does not display any oxygen depend
consistent with our work, and has been interpreted as being d
oxygen ion transfer from the electrode to the oxygen ion vaca
of the electrode14 or to grain boundary resistance of the Y
component.33 The assignment of the mid-frequency arc is often
conclusive, although it has sometimes been interpreted as refl
either oxygen adsorption or dissociation processes.9,14,33

Table II shows the values of the key circuit elements as a f
tion of the cell operating temperature for in-house LSM-YSZ c
posite cathodes. In all cases, it is seen that R1 , R2 , and R4 decreas
dramatically with increasing temperature, as expected. The
frequency R4 , assigned to the ORR charge-transfer resistanc
converted toi o using Eq. 7. Most research groups have report
pO2

dependence of the low-frequency arc, although the interp
tion of this arc varies greatly. Juhlet al.34 have attributed the low
frequency arc to a chemical step in the overall ORR, while ot
have suggested that it reflects the diffusion of O22 to the electrode
electrolyte interface, based on the observed dependence onpO2

.
While both diffusion and activation-controlled steps would

expected to exhibit a linear dependence on the reactant conc
tion, our low-frequency semicircle is symmetrical and fits prop

Figure 4. Nyquist plot of ORR at in-house LSM/LSM-YSZ composite/Y
electrode~ca. 6 mm2 apparent WE area! in air at 800°C in~h! 0.2 pO2

and

~j! 0.02 p .

Table I. i o and i values measured atÀ30 mV for the ORR at
in-house LSMÕLSM-YSZ electrodes using low-field CV, high-field
CV, and EIS measurements at 600-900°C, assumingnÕn Ä 1.

T ~°C!

i o ~A/cm2!

Low-field High-field EIS i at 230 mV

600 4.20 3 1023 6.10 3 1023 2.40 3 1023 21.1 3 1023

700 3.80 3 1022 4.30 3 1022 3.10 3 1022 28.2 3 1023

800 1.60 3 1021 1.40 3 1021 2.30 3 1021 23.1 3 1022

900 4.40 3 1021 4.50 3 1021 4.30 3 1021 25.9 3 1022
O2
r

t

,

g

-

to a CPE~with ann value of 0.7-0.9!, for both the in-house and FC
cathodes, indicating that the ORR is not diffusion controlled in
present work. Gas flow rates had no effect on either our imped
or CV data, as shown in Fig. 5, again indicating the absenc
mass-transfer limitations which would influence thei o and Tafe
interpretation in this work. Also noteworthy are the barely chan
CPE4 values~with n . 0.7) at temperatures of 600-800°C~Table
II !, above which a possible change in the interface may hav
curred. Because R4 is assigned to theRct of the ORR, CPE4 can be
related to the ‘‘double layer’’ or interfacial area between the cat
and the electrolyte.

ORR kinetics from EIS data.—Figure 6 illustrates the IR
compensatedi /h relationship of the ORR at an in-house LSM-YS
LSM electrode over a wide range of overpotentials for tempera
from 600 to 900°C~a similar result was seen for the FCE cathod!.
The CV response is stable, evidenced by multiple scans of th
potential range and the absence of dynamic hysteresis effects
monly seen with Pt cathodes.31 The stability of the CV respon
with time also verifies that extension to relatively high nega
potentials ofca. 1 V does not cause any unwanted reaction
occur, which would be expected to have a deleterious effect o
ORR activity.

To verify the EIS data discussed previously~Fig. 3-5!, showing
that there are no transport limitations present in these experim
the CVs were collected at a range of sweep rates. Figure 7 s
that these data, even at high current densities, are independ

Figure 5. Nyquist plot of ORR at in-house LSM/LSM-YSZ composite/Y
electrode in air at 800°C in~h! stagnant air and~j! 50 mL/min 0.02pO2

N2
balance;ca. 6 mm2 apparent WE area.

Table II. R 1 , R2 ÕCPE2 , and R4 ÕCPE4 Õn4 values for ORR as a
function of temperature at in-house LSM-YSZÕLSM cathodes in
air.

T
~°C!

R1
~V cm2!

R2
~V cm2!

CPE2

(mFs)12n/cm2
R4

~V cm2!
CPE4

(mFs)12n/cm2 n4

600 0.8 3.4 9 30 38 0.
700 0.3 1.3 2
800 0.13 0.2 7.5 0.4 40 0
900 0.08 0.1 2 0.2 12 0
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perturbation rate. This indicates that the ORR is indeed activ
controlled and that there are no diffusional limitations present u
our experimental conditions.

