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A Kinetic Study of the Oxygen Reduction Reaction
at LaSrMnO 3-YSZ Composite Electrodes
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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 reactiofORR) at solid oxide fuel cell cathodes consisting of lanthanum strontium manganite
[(Lag gSIy 2)0.9dMINO5, LSM] in a 50 vol % mixture with yttria-stabilized zirconia electrolyfteSM-YSZ composite Techniques

used include half-cell cyclic voltammetry and electrochemical impedance spectrodei&ymethods in a variaablqa02 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 @f. 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.
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The typical anode and cathode materials employed in solid oxidemethods yield valid kinetic data and similar activation energies for
fuel cells (SOFC$ consist of Ni mixed with ¥Os-stabilized ZrQ the ORR for cathodes prepared in-house and at Fuel Cell Energy,
electrolyte (Ni-YSZ) and lanthanum strontium manganite Ltd., (FCE, formerly Global Thermoelectric, Incto specified re-
(LaSrMnQ,, LSM) mixed with YSZ in a 50 vol % mixture, respec- quirements using commercial processing equipment. No evidence
tively. This results in highly porous composite electrodes with an for diffusion-controlled reactions is seen under the conditions of our

extensive triple phase boundafyPB),>* where the gas, the elec- work. In this paper, we also consider the theoretically predicted
trode, and the YSZ electrolyte meet. impact of temperature on the Tafel slope, as well as on the potential
Over the last few decades, the kinetics and mechanism of théanges over which the low- and high-field approximations are valid,
oxygen reduction reactiofORR) at LSM-YSZ cathodes have been With low error.
investigated primarily with the use of electrochemical impedance
spectroscopyEIS), and less commonly using dc polarization tech- Experimental
niques. While there are discrepancies in the literature regarding the . i .
interpretation of these electrochemical data, it is generally accepted 1he LSM-YSZ composite working electrodé#/Es) used in our
that the ORR occurs at the TPS.However, other group€ have studies were either donated by FCE for the purposes of this project,
suggested that the ORR can occur anywhere on the LSM surfac@' Prepared in-house. FCE electrodes were prepared by mixing
due to its low but finite oxygen ion conductivity. equal volumes of (L@gSIp.2)0.0gVINO3 (Praxair Ceramics, Inpwith
It is often assumed that the mechanism of the ORR first involves8 mol % Y,0; doped ZrQ (8YSZ, Tosoh in alcohol and ballmill-
the adsorption of @on the LSM surfacé® This is followed by the ~ ing. The slurry was screen print¢d00 mesh stainless stgalym-
dissociation of @ to two O atoms, followed by a series of electron- Metrically on each side of a 58 50 mm, 0.2 mm thick YSZ plate
transfer steps, reducing O to?Q which is transported across the (Fig. 1), covering 40x 40 mm (1600 mn); this was done twice,
electrolyte. It has also been reportatiat the ORR occurs in two  resulting in two layers of the composite material. A pure LSM layer
steps, and that Osurface diffusion is the dominant process at low (€& 15 pm thick) was screen printed on top of the LSM-YSZ com-
overpotentials, while in other wotk12 a charge-transfer step was POSite layer to serve as a conducting current colledtg. 1). The
proposed as rate determining. OtH&re have suggested that a dis- cathode half-cell was then sintered in air at 1150°C for 2 h. These
sociative adsorption step may be rate determining at LSM cathode<lectrodes(sometimes prior to sinteringwere cut into smaller
Activation energiesE,) for the ORR on LSM deposited on YSz  Pi€ces, providing a working area between 3 and 20°'mm
(LSM/YSZ) or for LSM-YSZ composites have been reported to be __N-Nouse electrodes were prepared by screen pririfiigo silk

between 100 and 200 kJ/m6t!"this range in values may be related T].eih a L$M-YSdZ slurry(50 V;’t O/S" LSM onleach side of 2 0.2 mn(}
to different electrode preparation methods or different cathode com{ick presintered commercial YS@osoh) plate, or on presintered
n-house pressed, 12 mm diam, 0.6 mm thick YSZ pellets, covering

positions employed by various research groups. ORR Tafel slope : .
rarely reported in the SOFC literature, are seen to be 250-450 myvPetween S and 50 mmin-house electrodes were sintered at 1100°C
for 2 h before another thin layer of LSM was screen printed on top

dec of current at both dense and porous L8Mncompositecath- ; X
odes(deposited on YSYat temperatures of 700-950%€2° n fact of the composite layer to serve as the current collector. This proce-
' ' ilure was followed again by sintering at 1100°C for 2 h.

