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A-Site Deficient (Pry¢Srj4);_Fey5C0y,0;_5 Perovskites as Solid

Oxide Fuel Cell Cathodes

K. Kammer Hansen™"

Fuel Cells and Solid State Chemistry Division, Risp National Laboratory for Sustainable Energy, Technical

University of Denmark, DK-4000 Roskilde, Denmark

Five A-site deficient (Pry¢Sry4),_FepsC00,05_5 perovskites (s = 0.01, 0.05, 0.10, 0.15, and 0.20) were synthesized using the
glycine-nitrate process. The perovskites were characterized with powder X-ray diffraction (XRD), dilatometry, four-point dc
conductivity measurements, and electrochemical impedance spectroscopy using cone-shaped electrodes on a Ce, ¢Gd, ;0O o5 elec-
trolyte. XRD revealed that only the compounds with s=0.01 and 0.05 were of single phase. The other compounds contained an
additional phase in the form of a Co—Fe spinel. The thermal expansion coefficient decreased systematically with an increase in s.
The total conductivity followed the small polaron hopping process below a certain characteristic temperature. The total conduc-
tivity decreased with increasing s. It was likewise shown that the polarization resistance found a minimum for the compound with
s=0.05, with a total area specific resistance more than 3 times lower than the weakly A-site deficient (Pry ¢Sty .4)0.99F€05C002,05_5

perovskite.
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The solid oxide fuel cell (SOFC) is a high temperature generator
of heat and electricity. One major obstacle that must be overcome, if
the SOFC is to be commercialized, is lowering of the operation
temperature.l To make this possible, new electrode materials are
needed. On the cathode side Co- or Fe—Co-based electrodes have the
highest activity toward the reduction of oxygen in an SOFC,? even
though examples of other systems with an equal electrochemical
activity are known.’ In this sense two compositions have been ex-
tensively investigated in the literature, SmgsSrysCoO;_5 and
LaOAGSrOAFeOI8C00'203_3.4'9 An area specific resistance (ASR) of
0.18 Q cm? at 600°C has been reached by a composite of
Smy 519 5C00;_5 and Ce,;_,Gd,0,_5 (CGO).* This is still not a high
enough performance at 600°C, and better electrode materials must
be developed. Recently, even better/lower ASR values have been
obtained on a Ba 5Sr( sFej,Coy gO;_s-based cathode.'” An ASR of
less than 0.1 Q cm? at 600°C was obtained. However, electrodes
made with this compound are not stable over time.'" A few studies
of A-site deficient Fe—Co-based perovskites have been reported.B'15
It was shown that the conductivity depends on the A-site
stoichiometry.13 Likewise, it was shown that the thermal expansion
coefficient (TEC) decreases when the A-site stoichiometry is low-
ered. From powder X-ray diffraction (XRD) it was concluded that
the A-site deficient perovskites were rhombohedral and single
phase.I3 Results of the electrochemistry of the A-site deficient
(Lag 6Sro.4);_Feg3Co205_s were reported in Ref. 15. The activity
was strongly dependent on s. These A-site deficient perovskites con-
sisted of two cubic perovskite phases and one spinel phase.15 The
strongly A-site deficient perovskite (Lag ¢St 4)99FegsC00205_5 has
been investigated as porous composite electrodes with
Ce9Gdy 10495 (CGO10) with relatively good results, as an ASR
value of 0.19 0 cm? was obtained on a CGOI0 electrolyte at
600°C."* This is better than the ASR value obtained on the stoichi-
ometric Lag ¢St 4Feq gCog,05_5 perovskite.9 Even though the per-
ovskite was strongly A-site deficient, the perovskite was not stable
together with yttria-stabilized zirconia.