Figure 8 shows the Tafel plot of the four data sets of Fig
demonstrating that a linear Tafel region is indeed obtained and
it appears only at comparatively negative overpotentials, as
dicted~Eq. 9!. The exponential region should commence at app
mately 2310 and2430 mV for 500 and 800°C, respectively,
sumingn/n 5 1. It can be seen that these predicted onset pote
are closely matched by what is seen experimentally. Figure 8
shows that the Tafel slopes are high,e.g., 590-830 mV and 940-100
mV at 600 and 800°C, respectively, significantly larger in value
predicted by the Butler-Volmer equation~250 and 430 mV Tafe

Figure 6. IR-corrected i/E relationship~10 mV/s! of O2 reduction on in
house LSM/LSM-YSZ composite/YSZ at 600-900°C; 20 mV/s;ca. 6 mm2

apparent WE area. Insets: expanded scales better reveal the Butler-
behavior at 600 and 700°C.

Figure 7. Tafel plots from 1 to 200 mV/s between 0 and20.9 V ~with IR
compensation! of the ORR at LSM-YSZ composite electrode~ca. 6 mm2

apparent WE area! on YSZ disk at 800°C in air.
t

slopes for 600 and 800°C, respectively, assumingb 5 0.5). Pos
sible explanations for this anomalous behavior will be present
another paper, currently in preparation.35

The best-fit line through the high-field data points in Fig. 8, u
the potential range given in Eq. 9, was extrapolated back to the
~0 V vs.Pt!, yielding i o , as predicted by Eq. 8. Initially assumin
very simple mechanism for whichn/n 5 1, a line was fitted be
tween2430 and2900 mV for the 800°C data in Fig. 8; the mi
mum overpotentials employed at 600, 700, and 900°C for this a
sis were2350, 2390, and2470 mV, respectively. Allowing for
wider range of possible mechanisms (n/n values ranging from 1 t
4!, i o values were again obtained by fitting the best-fit straight
through the high-field data, but now commencing at overpoten
appropriate for the chosenn/h values. Table I shows that thei o
values obtained using this approach agreed closely with each
once the intercepts were corrected for then/n values, thus confirm
ing the validity of this approach.

Under low-field conditions,i o was obtained by applying Eq. 6
the low-overpotential data~within 630, 34, 37, and 40 mVvs.OCP
at 600, 700, 800, and 900°C, respectively! of Fig. 6, which were
compensated for the IR drop between the WE and RE using t1
value obtained from impedance measurements. However, to
the i o values, shown in Table I~and assumingn/n to be 1!, these
data had to also be further corrected for the impedance-deter
R2 and R3 values at each temperature.

The i o values obtained for the ORR at the same in-house L
LSM-YSZ electrode using the three methods described abov
given in Table I. The results show a good correlation betwee
three techniques, indicating the validity of these measurement
also demonstrating the stability of these composite cathode ma
and their responses. It is also observed thati o , as well as the abs
lute current values at230 mV, increases significantly with tempe
ture, as expected.

Unfortunately, it is impossible to compare the ORR activity
these LSM/LSM-YSZ electrodes with that of Pt/YSZ cathode31

This is because we do not know the active TPB area of eith
these electrode materials. In the case of porous Pt paste spr
YSZ, the active interface is only at the perimeters of islands
which are in good contact with the YSZ disk, and which are
accessible to oxygen and in good contact with the Pt mesh c
collector. For the LSM/LSM-YSZ materials, the active interfac
anticipated to be much larger, considering the composite natu
this coating and the ionic and electronic conductivity of LSM. E
so, it is interesting that thei values~based on geometric areas! for

r

Figure 8. Tafel plot at 10 mV/s for O2 reduction at in-house LSM/LSM
YSZ composite/YSZ electrode~ca. 6 mm2 apparent WE area! in air at 600-
800°C.
o
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the ORR are approximately ten times higher at Pt paste on YSvs.
the LSM/LSM-YSZ cathodes~Table I!. As the latter composite ele
trodes are expected to have the much larger TPBs, this indicat
likely superior catalytic activity of Ptvs.LSM as an ORR cathod

