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Abstract

Three methods of lowering the activation energy of the oxygen reduction reaction at solid oxide fuel cell (SOFC) cathodes are reported:
(i) addition of highly dispersed noble metals { <0.1 mg/cm?) at the Lay 5,51y, MnQ; cathode/ yttria stabilized zircania (YSZ) electrolyte
interface; (ii) partial substitution of manganese by cohalt in La.ero mMnO3 cathodes, and (iii) combination of (i) and (ii). In the presence

of palladium, the apparent activation energy, E,, of the oxygen

isd d from 2.2 eV (La,,,S19 ;sMn0; without catalyst)

to 1.4 eV. A similar effect is observed, when manganese is substitur>d by 20 mol% Co (Lag 79819 1My 56C00 2003), where E,=0.9 eV is
obtained. In the presence of palladium, with the substitwtion of manganese by cobalt (method (iii) ), no further improvement is achieved.

Keywords: Solid oxide fuel cell; Cathodes; Catalysis

1. Introduction

An impoiant goal in the development of solid oxide fuel
cells (SOFCs) is to reduce the operating temperature of the
fuel cell stack from about 1273 to below 1100 K. This goal
can only be reached if electrodes with a high catalytic activity
for the electrochemical reactians are developed.

In the case of the SOFC cathode, high activation energics
of the oxygen reduction are obtained with standard perov-
skites such as Lag geSrp1sMn0O; (LSM) [1]. In the present
paper, three methods of lowering the actlvanon energy of the
oxygen reduction are

(i) addition of noble metals to the common Lag,Sry;MnO,
cathode;

(ii) partial substitution of manganese by cobalt in
Lag 79810 ;sMn; .. ,C0,03; cathodes, and

(iii) combination of (i) and (ii), i.c. addition of palladium
to the Lag, 5981,,6Mng gCoy ;05 cathode.

Initial attempts with noble metal catalysts were made by
impregnating the electrode particles [2]. For an optimat
cffect, the catalyst should be concentrated at the interface
between the clectrode and the electrolyte. Thus, thin layers
(=0.1 mg/cm?) of highly dispetsed noble metals, i.e. pal-
ladium, platinum, iridium and ruthenium, were prepared onta
the yttria stabilized zirconia (YSZ8) electrolyte surface, as
described in Section 5.

In previous work [3], cobalt-containing perovskites, €.g.
Lag 30S7.20Mn,, 50C0p 5003, have been reported to decrease
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significantly the overpotential of the oxygen reduction. Nev-
ertheless, no data concerning the app: activation
and pre-exponential factors of the overall reaction as a func-
tion of overpotential and cobalt content were given.

In this paper, data of the current densities of oxygen reduc-
tion and oxygen evolution on the standard perovskite
(LSM84) and the modified perovskites (seec methods (i)—
(iii)) as a function of overp ial and p are
reported. From the temperature dependence of the current
density at different overpotentials, apparent activation ener-
gies and pre-exponential facterz «erz calculated and plotted
as a function of the overpotential. In the case of oxygen
reduction, the overall reaction can be written as:

0,+2V;+4e™ »208 (4]

In Refs. {4,5], different mechanisms for the oxygen reduc-
tion reaction have been proposed. Nevertheless, the mecha-
nism of the oxygen reduction at the SOFC cathode is not yet
clear. The following sequence of steps is one possibility to
describe the reaction mechanism:

(i) diffusion of Q, into the pores of the cathode:

0,0, pore (1a)
(ii) adsorption of O, onto the cathode or catalyst surface:

02, pore =02 (1)
(iii) dissociation of molecular adsorbed oxygen:

03, 20204 (1c)
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(iv) surface diffusion of atomic adsorbed oxygen to the
triple contact phase (tcp):

00— O, p (1d)
(v) first-charge transfer:

Oy, ept €™ =0, cp {le}
(vi) second-charge transfer

Ou wpte” =0k an
(vii) oxygen-ion transfer into the electrolyte:

Ok 1p+ V>0 (1g)

2. Experimental
2.1. Preparation of the cathodes

The cathode layers were prepared by screen printing using
tape cast electrolyte foils as the substrates. The cathodes were
made from perovskite powders which had been prepared from
aqueous nitrate salt solutions (Merck, p.a.) by spray drying
and had either the composition of Lagg,Sro1sMnO;
(LSMB4) or Lag, 76516 1 sMn, -, C0,0; with =0, 10 and 20
mol% Co on the B-site (LSM79, LSM79Cel0 and
LSM79C020). A detailed description of the preparation pro-
cedure can be found in Ref. [6]. The sub-stoichiometry of
the cobalt- ontaining perovskite on the A-site has been found
to suppress the formation of insulating StZrO, ¢. La,Zr,0,
layers between YSZ8 and the perovskite [7]. The thickness
of the cathode layers was =50 pm, the diameter 1 cm and
the porosity about 30%. The sintering temperature was
1473 K.