the expected Tafel slope, as well as the potential range over whic Th ides | d he WE and | d
exponential i/E behavior should be observed, are strongly tempera; . € two sides atgrs Serve las i el' q aﬂ cgunter;]eectro es
ture dependent, as will be shown. Indeed, the Tafel slope can be 5. E). Pt pasteFerro 4082 was also applied to the YSZ on the same

useful tool for interpreting reaction mechanisms of electrochemicalS'd€ @S the WE to serve as a reference elect(®@. The RE was
reactions. P 9 normally placed 2-5 mm from the WHig. 1), ensuring that this

The present research has focused primarily on efforts to Obtairpistance was at least three_ times the thickness of the electfélpte.
reliable kinetic data using both EIS and cyclic voltammetexy/) gauze, attached to a Pt wire, was then press-contacted to the LSM/

data[both low-field (linear approximation of Butler-Volmer equa- LSM-YSZ and Pt paste electrodes with the aid of a spring-loaded

tion) and high-field(back reaction can be neglectabproacheifor ~ Ceramic cap, thus serving as the final current collector.
the ORR at LSM-YSZ composite cathodes. It is shown that all three ~ Half-céll experiments, involving air or oxygen withy,, ranging
from 0.002 to 1 atm, were carried out over temperatures ranging
from 450 to 1000°C in a tube furnaékindberg. Cyclic voltamme-
. ) . try (CV) measurement$1-100 mV/g were performed using an
- Elﬁﬁﬁgﬁ[}iﬂ:ﬁg} 232:2{{, ﬁiﬁﬂi”ﬁﬂ“e",ﬁ?:}er EG&G PARC 273 potentiostat or a Solartron 1287 interface, with
Z E-mail: birss@ucalgary.ca control and data collection handled by Corrware softwaegsion
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Reference electrode flects the number of times the rds occurs for one occurrence of the
N full reaction,r is the number of electrons transferred during the rds,
Working electrode B is the symmetry coefficient of the rdesormally assumed to be
0.5), Cis the concentration of the reactaktis the Boltzmann con-
LSM (eurvent:oollector) 1 /Pt sta_nt,h is the Pl_anck cons_t_an?}G"'c* is the c_hemical energy of
> activation, dqi is the equilibrium potential difference across the
LSM/YSZ interface B is the combined pre-exponential term, d&hd
AN R, andT have their usual meaning. Based on these considerations,
YSZ the Tafel slope increases with temperat(ig. 1). However, the
I effect of the temperature dependence of the Tafel slope on the rate of
the ORR is outweighed by the substantial effect of temperatuig on
(Eqg. 4. This results in an overall significant increase in the ORR
Figure 1. Schematic of three-electrode setup for FCE or in-house LSM/ rate with increasing temperature.
LSM-YSZ/YSZ/LSM-YSZ/LSM cell. From experimental i/E daté, can be obtained at both small and
large overpotentials. In the low-field case, with2% error, the
Butler-Volmer (Eq. 1) can be linearized when
2.78. The IR drop originating from the electrolyte resistance was 0.2RT)
compensated for by a postfactum correction of the CVs, using the n< — [5]
series resistance obtained from the EIS data, in order to establish the aF
resistance-free i/E characteristics. For the EIS analysis, a Solartron ) )
1255 frequency response analyzer was coupled with the potentiosta€ading to the low-field equation
The frequency range employed was 0.1 Hz to 500 kHz, and the En
measurements were made between 0 aid4 V dc biasvs. the i =ig==—m (6]
open-circuit potentialOCP or vs.the Pt RE, using a perturbation RTv
amplitude of 10 mV root-mean-squairens). The EIS measurements In th f imol | 61— 0.5 ~ — 0
and fitting analysis were controlled with commercial software ' the case of a simple one-electron reacti@n;= 0.5,y = 0,
(ZPLOT version 2.7, v = 1, and thusx = 0.5. ;I'he linear Iow-fleldo regiofEq. 5 then
The thickness and porosity of the LSM-YSZ composites were €X{€Nds 010 mV at 25°C, 27 mV at 500°C, and-37 mV at
determined using a Philips/FE| environmental scanning electron mi-800°C. Notably, for highew values, the linear range of potential is
croscopeHealth Sciences Center, University of Calgadn accel- ~ narrowed at all temperatures. _
erating voltage of 20 kV and a high vacuum o2 10 * Torr were i, can also be deduced from the charge-transfer resistatige (
generally employed. The FCE-supplied composite cathodes wer@Ptained from impedance data, using Eq. 7. As impedance measure-
mechanically fractured before mounting them on Al stubs using con-T€Nts are obtained by perturbing the system typically within only
ducting carbon tapéE. T. Enterprises A thin layer of Au/Pd, Pt, or ~ —10 mV rmsvs. the OCP, Eq. 7 is derived from the low-field ap-
C was sometimes sputtered onto the sample to improve surface coferoximation of Eq. 6