In this study a series of A-site deficient (PryeSro4)i_sFeos
Coy,03_5 perovskites (s=0.01, 0.05, 0.10, 0.15, and 0.20) was syn-
thesized and investigated as SOFC cathodes by using electrochemi-
cal impedance spectroscopy (EIS) and cone-shaped electrodes. The
use of cone-shaped electrodes is very convenient when studying
SOFC electrodes.'”"” The contact area of the cone-shaped electrode
can be determined using Newman'’s formula®

* Electrochemical Society Active Member.
* E-mail: kkha@risoe.dtu.dk
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where R, is the intercept at the real axis at high frequency and o™ is
the specific conductivity of the electrolyte. r is the radius of the
contact between the cone-shaped electrode and the electrolyte, from
which the contact area can be calculated. The polarization resistance
on cone-shaped electrodes is much higher than the polarization re-
sistance on porous planar electrodes. Fe—Co-based cathodes with Pr
are of particular interest as they perform better than Fe—Co-based
cathodes with other A-site cations.

(1]

r

Experimental

Synthesis of the (PrggSrg4);_FeqgCo00,03_5 perovskites was
done using the glycine-nitrate route.” Aqueous solutions of the
metal nitrates were mixed in an appropriate ratio in a beaker. Gly-
cine was then added. The solutions were then heated on a hot plate
until they ignited. The resulting powders were transferred to alumina
crucibles and were calcined at 1100°C/12 h in air in a box furnace.
The following starting compounds were used as metal nitrates:
Pr(NOs); (Alfa Aesar, 99.9%), Sr(NOs), (Alfa Aesar, 99%),
Fe(NO3); (Alfa Aesar, 98%), and Co(NO3), (Alfa Aesar, 99.8%).
To evaluate the phase purity of the calcined powders, powder XRD
using a Stoe 60 diffractometer equipped with Cu Ko radiation was
performed. The diffractograms were recorded in the range 20:
20-80°. The bars for the dilatometry and conductivity measurements
and the cylinders for the fabrication of the cone-shaped electrodes
were made as follows: The powders were pressed in appropriate dies
(bars and cylinders) and sintered at 1250°C/12 h in a box furnace
in air. The bars were then machined into 4 X 4 X 18 mm bars and
the cylinders were machined into cone-shaped electrodes. The cone-
shaped electrodes had a base of 7.5 mm and sides with an angle of
45°. The density of the bars was determined with the Archimedes
method. The CGO10 pellet used for the electrochemical measure-
ments was made as follows: CGO10 powder (Rhodia) was mixed
with stearic acid and glycerine in a ball mill with ethanol. After
drying the powder was pressed to a disk in an appropriate die and
sintered at 1500°C/2 h in air in a box furnace. The stearic acid was
added as a lubricant and the glycerine was added as a binder. The
dilatometry measurements were performed by using a Netzh 402
dilatometer in the temperature range of 30—1000°C with heating and
cooling ramps of 2°C/min. The bars were kept at 1000°C for 2 h
before cooling down. The four-point dc conductivity measurements
were also performed in air using a Keithley micro-ohmmeter to-
gether with a personal computer (PC) controlling the ohmmeter and
the furnace temperature. An in-house PC Linux program, was used
for the collection of the data (temperature and resistance). The

Downloaded 30 Jun 2010 to 192.38.67.112. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



B1258

120

100 +

80 -

60 -

Rel. int. / %

40

20 A

N JL Ll
T T T T
40 50 60 70

T T

10 20 30 80

26 / degree

Figure 1. Powder XRD pattern of the compound (PrygSry4)oos
Fe( 3Co,,05_5 recorded in air at room temperature.

samples were heated and cooled with a ramp of 5°C/min. The tem-
perature range spanned was 50—1000°C. At every 50°C the samples
were kept at temperature for 2 h. The resistance was measured every
fifth minute. The characterizations of the cone-shaped electrodes
were done in a setup described in Ref. 23. EIS was used to charac-
terize the cone-shaped electrodes. The EIS was measured in the
range of 1 MHz-0.05 Hz with five points measured at each decade.
An amplitude of 36 mV was used throughout. An amplitude of 36
mV was needed to obtain data of sufficient quality. The measure-
ments were done at 800, 700, and 600°C in the given order. The
cones were equilibrated at temperature for 24 h before the measure-
ments. 24 h were sufficient for equilibration. The measurements
were done in air. For the EIS measurements a Solartron 1260 in
stand-alone mode was used. The EIS data were treated in the PC-
DOS program “equivcrt” by Boukalmp.24 Three (RQ) components
were used in the fitting. Q is a constant phase element with the
admittance

Y* = Yo(jolwy)" (2]

where Y, is an admittance, w is the angular frequency, j is the
imaginary unit, and » is the frequency exponent.