2.2. Preparation of the electrolyte

The electrolyte foils consisted of 8 mol% ytiria stabilized
zirconia (YSZ8) with a thickness of 130 um and a diameter
of about 2 cm. They were prepared from commercial powders
(Tosoh/United Ceramics) by tape casting. The electrolytc
foils were sintered at 1873 K for 1 h.

2.3. Preparation of the catalyst layers

The catalyst layers were made from aqueous solutions of
platinum, palladium, iridium and ruthenium salts, which were
prepared using either dissolved metal pieces (Pt, 99.9%, Har-
aeus) or soluble salts (PdCl;, IrCl,, RuCly, p.a., Heraeus).
The concentration of metal in the solutions was 6.25 g/1. 10
] drops of these solutions were applied onto the YSZ8 foils.
After drying, ke salts were either reduced to the metal form
by heating uncr hydrogen atmosphere at 1073 K for 1 h (P1/
Pd), or oxidized by heating under air atmosphere at 1073 K
(Ir/Ru). Highly dispersed catalyst layers with a thickness of
less than 0.1 mg/cm? were obtained. After then, the cathode

working electrode
{perovskite) referance
electrode
{platinum)
catalyst particles 10 mm

(e.g. Pd)

solid electrolyte 18.5 mm
'§28, d=130
\ wn) counter electrode
{perovskite)

Fig. 1. Schematic view of the cross section of the measuring cell.

layers were brought onto the prepared clectrolytes, as
described above.

2.4. Cell design

A schematic picture of the cell geometry is shownin Fig. 1.
The ring-shaped reference electrode was made of platinum
paste (Demetron 308A). The current was supplied by using
platinum nets and platinum wires. The gas compartments
were scparated by placing gold seals on both sides of the
electrolyte.

2.5. Electrochemical apparatus

Potentiodynamic current-potential measurements were
performed by means of a Schlumberger Solartron 1286 elec-
trochemical interface. Potentiodynamic measurements were
run with the ‘Blue Chip Software version 2.04’. The scan rate
of the potentiodynamic was | mV/s. A cor-
rection of the current—potential curves due to ohmic lossss in
the electrolyic was performed by subtracting the ohmic resis-
tance calculated from imped spectra which were meas-
ured by using a Schlumberger Solartron 1255 frequency
response analyser.

3. Results and discussion

3.1. Addition of noble metal catalysts to the LSM84
cathode

3.1.1. Current-p ial 5

First, quasi-steady-state current-potential measurements
were carried out in the potential range, where oxygen reduc-
tion and oxygen evolution take place on Lag .Sty :6MnO;
cathodes with and without the addition of a catalyst at a
temperature of 1073 K. Tafel plots, i.. semi-logarithmicplots
of the current—potential curves are shown in Fig. 2. In the
presence of palladium as the catalyst, the current density
increases by more than one order of magnitude as compared
with samples without cataly=t. With platinum as the catalyst,
the current density of the oxygen reduction reaction is
enhanced by nearly one order of magnitude, while the current
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Fig. 2. Tafel plots for vxygen reduction and oxygen evalution on
Lag 45T0.1sMnO, cathades, comparison of cathodes without catalyst and
with addition of palladium, platinum, mdlum and ruthenium; data are
bai T dU/dr=

d from quasi-steady-state current

I mV/s, T= 1073 K, air aimosphere.

density of the oxygen evolution reaction is not affected within
the experimental error. With the addition of iridium or ruthe-
nium, the current density decreases in general, but especially
for the oxygen evolution (as compared with values obtained
in the absence of a catalyst).

