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Cobalt was doped into the Ce-doped StMnO; system to enhance the low ionic conductivity of
Ce-doped SrMnOj3 (SCM) for solid oxide fuel cell cathode application. Structural and
conductivity changes as a function of the Co content were investigated. SryoCey Mn;_,Co,O3_5
(SCMCo, x = 0.1, 0.2, 0.3) cathode materials were synthesized by an EDTA citrate complexing
process, which yielded a single perovskite structure, and the lattice volume was expanded by
substituting Ce and Co ions. The increased lattice volume was attributed to a decrease in the
valence state of the manganese and cobalt and an increase in the oxygen vacancy concentration.
An increase in the concentration of oxygen vacancies with increasing Co content was identified
by thermogravimetric analysis. The electrical conductivity decreased with increasing Co content,
which was attributed to an increase in the activation energy for polaron hopping. Although the
electrical conductivity was decreased by cobalt-doping, the polarization resistance of SCMCo also
decreased significantly (from 5.611 to 1.171 Q cm? at 800 °C). The decreased polarization
resistance is attributed to enhanced oxygen-ion transfer kinetics with cobalt-doping. We conclude
that cobalt substitution leads to enhancement in the electrochemical properties of the cathode due
to an increase in oxygen vacancy concentration.

. INTRODUCTION

Ce-doped StMnO5; (SCM) has received attention as
a cathode material for intermediate temperature
(600-800 °C) solid oxide fuel cells (SOFCs), because
of its similar thermal expansion coefficient to ceria-based
electrolytes as well as its high electrical conductivity
(over 300 S cm ™! at 800 °C).'~® However, it is reported
that SCM has low oxygen ion conductivity at intermediate
temperatures.”* We have previously used x-ray absorption
spectroscopy to show that the insufficient oxygen ion
conductivity in this material can be primarily attributed to
a decrease in oxygen vacancy concentration with increas-
ing Ce doping due to the strong hybridization between the
Ce 4f and O 2p orbitals.’

It is well known that oxygen ion transfer in cathode
materials with perovskite structures can be enhanced by
oxygen vacancy formation through the heterovalent
substitution of transition metal cations.®® Among these,
cobalt-doped mixed ionic and electronic conductors (MIECs)
have received great attention. Rao et al.’ investigated
BaZr,_,Co,05;_5 (BZC, x = 0.1, 0.2, 0.3, 0.4, and 0.5)
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as a cathode material for reversible solid oxide cells.
They suggested that BZC maintains the perovskite
structure for x = 0.4, and that both the electronic and
the ionic conductivity increase with increasing cobalt
addition up to x = 0.4. Trofimenko and Ullmann
reported that oxygen ion transfer was enhanced by
the creation of oxygen vacancies induced by Co ions in
the MIEC Sr,_,Ce,Fe;_,C0,05 (a = 0-0.4, b = 0-1.0),
and that the resulting ionic conductivity was higher than
that of a Gd-doped ceria electrolyte.'® By analogy, it
can be expected that Co-doping might also improve
ionic conductivity in SCM, which can be expressed in
Kroger—Vink notation as

1 1 y ,
EC0203 + 502(9 SrM—nC>)3 SI‘Sr2+ + Copgpes
1

5
+5Vo+50;

To investigate this possibility, in this work we syn-
thesize a series of Co-doped SryoCey;MnO;
(Srp.0Cep 1Mn;_,Co,03_5, SCMCo) powders and examine
the changes in conductivity as a function of Co content
in the context of oxygen vacancy formation. The
Stp.9Cey.1MnOs is selected as the base composition because
it has a lower polarization and an acceptable electrical
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conductivity within a series of Sr;_,Ce,MnO5 (x = 0.1,
0.2, 0.3).* We focus on the crystal structural and
conductivity changes, and apply 4-probe DC measure-
ment to investigate the electrical conductivity of bar
samples, and impedance measurement to investigate the
electrochemical response of SCMCo/SDC/SCMCo,
symmetric cathodes, respectively.