LSM-YSZ composite

Counter electrode

ductivity. The samples were also tilted in the scanning electron mi- _ 1 RTv
croscopy(SEM) chamber for a better estimation of the film thick- o= R FEn [7]
¢t FN
nesses.
Theoretical Considerations At higher overpotentials, the back reaction,(€volution can be

. " ignored, leading to Eq. 8, from whidlj can also be readily obtained
Electrochemical methods for determining exchange current

(i,).—The exchange current density, the intrinsic ORR rate, can i = igemec R (8]
be obtained electrochemicalfyusing ac impedance spectroscopy RTv
(EIS), as well as by using the low-field and high-field approxima- n = In(99) — [9]
tions to the Butler-Volmer equation Fn
i = i [erd/RT — g acFn/RT] [1] The overpotential above which the high-field approximation is
valid is also temperature dependent, as seen in Eqg. 9. For example,
where3:24 allowing <1% error, a minimum overpotential of 427 m¥ssum-
ing n/v of 1) is necessary to reach the Tafel region at 800°C, com-
_n pared to 118 mV at 25°C. Notably, the ratiorofv, indicative of an
agt ag = [2] : ; : .
v assumed reaction mechanism, also influences the onset potential of
the Tafel region. For example, fav/v values of 4/1, 4/2, and 4/3,
and for the reduction of oxygen the minimum overpotential is 107, 213, and 320 mV, respectively, at
800°C. These calculations demonstrate that a large overpotential
0. = Y + B (3] must be reached before the high-field approximation of the Butler-
SR Volmer equation can validly be used to giigat the high tempera-

tures typical of SOFC conditions
andi, can also be represented by EG° 4

_ '_0 = const nFCk_Tef(AGO'C*JrBFq;equ”/RT) — Be (E&RT Morphology of LSM-YSZ composite electradeAn SEM image

o A h of the cross section of the FCE composite LSM-YSZ electrode is
[4] shown in Fig. 2. The total thickness of the composite electrode layer
is ca. 15 um, with particle diameters ranging between 0.5 and 0.9
Herei is the measured ORR current density per electrode geometrigum, while the current collector layépure LSM) is ca. 10 um thick.
area,A, a, anda are the anodic and cathodic transfer coefficients, In the case of the in-house LSM-YSBEM image not shown the
respectivelyn is the overpotentiah is the total number of electrons total thickness of the composite layer was 30 pm, with particle
passed in the reaction, is the number of electrons transferred be- diameters ofca. 0.2 um and a current collector layer thickness of

fore the rate-determining stepds) in the reaction sequence,re- ca. 30 wm. The distribution of YSZ and LSM particles in both the