Results

A result from the powder XRD is found in Fig. 1. From powder
XRD only the samples with s=0.01 and 0.05 are single phase. The

Table 1. Unit cell parameters of A-site deficient
(Pry¢Sry.4)1_sFey5C0y,0;3_; perovskites measured with powder
XRD in air at room temperature.

N

0.01 0.05 0.10 0.15 0.20
AA) 7717100 7.723(22)  7.723(6)  7.82(8) 7.711(9)
B (A)  5.500(8) 5.47(3) 5.545(4)  5.455(14)  5.550(5)
C(A)  5.448(5) 5.529(8) 5.484(5)  5.50(3) 5.504(8)
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Figure 2. (Color online) Total conductivities as a function of temperature for
the A-site deficient (Pr St 4);_,FeysC0y,0s_s perovskites. The conductivity
drops with increasing s. The conductivities have been corrected using the
Bruggeman asymmetric model.

other samples contain an additional phase in the form of a Co-Fe-
based spinel phase. As determined from XRD, the amount of the
spinel phase increases with increasing s. The maximum amount of
foreign phase is around 10% for s = 0.2. The unit cell parameters
are found in Table I. The unit cell parameters show an irregular
change with s. The peaks are rather broad. This is probably due to an
inhomogeneous distribution of the cations. For the sintered bars a
density in excess of 92% of the theoretical density was obtained.

The results of the dilatometry measurements are found in Table
II. Observe that the TEC decreases with decreasing stoichiometry on
the A-site.

The conductivity of the samples is also dependent on the A-site
stoichiometry. The conductivity as a function of temperature is plot-
ted in Fig. 2. The conductivity is highest for the compound with s
= 0.01 at all temperatures. For all the samples an increase in con-
ductivity with an increase in temperature, until a certain temperature
after which the conductivity decreases, is observed. The maximum
in conductivity is found for the compound with s = 0.01, and it
gives a value of 402 S cm™! at 520°C.

An example of an EIS spectrum is seen in Fig. 3, together with
the result of the fitting. The spectrum consists of three arcs. The
variation in the total ASR with s at a temperature of 600°C is found
in Fig. 4. The total ASR finds a minimum for the compound with
5=0.05 with an ASR of 1.72 0 cm? at 600°C. The total ASR values
at the three measured temperatures are found in Table III. The con-
tribution to the total ASR of the individual arcs at 600°C are found
in Table IV, together with the n values. The n values are the fre-
quency exponents given in Eq. 2.

Discussion

The A-site deficient (PrggSro4);_FeggCo0r03_5 perovskites
differ from the A-site deficient (LaggStg4)i_sFepsCop205_s
perovskites.15 In A-site deficient lanthanum-based perovskites, two
perovskite phases are present along with a Fe—Co-based spinel

Table II. TEC values of A-site deficient (Pr¢Sry4);_Fe,3C0,,03_s perovskites in air from 100 to 900°C.

s

0.01 0.05

0.10 0.15 0.20

TEC (10°° K™) 18.67 + 0.2 1823 + 0.3

17.70 £ 0.3 17.35 £ 0.2 16.94 = 0.2
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Figure 3. (Color online) EIS of the compound (Pry ¢St .4)0.90Fe5C00205_5
at 600°C in air. Circles are measured data. Solid line is fitted data. Charac-
teristic frequencies are marked.

phase. The two perovskites phases in the A-site deficient lanthanum-
based perovskites are two phases with different amounts of La, Sr,
Fe, and Co. In praseodymium-based perovskites, only one perov-
skite phase is present along with a Co—Fe-based spinel phase.

The variation in the TEC with s is systematic, as the TEC de-
creases almost linearly with increasing A-site deficiency. This is
probably due to the impurities with the spinel phase, and because
cobalt is lost from the perovskite phase16 (Fe-based perovskites have
much lower TEC than Fe—Co-based perovskites).17 The change in
TEC could also be due to a change in the point defect concentra-
tions. The TEC values found for the A-site deficient Pr-based per-
ovskites are higher than the TEC for CGO electrolytes.26 However,

ASR / Qcm?
(2]

0 T T T T
0.00 0.05 0.10 0.15 0.20 0.25

s in (Pr ¢St 4)1.F€C0; .03

Figure 4. Total ASR values as a function of s measured in air at 600°C with
EIS. The uncertainties on the contact areas are around 10-15%.

