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Abstract

The mixed ionic and electronic conductors of LagoCag NipsC0p503—CepgSmy,0;9 (LCNC-SDC) are investigated systematically for
potential application as a cathode for solid oxide fuel cells based on a CeygSmg,0; 9 (SDC) electrolyte. The electrochemical impedance
spectroscopy (EIS) measurements are performed in air over the temperature range of 600-850 °C to determine the cathode polarization resistance.
The exchange current densities for oxygen reduction reaction (ORR), determined from the low-field cyclic voltammetry, high-field cyclic
voltammetry, and EIS data are systematically investigated. The activation energies (E,) for ORR determined from the slope of Arrhenius plots are
in the range of 102.33—150.73 kJ mol~" for LCNC-SDC composite cathodes. The experimental results found that LCNC-SDC (70:30) composite
cathode has a maximum exchange current density and a minimum polarization resistance of 0.30 Q cm? for 850 °C among LCNC-SDC composite

cathodes.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) offer an environmentally
friendly alternative to heat engines in electric power because of
their high energy conversion efficiency and low emission of air
pollution [1-3]. Generally, yttria-stabilized zirconia (YSZ) is
widely used as the electrolyte and strontium-doped lanthanum
manganite (LSM) as the cathode is well-known. However, YSZ
electrolyte exhibits purely ionic conductivity at high tempera-
ture (~1000 °C), such a high temperature will bring several
serious problems. Example for an interfacial reaction between
the electrode and electrolyte results in insulating phases, e.g.,
the intermediate phase of La,Zr,O, phase is formed at the
interface between the LaNi Fe,_,O; (LNF) cathode material
and zirconia electrolyte when the sintering temperature is
higher than 1300 °C [4]. The formation of the La,Zr,0; leads to
cathode degradation because the electronic and ionic con-
ductivity of La,Zr,07 is very low [5].
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To overcome above-mentioned drawbacks, it is important to
find high performance materials for electrolyte and cathode,
which can operate at intermediate-temperature (600-800 °C)
SOFC. Among electrolyte materials, samaria-doped ceria
(SDC) is a promising higher ionic conductivity than YSZ at
intermediate-temperature among electrolyte materials [6].
Recently, there are growing interests in developing an improved
performance cathode for IT-SOFCs [7-9]. Promising candi-
dates are normally based on the mixed oxygen ionic and
electronic conducting oxides such as Lag ¢St 4CogFeqg03_s
(LSCF) and Bao_ssro_SCOO.gFeo_zo:;,g (BSCF) [10—13] How-
ever, some disadvantages of the BSCF may include the high
thermal expansion coefficient (TEC), which is as large as 21—
24 x 107% and the low electrical conductivity, which is only in
the range of 40-60 S/cm [14,15]. The main problems with
LSCF are its large TEC and vigorous reaction with the YSZ
electrolyte above 900 °C [16]. The Co-based perovskites are
good candidates for intermediate-temperature solid oxide fuel
cell (IT-SOFC) because of their high conductivity and good
electrochemistry properties. Hrovat et al. [17] proposed that the
perovskite with nominal compositionLaNi, ¢Cog 4O3 has a high
electronic conductivity and its TEC is 11.9 x 107°K™'. The
TEC of doped CeO, electrolytes and cathode materials were
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very close, rendering cathode materials easily attached on
electrolytes. Furthermore, Ciambelli et al. [18] reported that
Ca-doped LaFeOj; can obtain stable perovskite structure via the
substitution of Ca for La. In consideration of stabilization in
perovskite structure and TEC match for doped CeO,
electrolyte, we developed LagoCag 1Nig5C00503 (LCNC)—
CepgSmp,0;9 (SDC) composite cathode materials and
evaluated these materials for use as a possible cathode.

The activation energy for oxygen diffusion and oxygen ion
conductivity in cathode materials is a very important
parameter to evaluate their performance. High activation
energy for oxygen diffusion resulting in oxygen ion
conductivities decrease rapidly as decreased in the operation
temperature, leading the high interfacial resistances [19].
Therefore, it is necessary to develop a new cathode material
which has high electro-catalytic activity for oxygen reduction
reaction (ORR) and high oxygen ion conductivity for oxygen
transport through the cathode at low temperature. Therefore,
we systematically described the electrochemistry properties
of the LCNC-SDC composite cathodes on the SDC
electrolyte and electrochemical reaction mechanism by
electrochemical impedance spectroscopy (EIS). The
exchange current density, iy, which reflects the intrinsic
oxygen reduction rate is an important parameter to investigate
oxygen reduction reaction mechanism at the cathode. In this
study, the exchange current density values were determined
using both EIS and cyclic voltammetric (CV) data [both low-
field and high-field approaches] for ORR at LCNC-SDC
composite cathodes.