Results and Discussion
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Figure 3. Complex impedance spectra of FCE LSM-YSZ composite cath-
ode (ca. 5 mn? apparent WE argaon YSZ disk at 800°C at OCPLO mV
rms), at various @ partial pressureg#) 0.9, (CJ) 0.5,(0) 0.2,(V) 0.1, (®)
0.09,(V) 0.08, and(A) 0.02 atm.

frequency inductor has been attributed to the activation of a passive
layer at the electrode surfa®, or specifically for the
Lag St sMnO; systent® to the adsorption of several species at the
same site. In our data, while the low-frequency inductor is not al-
ways observed, it is often correlated with the appearance of a hys-
teresis loop(counter-clockwise responsi the CV measurements,
indicating a possible increase in the active area during polarization.
The EIS data were fitted to the equivalent circuit shown in Fig. 3,
with three R/CPE units in series with a fourth resistogRnd an
inductor?? A constant phase elemef€PBE represents a nonideal
Figure 2. (a) FCE LSM-YSZ composite cathode cross section. Shown from capacitor,e.g, of the double layer at a nonplanar TPB, and the
left to right is the dense YSZ layer, two layers of porous LSM-YSZ com- associated parameter indicates the CPE’s similarity to a true ca-
posite, and an outer layer of LSNb) Top view of the highly porous LSM  pacitor, for whichn is 1. The CPE values are obtained by fitting
current collector. experimental data to Eq. 10

1
. . o = —— [10]
FCE and in-house composite electrode is quite uniform, as was seen CPHjo)

from the similar relative ratios of La to Zr obtained from EDX L .
analyses carried out at a range of locations. The porosity of the _INcorporated in Ris the uncompensated resistance between the
composite electrode is lower than that of the outer current-collectingRE and the WE, the contact resistance between the Pt leads to the

LSM layer, as desired for good oxygen access to the active layer/VE current collector, and the resistance of the leads. The inductor
After subjecting the FCE and in-house LSM-YSZ composite to elec-"eflects the low-frequency behavior seen at high oxygen partial pres-
trochemical measurements at high temperatures, no other interfaci@Ures in Fig. 3 also usually seen at PUYSZ lnterfacesdr?b
layer or productse.g, La,Zr,O,, which would be resistive to elec- R, and Ry, originating from the high and mid frequency arcs and
tron transfef>28 were seen to have formed. independent of the Opartial pressure, are associated with the Pt/
LSM and LSM/LSM-YSZ interface$?*? or with grain boundaries
Determination of ORR kinetics from the exchange currentswithin the ceramic materiaf$ R,, which arises from the low fre-
(i,).—ORR kinetics from EIS dataFigure 3 shows a family of —quency arc and showing a strong dependence on the oxygen partial
complex impedance plots obtained for the ORR at a FCE LSM/pressurgFig. 3), is assigned to the charge-transfer resistaRgg,
LSM-YSZ composite electrode at the OCP, 800°C, and at variouswhich is related directly to the ORR, (Eq. 7. Thei, values ob-
oxygen partial pressures. Aboyg,, = 0.5 atm, only two semi- tained through this means are given in Table .
circles are seen, while at lower oxygen partial pressures, a third Similar to the FCE cathod@ig. 3), a series of semicircles is also
semicircle is seen at low frequencies. The size of the low-frequencyPPserved for the ORR at the in-house LSM/LSM-YSZ/Y&1g. 4),
semicircle increasethigher resistandewith decreasing @ partial but with a smaller R/CPE, semicircle size and a less well-defined
pressure, indicating that it is related directly to the ORR. R;/CPE; feature. This may arise from the different thicknesses of
An inductive response, commonly attributed in the literature to athe LSM and LSM-YSZ layers or the different number of layers for
dynamic increase in surface area or activity, such as in pittingthese two types of electrodes. Again, only the low-frequency
corrosion?” the nucleation of active sité§ or the formation of elec-  R,/CPE, elements change with the,@artial pressure, giving thg
tronic defects, appears at low frequencies when thertial pres-  value, consistent with the approach of Jargensen and Mogéhsen.
sure is greater than 0.5 atm. In the SOFC literature, the low-Due to the relatively small value obtained for the medium-
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Table I. i, and i values measured at—30 mV for the ORR at Table Il. Ry, R,/CPE,, and R,/CPE,/n, values for ORR as a
in-house LSMLSM-YSZ electrodes using low-field CV, high-field function of temperature at in-house LSM-YSZ/LSM cathodes in
CV, and EIS measurements at 600-900°C, assumingv = 1. air.
i, (Alem?) T R, R, CPE R4 CPE,
- — - (°C) (Qcmd) (Qcm?) (mFs)t"em? (Qcm?) (mFs)Yen? ng
T(°C) Low-field High-field EIS iat =30 mVv
600 0.8 3.4 9 30 38 0.7
600 420x 10° 6.10x 10°® 240x 10° -1.1 x 10° 700 0.3 1.3 2
700 3580 x 102 430x 102 3.10x 102 -82 X 10° 800 0.13 0.2 75 0.4 40 0.7
800 160 x 10! 1.40x 10! 230 x 10! -3.1 x 102 900 0.08 0.1 2 0.2 12 0.9