Il. EXPERIMENTAL
A. Powder synthesis and sample preparation

All of the SI'QQCCQ]MH]_ COXO3_5 X = 01, 02, and
0.3) powders were synthesized using an EDTA citrate
complexing process (ECCP). The necessary stoichiometric
amount of Sr(NOs;), (Sigma-Aldrich, =99%), Ce
(NO5);-6H,0 (Alfa Aesar, =99.5%), Mn(CH;COO0),-4H,0
(Sigma-Aldrich, =99%), and Co(NOs),-6H,O (Junsei,
=98%) metal precursors were weighed and dissolved in
distilled water. An NH;-EDTA buffer solution was
prepared by mixing ethylenediaminetetraacetic acid
powder (EDTA acid powder, Alfa Aesar) and a IN
NH,4OH solution. The NH;-EDTA and citric acid
(Samchun chemical, =99.5%) for chelation were grad-
ually added to the mixed metal solution to reach total
metal ion : EDTA : citric acid molar ratio of 1:1:2. NH,OH
was dropped to adjust the pH value of the solution to
approximately 8 during the water evaporation step. Under
stirring and heating at 80 °C, a viscous gel was obtained,
which was subsequently solidified by baking in an oven at
750 °C for 4 h. The calcined powders were ground and
pressed into pellets and bar type samples under uniaxial
pressure. The green samples were sintered in air at 1350 °C
for 3 h to achieve dense ceramic bodies for electrical
conductivity measurements. Relative densities of all sin-
tered samples, as measured by Archimedes’ method, were
determined to be between 96-97%. Table 1 shows the
abbreviations of the SryoCeg;Mn;_Co,055 cathodes
according to the Co content.

B. Cell preparation

Symmetric cells were prepared to investigate the
electrochemical properties of the SCMCo10, SCMCo020,
and SCMCo30 cathodes supported on CeygSmg,0;
(SDC, Fuel Cell Materials) electrolyte pellets. The 15 mm
diameter and 1.5 mm thick SDC electrolyte pellets were
sintered at 1500 °C for 5 h. The SCMCo powders, which
were prepared by ball-milling in ethanol after crushing
the sintered pellet, were mixed with a binder prepared
from o-terpineol and ethyl-cellulose to form cathode
pastes. The detailed procedure for the cell preparation is
given in a preceding paper.*

C. Characterization

X-ray diffraction patterns of the sintered powders were
recorded at room temperature using a step scan procedure

(0.02°/20 step, 5 s/step) in the 20 range of 10-150°
(Ultima IV, Rigaku). Rietveld refinement based on the
x-ray diffraction patterns was conducted using the
Fullprof software package. In the final run stage, five
background coefficients, scale factors, and unit cell
parameters were refined from the collected XRD scans.
Site occupancies were fixed according to the results of
the chemical analysis. The weight loss of the samples was
examined by thermogravimetric (TG) analysis using a
NETZSCH STA 409 thermal gravity analyzer (Germany)
under flowing air atmosphere at the rate of 10 mL min ™.
Twenty-milligram samples were used for this analysis.

Electrical conductivity (c) was measured through
4 probe DC measurement from 500 to 1000 °C in air
using Pt wires. Electric current was supplied by a Keithley
2400 current source, and the voltage was measured using
an Agilent 34401A digital multimeter (Santa Clara, CA).

Impedance measurements were carried out using an
IviumStat (Ivium, Netherlands) instrument over a fre-
quency range from 10° to 0.01 Hz with a 10 mV excitation
voltage at operating temperatures of 650, 750, and 800 °C
in air. The impedance measurements were acquired under
an open circuit condition. The electrochemical imped-
ance spectra (EIS) results were multiplied by 0.5 to account
for the two electrodes. The measured impedance data were
plotted on the complex plane, and were fitted to an equivalent
circuit using Zview software (Solartron Analytical).

lll. RESULTS AND DISCUSSION
A. Structural characterization

Figure 1 shows the x-ray diffraction patterns and
results of Rietveld refinement of the SCMColO,
SCMCo020, and SCMCo30 powders sintered at 1350 °C
for 4 h. The refined lattice parameters, the weighted R
factor (R,p), the expected R factor (R.,), and the
goodness of fit (x%) are also presented in Table II. All
cobalt-doped SCM samples presented perovskite peaks,
which reveal the I4/mmm tetragonal space group. It is
reported that A-site doping elements can induce changes
to the electrovalence of the B-site cations in the SCM
system due to charge compensation effects.'""'* It was
also investigated that the expansion in a unit cell volume
increases due to a progressive increase in the oxygen
vacancy concentration.'” Therefore, we support that the
substitution of Ce ions and Co ions on the A-site and
B-site, respectively, of SCMCo induces partial reduction
of manganese and cobalt on the B-site and an increase in
the oxygen vacancy concentration, which would contribute
to the observed lattice expansion.

Figure 2 shows the TG curves of SCM and SCMCo
samples in air, which we use to investigate the oxygen
vacancy concentration due to Co doping. For all
SCMCo samples, the weight loss increases steadily with
increasing temperature. This weight loss is associated

2668 J. Mater. Res., Vol. 29, No. 22, Nov 28, 2014


https://doi.org/10.1557/jmr.2014.306

https://doi.org/10.1557/jmr.2014.306 Published online by Cambridge University Press