2. Experimental

The Lag 9Cag 1Nig 5Con 503 (LCNC) cathode materials were
prepared by conventional solid-state reaction. First La,0O3,
CaCOg;, NiO, Co304 powders (>99%) were mixed and ball-
milled for 12 h using ethanol as medium. The resultant mixture
was dried and calcined in air at 1000 °C for 12 h. In order to get
finer powder, the calcined powder was ball milled again for
12h. CepgSmp,0,9 (SDC) powder was synthesized by
coprecipitation using Ce(NO;3);-6H,O and Sm(NOs);-6H,O
as the starting materials. These starting materials with
stoichiometric ratio were dissolved in distilled water and then
added to a solution of ammonia. The mixture solution was
adjusted to a pH value in the range of 9.5-10. The resultant
precipitate was vacuum filtered, and washed three times with
water and ethanol, respectively. Then, the precipitate was dried
at 100 °C in an oven. The coprecipitated powder was calcined
in air at 600 °C for 2 h. The SDC powder sample was pelletized
with a small amount of PVA as binder with an applied unaxial
pressure of 1000 kgf cm ™2 with the dimensions of 15 mm in
diameter and 1 mm in thickness. The disc samples were then
finally sintered at 1500 °C for 5 h with a programmed heating
rate of 5 °C min~' [20]. The sintered composite cathodes were
characterized by X-ray powder diffractometer (XRD; Rigaku
D/MAX-2500V), which recorded with scanning rate of
4°min~' and scanning range 15°-75° using a Cu Ka
(A =1.5418 10\) radiation source. The microstructure and

morphological images of the cathode and cells were observed
by scanning electron microscope (SEM; Hitachi 3500 H). The
compositions of the LCNC-SDC composite cathodes were
analyzed by energy dispersive X-ray spectroscopy (EDS).

The composite working electrode (WE) was prepared by
mixing LagoCagNipsCogs0; (LCNC) cathode with
Cep.gSmg ;0,9 (SDC) electrolyte powders using ball milling.
These composite cathode materials consist of LCNC:SDC (in
wt.%) = 70:30, 65:35, 60:40; and hereafter are identified as
70LCNC-30SDC, 65LCNC-35SDC, and 60LCNC—40SDC,
respectively. The cathode paste consists of cathode powder,
solvent, binder and plasticizer. The cathode paste was applied
on both sides of SDC electrolyte discs with circle pattern using
screen-printing method. On one side, the cathode paste was
painted as the working electrode (WE) with surface area of
0.385 cm?. The Ag reference electrode (RE) was painted with
Ag paste and is away from WE about 0.3-0.4 cm. Such a
distance was chosen to avoid measurement errors due to the
misalignment of the working and counter electrodes [21-23].
The opposite side was counter electrode (CE) with surface area
same as WE. After the cathode material was painted on
electrolyte and sintered at 1000 °C for 2 h Pt gauze was used as
current collector for cathode.

The testing-cell experiments were carried out over
temperature ranging from 600 to 850 °C at interval of 50 °C
in a furnace under air (Po, = 0.21 atm). Linear sweep
voltammetry between —0.3 and 0.1 V with sweep rate
0.5mV s~ ! vs. the RE was performed by using the VoltaLab
PGZ301 potentiostat. The AC impedance measurements were
executed using the Solartron 1260. The frequency applied range
from 100 kHz to 1 Hz at the open circuit voltage (OCV) with
perturbation amplitude of 10 mV. The impedance measure-
ments and fitting analysis were done using the Zview software.
The electrolyte resistance was determined from the impedance
measurements to establish the resistance free current (i)—
overpotential (1) characteristics [24]. Overpotentials were
calculated according to the following relation: nwg = AUwgr—
iR.;, where nwg was the applied voltage between the working
electrode and the reference electrode, i was the current intensity
flowing through the cell, and R, was the resistance of the
electrolyte measured from impedance spectrum [25,26].

3. Results and discussions
3.1. XRD and SEM of LCNC + SDC composite cathode

Fig. 1 shows the XRD pattern of the powder mixture of
50 wt.% LCNC and 50 wt.% SDC fired at 1000 °C for 2 h. The
aim of this work is to investigate potential interaction between
LCNC and SDC. The LCNC contains a rhombohedral
perovskite structure (JCPDS powder diffraction file No. 48-
0123), while SDC has a cubic fluorite-type structure (JCPDS
powder diffraction file No. 75-0158), they are different phase
structures. The result revealed that no obvious interface
reaction appeared for the composite cathode (50 wt.%
LCNC + 50 wt.% SDC) fired at 1000 °C for 2h. A well
defined perovskite LCNC oxide phase and SDC oxide phase
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Fig. 1. X-ray diffraction pattern of the powder mixture of 50 wt.% LCNC and
50 wt.% SDC fired at 1000 °C for 2 h.

can be seen from Fig. 1. It implies that LCNC-SDC composite
cathodes are chemically stable, when the firing temperature is
below 1000 °C for SDC electrolyte-based SOFC.