900 440 x 10! 450 x 10! 430 x 10* -59 x 1072

to a CPE(with ann value of 0.7-0.9, for both the in-house and FCE
cathodes, indicating that the ORR is not diffusion controlled in the
resent work. Gas flow rates had no effect on either our impedance
r CV data, as shown in Fig. 5, again indicating the absence of
mass-transfer limitations which would influence thgand Tafel
interpretation in this work. Also noteworthy are the barely changing

The literature shows that the impedance response for the ORR g PE values(with n > 0.7) at temperatures of 600-8001Cable

LSM-YSZ composites depends strongly on the electrode composi-C 3&220\;&?2 aspgssilb:](zé:l:gr:g; |noft rtlse"gggl Cgpmiya:ivee oc-
tion, morphology, and processing parametet@31619n general, : R 9 ct , CPE

the high-frequency arc does not display any oxygen dependencéelated to the “double layer” or interfacial area between the cathode

consistent with our work, and has been interpreted as being due tsmd the electrolyte.
oxygen ion transfer from the electrode to the oxygen ion vacancies ORR kinetics from EIS data-Figure 6 illustrates the IR-
of the electrod¥ or to grain boundary resistance of the YSZ compensateiin relationship of the ORR at an in-house LSM-YSZ/
component?® The assignment of the mid-frequency arc is often in- |_SM electrode over a wide range of overpotentials for temperatures
conclusive, although it has sometimes been interpreted as reflectingom 600 to 900°Qa similar result was seen for the FCE cathodes
either oxygen adsorption or dissociation proce$sés® The CV response is stable, evidenced by multiple scans of the full
Table Il shows the values of the key circuit elements as a func-potential range and the absence of dynamic hysteresis effects, com-
tion of the cell operating temperature for in-house LSM-YSZ com- monly seen with Pt cathodés.The stability of the CV response
posite cathodes. In all cases, itis seen thatRy, and R, decrease  with time also verifies that extension to relatively high negative
dramatically with increasing temperature, as expected. The lowpotentials ofca. 1 V does not cause any unwanted reactions to
frequency R, assigned to the ORR charge-transfer resistance, isoccur, which would be expected to have a deleterious effect on the
converted ta, using Eq. 7. Most research groups have reported aORR activity.
Po, dependence of the low-frequency arc, although the interpreta-  To verify the EIS data discussed previoushig. 3-5, showing
tion of this arc varies greatly. Juket al3* have attributed the low- that there are no transport limitations present in thesg experiments,
frequency arc to a chemical step in the overall ORR, while otherst® CVs were collected at a range of sweep rates. Figure 7 shows
have suggested that it reflects the diffusion 8F @o the electrode/ that these data, even at high current densities, are independent of
electrolyte interface, based on the observed dependenp@zon
While both diffusion and activation-controlled steps would be .40

frequency-range RRCPE unit using a three-arc model, a two-arc
model was sometimes used to fit the impedance data obtained f
the ORR at the in-house LSM-YSZ/LSM electrode. However, the
values for R and R,/CPE, were essentially independent of the
choice of equivalent circuit used.