In order to understand the influence of the different cata-
lysts on the current-potential curves obtained with
Lag £4S10,1sMnO; cathodes, it is important to distinguish their
influence on the apparent activation energy and the apparent
pre-exponential factor of the overall reaction. While the acti-
vation energy only reflects the electrocataiytic activity of the
cathode material inclusive all catalyst layers, the pre-expo-
nential factor correlates both the electrocatalytic activity, e.g.
the number of reaction sites, and the microstructure of the
electrode/electrolyte interface, e.g. the le - gth of the reaction
zone.

The apparent activation energies and the apparent pre-
exponential factors of the oxygen reduction and the oxygen
evolution reactions were determined from the temperature
dependence of the current—potential curves obtained with the

l + Y=
® Ta 123K
Fe Ta NIK
a T= 12236
4, L 1 1 1 L
-06 -04 -02 00 0.2 0.4 0.6
n/v
Fig. 3. Tafel plots for oxygen reduction and oxygen evolution on a
Lag4810.,:Mn0O; cathode; 7= 1073, 1123, 1173 and l223K airatmosphere,
data obtained from quasi-: y current-p du/
dr=1mV/s.

cathodes described above. The temperature range was
between 1073 and 1223 K. For the example of the
Lag4310,,6MnO; cathode without a catalyst, Tafel plots
obtained from the current-potential curves are shown in
Fig. 3. As can be seen, the increase in current density with
temperature is more prorounced in the potential range of the
oxygen reduction reaction. This is reflected in the Arrhenius
plots (sec Fig. 4) calculated for different anodic and cathodic
overpotentials.

From the slope and the intercept of the Arrhenius plots at
1/T=0, apparent activation energies and apparent pre-expo-
nential factors of the oxygen reduction and the oxygen evo-
Iution reacrions, respectively, as a function of the
overpo:ential were calculated, see in Fig. 5. Atnegative over-
potentials, where the oxygen reduction is dominating, high
apparent activation energies of more than 200 kJ/mol are
obtained. This means, that the electrocatalytic properiies of
Lag 84510,sMnO; cathodes with respect to oxygen reduction,
which occurs at the cathode/electrolyte interface in high tem-
perature fuel cells, are poor. A similar result has been obtained
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Fig. 4. Arrhenius plots cal d from t curves (see

Fig. 1) in the temperatuce range from 1073 to 1223 K, 5= —0.29, ~0.19,
-0.1,0.1,0.19ar? 0.29 V.
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Fig. 5. LoggSr,eMnC, cathode without catalyst; apparent activation
energy, E,, and apparent pr- =xponential factor, A, as a function of overpo-
tential, 7. Values were obtained from Asthenius plots in the ial range
of —0.3 V<%<0.3 V and the temperature range of 1073 to 1223 K (see
Fig. 4).
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with Lag 4450 16MnOj; cathodes made by wet powder spraying
{1]. At negative overpotentials, *wo potential ranges can be
distinguished. At fow overpotentials (/7] <200 mV), the
apparent activation energy decreases withincreasing ncgative
overpotential, while the apparent pre-exponential factor
remains almost constant. This behaviour is expected for a
rale-determining charge-transfes process. According to:

1n<0, |9l > RT/nF dE,/dIn| =anF (2a)
1n>0, 9> RT/nF dE,/dn=oanF (2b)

where a, and o, are the charge-transfer coefficients of reduc-
tion and oxidation reactions and # is the number of the elec-
trons involved in the charge-transfer steps, avalue of an=0.5
is obtained from the slope of E,~n, which is a reasonable
value for a charge-ransfer-controlled process. At high
cathodic overpotentials (| nl >200 mV), both £, and log A
decrease with increasing negative overpotential, which can-
not be explained with a rate-determining charge-transfer step
or other rate-determining steps, like surface diffusion of
adsorbed oxygen species or dissociative adsorption of oxygen
onto the cathode surface. In the latter case, both E, and log A
are expected to be independent of the overpotential. Thus, at
high negative overpotentials, the overall reaction rate is not
determined by a single partial step, but by at least two partial
steps of the overall reaction. At potentials where oxygen
evoiution takes place, much lower apparent activation ener-
gies of about 140-150 kJ/mol are obtained. At anodic over-
potentials more than 200 mV, the apparent activation energy
increases with increasing overpotential. Furthermore, the
appareni pre-exponential factor is strongly dependent on the
overpotential and shows a similar potential dependency as
compared with the apparent activation energy. These results,
which have been also observed in previous experiments (1],
indicate a complex reaction scheme which can only be unrev-
elled using additional experimental techniques.