J. Ryu et al.: Structural analysis and electrochemical properties of cobalt-doped Sry 9Ceq 1MnO3_5 cathode for IT-SOFCs

5_ Yobs
Q e Yeal
= [
=) Yobs-cal
£ g
= -~
S S8 o 8
z |28 & <
Z g7 S 83
= I =
& ]
=
20 40 60 80 100 120 140
(a) Diffraction angle (20)
=) Yobs
E — Yeal
jom — Yobs-cal
=
Ty
2
=y
7] ;
| TR
= 2 - P i il 7 e
f . AT ] ] : I ; 1
20 40 60 80 100 120 140
(b) Diffraction angle (20)
- Yubs
=) — Yal
5 — Yobs-cal
=
-
z
2
‘@
= 1
8 | r
= —k é_ | S i
R I S T T T T
20 40 o0 80 100 120 140
(c) Diffraction angle (20)

FIG. 1. Observed (open symbols) and refined (solid line) x-ray
diffraction patterns of Co-doped SrpoCen;MnO;_5: (a) SCMCol0,
(b) SCMC020, and (c) SCMCo030. The difference residuals between
the observed and calculated intensities are also provided.

TABLE I. Composition and abbreviation of SryoCe(;Mn;_,C0,05_s.

Co content Composition Abbreviation
x=0 Srp.9Cep.1MnO3 SCM
x=0.1 SI‘Q(gCCO‘ano‘gCOO.]Oj;,;, SCMCol10
x =02 Sry.9Cep.1Mng §C0 ,03_5 SCMCo20
x=03 SI'()_()CC()_IMD()_7C00>303,5 SCMCo30

with loss of oxygen from the crystal lattice and the
consequent formation of oxygen vacancies, commensu-
rate with the reduction of the B-site transition metal
ions.'* The formation of oxygen vacancies in SCMCo
can be expressed in the Kroger—Vink notation as

TABLE II. Structural parameters of Srg¢Ceg Mn;_,Co,03_;s sintered
at 1350 °C after Rietveld refinements of the room temperature
XRD data.

Composition
Parameters SCMCol0 SCMCo20 SCMCo30
a=>b [A] 5.402(4) 5.412(0) 5.403(2)
c [A] 7.644(0) 7.656(4) 7.721(1)
Volume [A%] 223.097 224.254 225.414
Structure I4/mmm I4/mmm I4/mmm
Ryp [%] 16.8 154 14.8
Rexp [%] 8.12 7.08 8.12
x2 4.28(1) 4.73(1) 3.32(2)
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FIG. 2. TG curves of the SCM and Co-doped SCM in air.

1
2Mny, 4 + OF — 2Mng e + Vi + 502 ,
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The weight losses of SCMCo compositions were
higher than that of SCM (0.46%) over 650 °C, which
indicated that the concentration of oxygen vacancy was
increased by the substitution of Co for Mn. Above
650 °C, the weight loss of the SCMCo composition
also increases with increasing Co content, suggesting
that the oxygen vacancy concentration in SCMCo
increases with increasing Co content.

B. Electrical conductivity

Figure 3 provides the Arrhenius plots of the measured
electrical conductivity (S cm™') of the SCM and
SCMCo samples sintered at 1350 °C as a function of
temperature. Co-doped SCM presents lower electrical
conductivity than SCM and the conductivity gradually
decreases with increasing Co content. For example, the
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conductivity of the SCMCo10 sample was 108 S cm™'

at 750 °C while the conductivity of SCMCo30 was
103 S em~! at 750 °C. Nevertheless, both of these
values are considered acceptable (preferably more
than 100 S cm™")'>'® for SOFC cathodes.

All of the SCM and SCMCo specimens exhibited an
Arrhenius temperature dependence with modest (0.03
< E, < 0.14 eV activation energies) over a wide range
of temperatures. The results are characteristic of a small
polaron hopping mechanism, which is frequently ob-
served in the perovskite structures along the transition
metal-oxygen-transition metal chains.'” The increase
in activation energy (E,) for electron conduction with
the addition of Co ions suggests that Co substitution
increases the barrier for polaron hopping.'®

C. Polarization resistance

Figure 4 shows the EIS for symmetric cells of the
SCM and SCMCo cathodes on the SDC electrolyte at
650 and 750 °C. The inductive response, with respect to
the Pt wire connection and the instrumentation, was
subtracted from the impedance spectra. The difference
between the low- and high-frequency intercepts of the
semicircular impedance arc can be used to determine
the polarization resistance of the cathode (R,). R,
represents the overall cathodic resistance, including
oxygen reduction, oxygen surface/bulk diffusion, and
gas-phase oxygen diffusion.

The R,, values decrease with increasing temperature,
due to the increase in the charge carrier transfer rate (for
both electron and oxygen ions) at higher temperatures.
The R, values of the Co-doped SCM cathodes were also
significantly lower than that of the SCM cathode, with
the lowest R, obtained for the cathode with the highest
Co content. These results suggest that Co-substitution
enhances either the oxygen reduction (charge transfer)
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FIG. 3. Arrhenius plots and activation energies for the electrical
conductivity of SCM and Co-doped SCM.

process and/or the oxygen surface/bulk diffusion pro-
cess within the cathode, despite the lower electrical
conductivity of Co-doped SCM.