Table III. Total ASR values for A-site deficient
(Pry¢Sry.4)1_sFey5C0,0;_; at three different temperatures in air
measured with EIS. The values are given in  cm?

0.01 0.05 0.10 0.15 0.20
600°C 5.53 1.72 4.37 7.42 9.69
700°C 0.64 0.20 0.61 0.97 0.95
800°C 0.11 0.05 0.07 0.15 0.17

B1259

composite electrodes made by the A-site deficient perovskites and
CGO might be of use as cathodes on a CGO electrolyte.

The electronic conductivity of the compounds changes from a
metallic to a semiconductor-like behavior when the temperature is
lowered, that is, the electronic conductivity increases until a certain
temperature is reached after which the electronic conductivity de-
creases. The conductivity behavior as a function of temperature be-
low a certain characteristic temperature indicates that the conductiv-
ity is due to the small polaron hopping mechanism?’ with the
following relationship

o = (A/kTY)exp(— E,/kT) [3]

where A is a material constant, k is Boltzmann’s constant, and E, is
the activation energy. The exponent v is 1 for the adiabatic small
polaron hopping process and 3/2 for the nonadiabatic small polaron
hopping process. The equation with v=3/2 fits the measured data
best, in contrast to what has been observed by Tai et al.®% but in
agreement with Hansen and Hansen ~ for similar materials. The ac-
tivation energy E, of the total conductivity, below the temperature of
maximum conductivity, is around 0.1 eV for all the compounds. The
decrease in the total conductivity above a certain characteristic tem-
perature can be explained as follows. When the temperature is in-
creased, the perovskites lose oxygen. When oxygen vacancies are
crested in the perovskite structure, a decoupling of the overlap be-
tween the d-orbitals of the transition metal and the p-orbitals of
oxygen is the result. This can explain the lowered conductivity at
high temperature.zs’ Not only do the oxygen vacancies hinder the
polaron hopping but they also alter the other defect concentrations
which leads to a lowering of the concentration of charge carriers.
This is the main effect. The calculated temperature of maximum
conductivity is also higher than the observed temperature of maxi-
mum conductivity. The calculated temperature can be found using
the equation

Ea = kTmax [4]

The calculated temperature of maximum conductivity is around
1150 K for all the compounds, compared to the observed tempera-
ture of maximum conductivity of approximately 800 K. This is also
an indication that the oxygen stoichiometry is lowered upon heating
of the perovskites. The conductivity behavior found in this study is
almost the same as found in the literature.'>'?

The variation in the total conductivity with s can be understood
as follows. When s is increased, cobalt is lost from the perovskite
phase, as observed for A-site deficient lanthanum-based
perovskites15 and confirmed by XRD. Fe-Co-based perovskites
have a higher conductivity than Fe-based perovskites.30 This there-
fore lowers the conductivity. Also, the presence of a spinel lowers
the conductivity as Co—Fe-based spinels have a much lower conduc-
tivity than Fe—Co-based perovskites.31

Oxide ionic conductivity changes as a function of s. In the lit-
erature it was shown that a lowered A-site occupancy greatly influ-
ences the oxygen stoichiometry, oxygen ion vacancy, and cation
vacancy concentrations for manganite-based perovskites.3 % How-
ever, no literature data on the defect chemistry of the A-site deficient
Fe—Co-based perovskites have been given. In principle, a lowered
A-site occupancy can lead to the creation of both oxide ion vacan-

Table IV. Contributions to the total ASR of the individual arcs for A-site deficient (PrSrg4);_Fe)5C0y,03_; measured at 600°C in air with

EIS. The values are given in Q cm?.

0.01 0.05 0.10 0.15 0.20
600°C ASR n ASR n ASR n ASR n ASR n
High 1.18 0.90 0.58 0.88 0.78 0.87 1.53 0.90 1.95 0.89
Medium 1.65 0.32 0.50 0.42 0.90 0.41 1.75 0.33 2.02 0.31
Low 2.70 0.78 0.64 0.98 2.69 0.64 4.14 0.66 5.72 0.67
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Table V. Chemical capacitances of A-site deficient
(Pry¢Sry.4)1-Feg5C00,03_5 at 600°C in air measured with EIS.