Determination of ORR activation energies from io values.—
Figure 9 shows the Arrhenius plots for thei o values collected a
in-house LSM/LSM-YSZ electrodes between 600 and 900°C, u
the three methods discussed previously, and assuming an/n ratio of
1. The apparent activation energy of the ORR, obtained from
slope of these plots via the simplifying equation~Eq. 4!, is between
120 and 150 kJ/mol~29-36 kcal/mol or 0.3-0.37 eV!.22 Although
not shown, then/n ratio does not affect the value of the OR
activation energy, regardless of whether the low-field, high-fiel
EIS method was employed. Also, the linearity of the plots in Fi
again indicates that the in-house LSM-YSZ composite electr
are stable as a function of temperature and other experim
conditions.

The ORR activation energy obtained for the in-house LSM-Y
composite is reasonable and compares well to theEa values of 100
200 kJ/mol reported in the literature.13,17For example, anEa of 110
kJ/mol was reported for La0.3Sr0.7MnO3 , while a value of 180 kJ
mol was obtained for the ORR at both La0.5Sr0.5MnO3 and
La0.7Sr0.3MnO3 .18 A reportedEa of 200 kJ/mol17,19was attributed t
the dissociation of O2 at low overpotentials, while anEa of 160
kJ/mol, along with apO2

20.14 dependence,33 was attributed to the slo
step being oxygen dissociation and adsorption. Ostergard
Mogensen14 proposed an oxygen adsorption mechanism, follow
the Freundlich isotherm, and attributed the medium-frequency a
the dissociation of adsorbed oxygen molecules. Our previous
with Pt paste on YSZ yielded an ORREa value of 120 kJ/mol,
value which has been suggested by others to reflect the slow s
diffusion of O2 on the Pt surface.36,37 Overall, in our work, it ap
pears that the ORR activation energy is similar at LSM-YSZ an
cathode layers on YSZ. Based on our results to date, includin
anomalously high Tafel slopes observed~Fig. 6!, we cannot conclu
sively determine the ORR mechanism and/or rds at our LSM-
cathode materials.

Conclusion

EIS and CV data were collected for LSM-YSZ composite c
odes prepared both in-house and supplied by FCE over the tem
ture range 600-900°C and at variouspO2

. It was conclusively show
that no transport limitations are present in the ORR under the
ditions of our experiments. This was seen by a lack of depend

Figure 9. Arrhenius plots for ORR at in-house LSM/LSM-YSZ compos
YSZ electrodes in air.i o was obtained using the low-field, high-field, and E
techniques forn/n of 1.
e

l

e

-

of the CV currents on sweep rate and of the EIS data on thepO2
flow

rate, as well as by the absence of any diffusional features in th
data,e.g., a Warburg component.

The exchange current densities~based on geometric area! for the
ORR at in-house LSM-YSZ composite cathodes were determ
from the charge-transfer resistance obtained from the EIS e
ments, as well as from both low- and high-field CV data. F
simple mechanism involving the transfer of only one electron
with an electron transfer as the rds, it was shown that at 800°C
low-field CV range should not exceed640 mV vs. the OCP. Fur
thermore, the high-field region does not commence until an ov
tential of2430 mV has been exceeded. Based on these limits,i o
values obtained using all three methods showed close agreem
all temperatures, indicating that our experimental and interpr
approach is correct and also demonstrating good cathode sta

An apparent activation energy in the range of 120-150 kJ
was obtained for the ORR, comparable to literature values at
on YSZ, and for both LSM-YSZ and Pt-YSZ composite catho
The anomalously high Tafel slopes observed precluded any
conclusions to be drawn at this point regarding the ORR me
nism. However, this will be the topic of future work.
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List of Symbols

A area, cm2

F Faraday constant, 96485 C/mol
h Planck constant, 6.62607553 10234 J s
I current, A

I o exchange current, A
i current density, A/cm2

i o exchange current density, A/cm2

k Boltzmann constant, 1.3806583 10223 J/K
n total number of electrons
R gas constant, 8.31451 J/K mol
r number of electrons transferred during the rds
T temperature, K
X pre-exponential constant
Y combined pre-exponential term

Greek

aa anodic transfer coefficient
ac cathodic transfer coefficient
b symmetry coefficient

DGo,cÞ chemical energy of activation
h overpotential, E
g number of electrons transferred before the rds
n stoichiometry of the rds

fequi equilibrium potential across the interface
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