Figure 5 shows the EIS for symmetric cells of the
SCMCo cathodes at 800 °C fitted by an equivalent circuit.
The impedance spectra are evaluated by fitting impedance
data with an equivalent circuit that consists of an ohmic
resistance (R.pm) in series with an inductance (L) and
a series combination of two parallel resistance/constant
phase elements (R;Q; and R,(Q,). The calculated resis-
tance values associated with the high- and low-frequency
arcs (R, and R5), as well as the polarization resistance
(R, = Ry + R»), are tabulated in Table III. A good
agreement is observed between the observed data and
the fitted data with equivalent circuit, which indicates
that the equivalent circuit is a reasonable approximation.

The R, value decreases with an increase in Co
content, and SCMCo030 shows the lowest R, value
(1.171 Q cm? at 800 °C) among the compositions
examined. The decrease in R, as a function of the Co
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FIG. 4. Comparison of impedance spectra for the SCM and SCMCo
symmetric cells on the SDC electrolyte in air at zero DC bias: (a)
650 °C and (b) 750 °C.
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FIG. 5. Impedance spectra and equivalent circuits of the symmetric
cells with the SCMCo cathodes on the SDC electrolyte obtained in air
at 800 °C at zero DC bias.

TABLE III. Impedance spectra fitting results for symmetric cells of
SCMCo cathodes measured at 800 °C.

Composition SCMCol0 SCMCo20 SCMCo30
L(x 107°°H cm? 0.588 1.214 1.168
Ropm (Q cm?) 1.849 1.607 1.410
Ry (Q cm?) 0.237 0.201 0.197
QPEI-T (x10™® F cm™2) 3.648 2472 2.170
QPE1-P 0.781 1.188 1.268
R> (Q cm?) 5.374 2.066 0.971
QPE2-T (x107* Fecm™3) 0.151 3.273 5.064
QPE2-P 0.648 0.762 0.783
R, (R + Ry) (Q cm?) 5.611 2.267 1.171
(°C)
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FIG. 6. Polarization resistances of the SCMCo cathodes on the SDC
electrolyte in air.

content is due to both a decrease in R; and R,. R; is
commonly associated with charge transfer processes,
which include oxygen ion diffusion in the bulk of

cathode, while R, is commonly attributed to surface
and gas-phase processes, including the adsorption—
desorption process of oxygen, oxygen diffusion at the
gas/cathode interface, and surface diffusion of inter-
mediate oxygen species.'®* Bulk and surface diffusion
of oxygen ions in cathode materials can be improved by
the formation of oxygen vacancies, thereby helping
explain the decrease in both R, and R, in the SCMCo
system with increasing Co composition.

The polarization resistances in Fig. 6 as a function of
temperature show a single slope, which indicates that
the same reaction mechanisms likely control the over-
all electrode reaction across the measured temperature
range for each cathode. The activation energy (E,) for
the R, of SCMCo10 is 0.78 eV. In contrast, the E, of
the SCMCo020 and SCMCo30 compositions is appre-
ciably reduced to 0.46-0.47 eV. The marked decrease
in both R;, and E, for the 20 and 30 mol% Co-doped
compositions suggests an increase in the oxygen ionic
conductivity in SCMCo cathode materials.

IV. CONCLUSION

Sro,9Ceo.]Mn1_xC0xO3_5 (X = 0.1, 0.2, and 03)
powders synthesized by an ECCP have a single perov-
skite structure, and the lattice volume, determined by
Rietveld refinement, expands with an increase in the Co
content. The reduction of manganese and cobalt ions and
an increase in the oxygen vacancy concentration would
be consistent with the observed volume expansion of
crystal structure. We confirm that the weight loss in the
SCMCo system increases with increasing Co content
above 600 °C, which provides further evidence of
increasing oxygen vacancy concentration with Co sub-
stitution. Cobalt-doping in SCM reduces the electrical
conductivity, and the conductivity values of SCMCol10,
SCMCo020, and SCMCo30 were 108, 106, and 103 S
cm ! at 750 °C, respectively. Despite the small decrease
in electrical conductivity, the cathodic polarization re-
sistance (R;,) values of Co-doped compositions are
significantly lower than that of the Srg¢CenMnO5_g;.
The SCMCo30, especially, showed the lowest R, value,
1.171 cm? at 800 °C. These results show that the ORR
kinetics of SCMCo are substantially enhanced in com-
parison with that of SCM, which associated with the
increase in oxygen-ion transfer. We reason that the
enhanced electrochemical properties of SCMCo may be
attributed to an increase in oxygen vacancy concentra-
tion, caused by charge compensation effects induced by
the doping of Co ions on the B-site of the SCM system.
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