With the addition of noble metal catalysts, the picture
changes considerably. Fig. 6 shows apparent activation ener-
gies and apparent pre-exponential factors of the oxygen
reduction and the oxygen evolution reactions s a function of
the overpotential in the presence of palladium. In this case,
the apparent activation energy of the oxygen reduction in the
range of 100-140kJ/mol is much smaller compared with the
values obtained for the cathode without addition of catalyst,
see Fig. 5. The effect of a decreased activation energy is
partially compensated by a parallel decrease of the pre-expo-
nential factor. A comparison of the influences of the apparent
activation energy and the apparent pre-exponeatial factor is
possible, if the values of activation energies are divided by
2.3 RT. For example at a temperature of 1073 K, a decrease
of the apparent activation energy by 20.5 kJ/mol is compen-
sated by a paralle]l decrease of the apparent pre-exponential
factor by one order of magnitude. At a typical overpotential
of —0.1 V on a high temperature fuel cell cathode, the appar-
ent activation energy decreases from 214 ki/mol (without
catalyst, see Fig. 5) to 138 kJ/mol (addition of palladium,

9 &
. 3 pil B 200
B -] -
£ o T
s E 5]
Z 7F { E
~ 2
s |
< gE H1s0
2 i u
o : i
o 9 & ]l o+
o o ]

4F w‘ﬁ 1100

E i 1

~0.2 0.0 0.2
n/v

Fig. 6. L0ggsS1o,1sMnO, cathode with the addition of palladium; apparent
activation energy, £,, and apparent pre-exponential factor, A, as a function
of overp ial, . Values btained from Arrhenius plots in the poten-
tial range of —0.3 V< 7<0.3 V and the temperature range of 1073 1o
1223 K.

see Fig. 6). At a temperature of 1073 K, this means a shift of
AE,/23RT=3.7. At the same overpotential, the apparent
pre-exponential factor decreases from 7.8 to 5.1, which means
a shift of Alog A=2.7. As a result, the current density
increases by one order of magnitude from 1.8 mA/cm? ( with-
out catalyst) to 18 mA/cm?® (addition of palladium), as
shown in Fig. 2. As in the case of LSM84 without catalyst,
at negative overpotentials, two potential ranges can be distin-
guished. In contrast to the results obtained with LSM84 with-
out catalyst, a1 'nw overpotentials ( 7] <200 mV), both E,
and log A decrease with increasing negative overpotential,
which cannot be explained with a rate-determining charge-
transfer step. At high cathodic overpotentials (7] >200
mV}, both E, and log A are almost independent of the over-
potential, which would be expected for surface diffusion or
dissociation/adsorption of oxygen as rate-determining
reaction steps. In the rotential range of oxygen evolution,
high apparent activation energies (E,=190-210 kJ/mol)
and pre-exponential factors {log A =8-9) with maxima at
0.2 V are obtained. This result is surprising, since the acti-
vation energy of the oxygen evolution is strongly increased
by the addition of palladium.

If platinum is present, both E, and log A are decreased, but
much less pronounced than compared with the values
obtained by addition of palladium. Thus, at n= —0.1 V, the
current density increases only by a factor of two. By addition
of iridium or ruth in the p ial range of oxygen
reduction, the activation energies ( E, = 200kJ/mol ) and pre-
exponential factors (log A=7-8) are similar to those
obtained without addition of catalysts. On the other hand, at
anodic overpotentials, E, (160-210 k}/mol) and log A (5-
8) are higher compared with values calculated for the cathode
without catalyst. Again, the influence of the change of the
apparent activation energy is dominating. As a result, in the
presence of iridium or ruthenium, the current density of the
oxygen reduction is slightly decreased, while the current den-
sity of the oxygen evolution is strongly decreased.
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Fig. 8. Tafel plots of oxygen reduction and oxygen evolution on

Lag 79560 1M, _ /C0,0; cathodes with =0, 10 and 20 ,i21% Co.