N

0.01 0.05 0.10 0.15 0.20

C,(low) (F cm™) 0.089 0.15 0.16 0.042 0.20

cies and cation vacancies in the perovskite structure, but this has
never been observed for perovskites; also, the powder XRD data
suggest that excess Fe—Co is expelled from the perovskite structure
when s is increased. If, however, both anion and cation vacancies
are created in the perovskite structure, this probably lowers the ox-
ide ionic conductivity due to the attraction between cation and anion
vacancies.

The magnitude of the ASR is very high on cone-shaped elec-
trodes compared to porous composite electrodes of the same mate-
rials. This is partly because cone-shaped electrodes are not compos-
ite electrodes, and partly due to the interface between the electrode—
electrolyte, which is not optimized in the cone-shaped electrodes.
The geometrical configuration of the cone-shaped electrode limits
the number of contact points at the electrode—electrolyte interface.
Also, the cone-shaped electrode is dense and therefore has a low
surface area.

The interpretation of the EIS data can be done according to the
mechanism suggested and confirmed by Siebert et al. ¥ (We are well
aware of other mechanisms suggested in the literature, but this
mechanism fits the data best.) In this mechanism the high frequency
arc is due to the exchange of oxide ions at the electrode—electrolyte
interface. The equivalent capacity of this arc can be calculated using
the equation 4

C(o — R(l—n)/ny(l)/n [5]

The magnitude of the equivalent capacity of this arc is between 0.5
and 1 wF cm™2 for all the compounds, suggesting that this arc is
due to a double-layer effect.®® The n values are all close to 0.9 for all
the compounds, which again indicates that it is the same type of
reaction that occurs on all the compounds. The medium frequency
arc is normally attributed to the diffusion of oxide anions through
the bulk of the electrode.* This arc finds its minimum for the com-
pound with s=0.05, indicating that this compound has the highest
oxide ionic conductivity. The magnitude of the low frequency arc is
also dependent on s, the magnitude being smallest for the compound
with s=0.05. The low frequency arc is due to a slow redox reaction
at the surface of the electrode.” One possible explanation for this
behavior could be the lowering of the surface segregation of A-site
cations, increasing the amount of the catalytic active species Fe and
Co on the surface of the electrode material. That the magnitude of
the low frequency arc increases with a further decrease in s is per-
haps due to the loss of cobalt from the perovskite phase. The equiva-
lent capacity of this arc can be calculated for the high frequency arc
using Eq. 5. The values are given in Table V. They all fall in the
range for a chemical capacitance, as depicted in Ref. 36.
Furthermore it seems like the magnitude of the three arcs is
coupled; they all decrease or increase in the same manner with a
change in s. This parameter could either be the oxide ionic conduc-
tivity or the surface segregation of praseodymium, or perhaps both.
The electrochemical behavior of the A-site deficient Pr-based
perovskites is markedly different from the behavior of the A-site
deficient La-based perovskites. The effect of A-site deficiency is
much less pronounced for the Pr-based perovskites than for the La-
based perovskites.8 This could be due to less surface segregation for
the praseodymium-based perovskites than for the lanthanum-based
perovskites. Praseodymium perhaps fits better in the perovskite
structure than lanthanum, lowering the importance of A-site defi-
ciency. It could also be due to the ability of praseodymium to

Journal of The Electrochemical Society, 156 (10) B1257-B1260 (2009)

change its oxidation state. It could be that praseodymium has some
catalytic activity in itself toward the reduction of oxygen. This has
been shown for other systems.

Conclusion

The TEC decreases almost linearly with s, probably due to the
loss of cobalt from the perovskite phase. The total conductivity de-
creases as a function of increasing s. The effect of A-site substoichi-
ometry on the activity of praseodymium-based perovskites toward
the reduction of oxygen is reflected in a lowered ASR for the com-
pound with s=0.05. This is thought to be due to lowering of the
surface segregation of praseodymium.
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