expected to exhibit a linear dependence on the reactant concentr:
tion, our low-frequency semicircle is symmetrical and fits properly
R R2 R3 R4 30 -
CPE2 CPE3 CPE4
-35 =
—0o— 0.2atm O, =
L ¢ increasin —m— .02 o 20 increasi
fl‘eqllﬁ‘ll(‘f LEE :\-’ ‘ ;‘111::1:1:;:1;?
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Figure 4. Nyquist plot of ORR at in-house LSM/LSM-YSZ composite/YSZ  Figure 5. Nyquist plot of ORR at in-house LSM/LSM-YSZ composite/YSZ
electrode(ca. 6 mn? apparent WE argan air at 800°C in(C)) 0.2 Po, and electrode in air at 800°C ifi) stagnant air an¢ll) 50 mL/min 0.02po, N2
() 0.02po, balance,ca. 6 mn? apparent WE area.
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YSZ composite/YSZ electrod@a. 6 mnt apparent WE argan air at 600-
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slopes for 600 and 800°C, respectively, assunfing: 0.5). Pos-
sible explanations for this anomalous behavior will be presented in

The best-fit line through the high-field data points in Fig. 8, using
the potential range given in Eq. 9, was extrapolated back to the OCP
(0 V vs.PY), yieldingi,, as predicted by Eq. 8. Initially assuming a
very simple mechanism for which/v = 1, a line was fitted be-

perturbation rate. This indicates that the ORR is indeed activationyeen—430 and—900 mV for the 800°C data in Fig. 8; the mini-
controlled and that there are no diffusional limitations present undefmum overpotentials employed at 600, 700, and 900°C for this analy-

our experimental conditions.

sis were—350, —390, and—470 mV, respectively. Allowing for a

Figure 8 shows the Tafel plot of the four data sets of Fig. 6, wider range of possible mechanisms values ranging from 1 to

demonstrating that a linear Tafel region is indeed obtained and tha
it appears only at comparatively negative overpotentials, as pre;
dicted(Eq. 9. The exponential region should commence at approxi-
mately —310 and—430 mV for 500 and 800°C, respectively, as-
sumingn/v = 1. It can be seen that these predicted onset potential
are closely matched by what is seen experimentally. Figure 8 alsc?
shows that the Tafel slopes are higlg, 590-830 mV and 940-1000
mV at 600 and 800°C, respectively, significantly larger in value than
predicted by the Butler-Volmer equatid250 and 430 mV Tafel

10

i (A/cm?)

L ) S 1 L) B LS B RN

10°% . 1 L 1 L
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E (V) vs. Pt pseudo reference

025

Figure 7. Tafel plots from 1 to 200 mV/s between 0 ard.9 V (with IR

compensationof the ORR at LSM-YSZ composite electrodea. 6 mn?

apparent WE argaon YSZ disk at 800°C in air.

E), i, values were again obtained by fitting the best-fit straight line
hrough the high-field data, but now commencing at overpotentials
appropriate for the chosem/n values. Table | shows that thg
values obtained using this approach agreed closely with each other,

Bnce the intercepts were corrected for the values, thus confirm-

ng the validity of this approach.

Under low-field conditionsi, was obtained by applying Eq. 6 to
the low-overpotential datewithin =30, 34, 37, and 40 mVs.OCP
at 600, 700, 800, and 900°C, respectivetf Fig. 6, which were
compensated for the IR drop between the WE and RE using the R
value obtained from impedance measurements. However, to obtain
the i, values, shown in Table (and assuming/v to be J), these
data had to also be further corrected for the impedance-determined
R, and R values at each temperature.

Thei, values obtained for the ORR at the same in-house LSM/
LSM-YSZ electrode using the three methods described above are
given in Table I. The results show a good correlation between the
three techniques, indicating the validity of these measurements and
also demonstrating the stability of these composite cathode materials
and their responses. It is also observed thatas well as the abso-
lute current values at 30 mV, increases significantly with tempera-
ture, as expected.