current density invreases, in the case of 20% Co by une order
of magnitude. From the depend, of the cur-
rent-potential curves, apparent activation energies and pre-
exponential factors of the oxygen reduction and the oxygen
evolution reactions were calculated. Table 1 shows, that with
increasing cobalt content, at acathodic overpotential of — 100
mV, E, decreases from 223 to 1 10kJ/mol and log A decreases
from 8.4 to 3.8. Again, the influence of the activation energy
on the current density is dominating and the current density
increases for 20 mol% Co as compared with 0% at 800 °C.
For the example of the Lag 1587, M1y, 5/Coy 2905 cathode
(LSM79C020), the apparent activation energies and appar-
ent pre-exponential factors as a function of the overpotential
are shown in Fig. 9. At negative overpotentials, two potential

Table 1
Apparent activation energies, E,, and apparent pre-exponential factors,

Fig. 7. (a) Scanning electron zraphs of palladium particles onto the logA. obtained from Arhenius plots of the cuwent density on
XSOOD (b) scann;'l:gmf:!:::huco; élcmgap’;:sl:: :hi?r:::ﬁ:;:af:;:::‘e‘: Lo St 16Mn; -,C0,0, cathodes with u=0, 10 and 20 mol% Co at an
wodedel v fterthe p ; e overpotential of —0.1 V and a temperature range of 10731223 K
X 6000, Caobalt content E, logA
(mol%) (k) mol ™) (ljl/Acm™?)

3.1.2. Scanning electron micrography

Fig. 7(a) and (b) shows SEM pictures of palladium par- 0 23 84
ticles on the electrolyte surface before the preparation of the 10 237 48
cathode layer (Fig. 7(a), top view) and after the preparation 0 1o 33
of the cathode (Fig. 7(b), cross section), the magnification
of the micrographs is X 5000 (Fig. 7(a)) and X 6000 (Fig. 3sF 15
7(b}), respectively. The palladium particles were analysed L fp ]
by energy dispersion X-ray (EDX). As can be seen from Fig. '.";' | J N 71 "’E._
7(a), a distribution of the particle size of palladium in the H :’ g
range of <0.1 up to =1 um is obtained. The cross section ~ R 1053
of the cathode/electrolyte interface (Fig. 7(b)) shows asim- 235 h . ,ﬁ’é‘p k\r
ilar distribution of the particle size of palladium. This means g j %2 3 oot
that the palladium particles do not agglomerate during the g n‘*u ¥
sintering process of the cathode. B & \ 398

340 L L L 1190
3.2. Partial substitution of manganese by cobalt -04 =02 o)ov 0.2 04
n

Fig. 8 shows Tafel plots of oxygen reduction and oxygen
evolution using La, 5081 M, _.,C0,0; cathodes withu =0,
10 and 20 mol% Co. With increasing amount of cobalt, the

Fig. 9. Lay1oStq,;sMny5C0op ;05 cathode: apparent activation encrgy, E,,
and apparent pre-exponential factor, A, as a function of overpotential, 7.
Values were oblained from Arh plots in the p ] range of
~0.3 V< 7<0.3 V and the temperature range of 1073 10 1223 K.
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ranges can be distinguished. At low overpotentials
(Iml <200 mV), E, decreases with increasing overpotential
(a.n=0.75, according to Eq. (2a)), while log A remains
ahmost constant. Qualitatively, this behavior is similar to that
of LSM84 without addition of a catalyst at low overpotentials
and can be interpreted with arate-determining charge-transfer
process. Nevertheless, the values of E, and log A obtained
with LSM79C020 are a factor of two smatler compared with
those obtained with LSM84. At high cathodic overpotentials
(1751 >200 mV), both E, and log A seem to be independent
of the overpotential, similar to the results obtained with
LSM84 + palladium at high cathodic overpotentials. Quan-
titatively, the values obtained with LSM79C020 (E,=
97 kJ/mol, log A=3.7) are nearly identical with those for
LSM84 + palladium (E,=100 kI/mol, logA=3.8, see
Fig. 6). The latter results may be interpreted by the same
rate-determining step, e.g. surface diffusion or dissociation/
adsorption of oxygen, at high overpotentials on both
cathodes.

In the potential range of oxygen evolution, E, decreases
with increasing overpotential (cn=0.35, according to
Eq. (2b)), while log A remains almost constant, which can
be interpreted with a rate-determining charge-transfer
process.