Fig. 2a—d shows the SEM images of top-view morphology of
the cathode materials of pure LCNC, 70LCNC-30SDC,
65LCNC-35SDC, and 60LCNC-40SDC, respectively. In
Fig. 2a, it reveals that the grain sizes of pure LCNC cathode
were uniform and distribution in the range of 1-2 pm. While in
Fig. 2b—d, SDC particles formed agglomeration phenomenon,
in which particle sizes are distributed in the range of 2—-5 wm in
composite cathode for 70LCNC-30SDC, 65LCNC-35SDC,
and 60LCNC—40SDC. As shown in Fig. 3a and b, the EDS
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Fig. 3. EDS patterns corresponding to selected areas in b, energy unit of the
horizontal axis is keV.
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Fig. 2. SEM photograph of (a) pure LCNC, (b) 70LCNC-30SDC, (c) 65LCNC-35SDC, and (d) 60LCNC-40SDC.
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Table 1
The EDS data of the 70LCNC-30SDC composite cathode for spots a and b.

Spots  Atom (%)

CaK Ce K Co K La K Ni K Sm K OK
a 1.76 - 10.47 19.03 10.05 - 58.70
b - 26.22 - - - 5.37  68.40

patterns corresponding to selected areas in Fig. 2b and their
EDS data are listed in Table 1. The results show LCNC cathode
with uniform and fine particle size, however SDC electrolyte
with coarse and large particle size. In general, composite
cathode material sintered at high temperature with larger grain
size leading to the decrease in the electrode surface area-gas
solid interface (triple phase boundary, TPB), which resulted in
high polarization resistance [27,28]. While, due to the high
sintering temperature, the cathode materials adhered strongly to
the SDC electrolyte surface resulting in a better contact with the
electrolyte and made sure a better current collection. It was a
trade-off relationship with regard to the sintering temperature to
obtain cathode materials with fine microstructure and strong
adhesion to the electrolyte [28]. Fig. 4 shows the interface
between pure LCNC cathode and SDC electrolyte sintered at
1000 °C, which indicates LCNC cathode sintered at 1000 °C
with the grain sizes of 1-2 pm, pore sizes of 2-3 pm and good
adhesion to the electrolyte. No obvious cracks appeared at the
interface between LCNC cathode and SDC electrolyte. The
thickness of LCNC layer was about 30 wm, the porosity, as
described, is thought to be sufficient to guarantee a gas fast
diffusion. Such interface with reasonable porosity and good
adhesion effectively reduces the polarization resistance and
enhances the current collection.

3.2. Interfacial (cathode) polarization resistances

Impedance for symmetrical LCNC-SDC/SDC/LCNC-SDC
testing cells sintered at 1000 °C for 2 h, which recorded under
open-circuit condition in air. The ohmic resistance was
eliminated in the impedance plot to facilitate easy comparison
of cathode polarization resistance. The polarization resistance
of LCNC-SDC composite cathode was measured directly from
the difference between high- and low-frequency intercepts on
the real axis of the impedance plot [29]. Fig. 5 shows the
impedance spectra measured under open-circuit condition at
800 °C in air for LCNC-SDC composite cathodes. In this study,
we take middle-frequency as the core for the fitting curve. The
simple equivalent circuit R;(R,/CPE) of the impedance curve is
used for symmetrical LCNC-SDC/SDC/LCNC-SDC testing
cells as shown in Fig. Se. A parallel RC element represents a
drop capacitor with a typical relaxation time which corresponds
to the process. In the present case, in place of capacitor a
constant phase element (CPE) is applied to model the
experimental data. The CPE is equivalent to a distribution of
capacitors in parallel. R; represents an ohmic resistance of the
cell and R, represents the resistance corresponding to the
cathode polarization. CPE can be expressed as follows, Z=1/
(C(jw)"), where C indicates the ideal capacitance (n=1),

Fig. 4. SEM image (cross-section view) for the interfaces between pure LCNC
cathode and SDC electrolyte sintered at 1000 °C for 2 h.

j=(—1"? and w is the angular frequency and the values of n
describes the fractal character (the heterogeneous or porous
character) of the sample, where the value is between 0 and 1
[30]. Table 2 shows the values of fitting parameter of LCNC—
SDC composite cathodes as a function of temperature in air. In
all specimens, it can be observed that R, and R, decrease
dramatically with increasing temperature. As the testing
temperature increases above 800 °C, the 70LCNC-30SDC
composite cathode has the lowest R, value indicating that the
resistance corresponding to the cathode polarization is affected
by not only microstructure but also composition of composite
cathode.