Unfortunately, it is impossible to compare the ORR activity of
these LSM/LSM-YSZ electrodes with that of Pt/YSZ cathotfes.
This is because we do not know the active TPB area of either of
these electrode materials. In the case of porous Pt paste spread on
YSZ, the active interface is only at the perimeters of islands of Pt
which are in good contact with the YSZ disk, and which are also
accessible to oxygen and in good contact with the Pt mesh current
collector. For the LSM/LSM-YSZ materials, the active interface is
anticipated to be much larger, considering the composite nature of
this coating and the ionic and electronic conductivity of LSM. Even
S0, it is interesting that thig, values(based on geometric aredsr
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1/T x 1000 (1/K)
0.9 1 1.1
O 1

of the CV currents on sweep rate and of the EIS data op@l;élow

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

The exchange current densitidgmsed on geometric anefar the
ORR at in-house LSM-YSZ composite cathodes were determined
from the charge-transfer resistance obtained from the EIS experi-
ments, as well as from both low- and high-field CV data. For a
simple mechanism involving the transfer of only one electron and
with an electron transfer as the rds, it was shown that at 800°C, the
low-field CV range should not exceetd40 mV vs.the OCP. Fur-
thermore, the high-field region does not commence until an overpo-
tential of —430 mV has been exceeded. Based on these limit$, the
values obtained using all three methods showed close agreement at
all temperatures, indicating that our experimental and interpretive
approach is correct and also demonstrating good cathode stability.

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

1.2

¢ low
® high Ta

AacZ

<8

Figure 9. Arrhenius plots for ORR at in-house LSM/LSM-YSZ composite/
YSZ electrodes in aii.,, was obtained using the low-field, high-field, and EIS
techniques fon/v of 1.
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Determination of ORR activation energies from values—

slope of these plots via the simplifying equatidy. 4), is between
120 and 150 kJ/mo{29-36 kcal/mol or 0.3-0.37 e\?? Although
not shown, then/v ratio does not affect the value of the ORR The University of Calgary assisted in meeting the publication costs of
activation energy, regardless of whether the low-field, high-field, orthis article.
EIS method was employed. Also, the linearity of the plots in Fig. 9

again indicates that the in-house LSM-YSZ composite electrodes List of Symbols

are stable as a function of temperature and other experimental A grea, crf
conditions. F Faraday constant, 96485 C/mol

The ORR activation energy obtained for the in-house LSM-YSZ h  Planck constant, 6.6260755 1073 J s
composite is reasonable and compares well toaBfealues of 100- I' g;’(rcf::]g '2 current. A
200 kJ/mol reported in the literatut&?’ For example, aifE, of 110 i current density, Alch
kJ/mol was reported for lgaSr, MnO;, while a value of 180 kJ/ i exchange current density, A/ém .
mol was obtained for the ORR at both | MnO; and K Boltzmann constant, 130656 10 J/K
Lap 7St sMnO; .28 A reportedE,, of 200 kJ/mot”*°was attributed to R gas constant, 8.31451 J/K mol
the dissociation of @ at low overpotentials, while ai, of 160 rnumber of electrons transferred during the rds

: —0.14 . T temperature, K

kJ/mol, along with Do, dependencé’ was attributed to the slow X pre-exponential constant
step being oxygen dissociation and adsorption. Ostergard and Y combined pre-exponential term
Mogensef proposed an oxygen adsorption mechanism, following Greek

the Freundlich isotherm, and attributed the medium-frequency arc to
the dissociation of adsorbed oxygen molecules. Our previous work
with Pt paste on YSZ yielded an ORR, value of 120 kJ/mol, a

anodic transfer coefficient
cathodic transfer coefficient
symmetry coefficient

Qa
e

value which has been suggested by others to reflect the slow surfacg goc-
diffusion of O, on the Pt surfac " Overall, in our work, it ap-

pears that the ORR activation energy is similar at LSM-YSZ and Pt Y
cathode layers on YSZ. Based on our results to date, including the v
anomalously high Tafel slopes observ&ig. 6), we cannot conclu- Pequi
sively determine the ORR mechanism and/or rds at our LSM-YSZ

chemical energy of activation

overpotential, E

number of electrons transferred before the rds
stoichiometry of the rds

equilibrium potential across the interface
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