3.3. Addition of palladium to the LSM79C020 cathode

Fig. 10 shows a comparison of the catalytic activitiy of the
investigated cathodes. The apparent activation energy is plot-
ted versus the apparent pre-exponential factor for LSM84 and
LSM79C020 cathodes with and without the addition of pal-
ladium. The data were obtained from the temperature depend-
ency of the current density at an overvoltage of — 100 mV,
which is a typical overvoltage at the SOFC cathode under
practical conditions. Since the overall current density at a
constant overpotential can be written as:

logj=log A— (E,/2.3RT) 3)

straight lines corresponding to constant-current densities are
obtained in the E,—log A plot for a constant temperature. The

four lincs indicated in Fig. 10 correspond to four current
densities in the range of 1 mA/cm? to 1 A/cm? and are
calculated for a temperature of 1073 K. As can be seen from
Fig. 10, the same E, and log A values are obtained for
LSM79C020 and LSM84 with the addition of palladium,
although the E, and log A values for the same cathodes with-
out the addition of a catalyst differ significantly. Thus, almost
the same current density of about —30 mA/cm? at T=
1073 K and n= —0.1 V is obtained for the modified cathodes
shown in Fig. 10. This means, that a combination of method
(i) (addition of noble metal catalyst) and method (ii) (par-
tial substitution of manganese by cobalt) yields no further
improvement in electrocatalytic activity of the cathode as
compared with either method (i) or method (ii). The results
suggest, that in the pre - nce of palladium, the oxygen reduc-
tion predominantly takes place in the palladium layer. Thus,
the overall rate of oxygen reduction is determined by patla-
dium, independent of the composition of the perovskite cath-
ode. Moreover, this means that the rate-determining partial
reaction step(s) occur(s) within adistance from the cathode/
electrolyte interface, which is equal 10 or smaller than the
thickness of the palladium layer, i.e. <1 pm.

4. Conclusions

As shown above, the high apparent activation energy
( =200 kJ/mol} of oxygen reduction on Lag 345t ,¢MnO; is
strongly decreased (E,=100 kI/mol) by the addition of
small amounts of highly dispersed palladium ( <0.1 mg/
cm?) (method (i)) or by substitution of manganese by 20
mol% Co on the B sites of the perovskite cathode (method
(ii) ). The apparent pre-exponential factor, A, also decreases,
but to alesser extent. As aresult, the currentdensity of oxygen
reduction increases by more than one order of magnitude, if
patladium is added or manganese substituted by 20 mol%
Co.

With the addition of platinum, the current density of oxy-
gen reduction still increases by a factor of two, whereas in
the case of addition of ruthenium or iridium, no improvement
in electrocatalytic activity of the Lag g,Sry, ,sMnO; cathode is

..

alr aimosphere, 7 = -100mV

i1 =1 Alem?

, (F=1073K)
3 4 5 6 7 8 9
og A{i)I/Ascm2)

Fig. 10. Apparent activation energies, E,, vs. apparen! pre-exponential fac-
1ors, log A, obtained from Arrhenius plots at an jal of —0.1 V and
a temperature range of 1073 to 1223 K. Values for (M) LSMB84, (A)
LSM79C020, ( v ) LSM34 + Pd, and ( » ) LSM79C020 + Pd. Straight lines
indicate different current densities (0.001, 0.01, 0.1 and 1 A/cw’).

The addition of paladium to the Lag 745t ,eMng 80C0p 2003
cathode (method (iii)) yields at low cathodic overpotential
(9= —0.1 V) the same apparent activation energy and pre-
exponential factor as obtained with Lagg,Sto;sMnO;+
palladium. This can be explained by an oxygen reduction
reaction which mainly takes place within a thin palladium
catalyst layer <1 um.

From the dependence of the apparent activation energy and
the pre-exponential factor on the overpotential, it follows,
that at low cathodic overpotentials (| 7| <200 mV), the
slopes of dE,/dn and d logA/dn obtained with
Lag 44819,6MnO; can be explained by a rate-determining
charge-transfer step. This means that at low cathodic over-
puizntials the improvement of the electrocatalytic activity of
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the Lagg,Srg16MnO; cathode by the modification methods
described above is mainly due to the catalysis of the charge-
transfer reaction(s). At high cathodic overpotentials, surface
diffusion of adsorbed oxygen species or adsorption and dis-
sociation of oxygen molecules may play an important role.
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