Fig. 6 shows the temperature dependence of the Arrhenius
plot of interfacial (cathode polarization) resistance for LCNC—
SDC composite cathodes. From the plot, it can be seen that
cathode polarization resistance decreases rapidly with the
increasing temperature. The activation energy is calculated
from the slopes of the Arrhenius plot of interfacial resistance vs.
1000/T. Waller et al. [31] reported that the cathode with nano-
and submicron-structure during sintering process could obtain
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Fig. 5. Impedance spectrums for LCNC-SDC composite cathodes measured
under open-circuit condition at 800 °C for (a) pure LCNC, (b) 70LCNC-
30SDC, (c) 65LCNC-35SDC, (d) 60LCNC—-40SDC and the equivalent circuit.
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Table 2
Results of fitting parameter of LCNC-SDC composite cathodes measured at different temperatures.
Cathode 750 °C 800 °C 850 °C

Ry (Q cm?) R, (Q cm?) Ry (Q cm?) R, (Q cm?) Ry (Q cm?) R, (Q cm?)
LCNC 1.97 1.87 1.22 1.28 0.99 0.61
70LCNC-30SDC 1.01 1.17 0.88 0.63 0.58 0.30
65LCNC-35SDC 2.13 2.04 1.73 1.24 1.36 0.63
60LCNC-40SDC 3.78 3.24 1.95 1.17 1.52 0.65

low activation energy for cathode polarization resistance. This
can be explained as a good adhesion exists between electrolyte
and cathode. Therefore, the cathode with continuous and three
dimension framework provided the gas a pathway for easier
transport that could effectively reduce activation energy. The
activation energy of cathode polarization resistance was
~127.7kI mol~' for pure LCNC cathode. The activation
energy of LCNC-SDC composite cathodes was distributed in
the range of 110.7-142.5 kJ mol . These values were slightly
lower than LSCF-GDC (~158.8 kJ mol ) composite cathode
reported in Ref. [22]. The activation energy of the cathode
polarization resistance associated with composition of compo-
site cathodes as well as both the medium- and low-frequency
arcs.

3.3. Electrochemical of oxygen reduction reaction (ORR)

Generally speaking, the oxygen reduction can be divided
into several elemental steps: (1) diffusion of oxygen molecule
in the gas phase to the electrode, (2) oxygen dissociate
adsorption on cathode surface, (3) surface diffusion of oxygen
on the cathode, (4) incorporation of oxygen into electrolyte via
the triple phase boundary (TPB), (5) oxide ion diffusion in the
bulk of cathode, and oxide ion transfer from cathode to
electrolyte [32,33]. The exchange current density, iy, which
reflects the intrinsic oxygen reduction rate is an important
parameter to investigate oxygen reduction reaction mechanism
at the cathode [34]. The iy value can be obtained from the AC
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Fig. 6. Arrhenius plot of the interfacial (cathode polarization) resistances as a
function of temperature for LCNC-SDC composition cathodes.

impedance measurement (EIS). In this technique, i, was
measured from the polarization resistance, R, of the Nyquist
plot and calculated using Eq. (1) which is derived from the
Bulter—Volmer equation [35]:

__ RTv
~ nFR,

o ey
Here n is the total number of electrons passed in the reaction, v
reflects the number of times the rate-determining step occurs
for one occurrence of the full reaction, F' is the Faraday
constant, R is the gas constant. For the ORR, n and v are
generally assumed to be 4 and 1, respectively (as the total
number of electrons passed per molecule of oxygen reduced is 4
and the rate limiting step would likely have a stoichiometry of 1
for the oxygen reduction reaction) [36]. Cyclic voltammetry
(CV) results for LCNC-SDC composite cathodes are shown in
Fig. 7 indicating the dependence of current with respect to the
applied potential at 600-850 °C in 50 °C increments. At higher
temperature, CVs show a more linear response compared to
those at lower temperature, as confirmed with the earlier
literature report [37].

At low overpotentials, iy was determined using the low-field
approximation of i vs. n, where iy can be obtained from the
slope of the i vs. n plots (Fig. 7.) using the low field
approximation and calculated from Eq. (2). The slopes were
determined within £30.1, 31.8, 33.5, 35.3, 37.1 and 38.7 mV
for 600, 650, 700, 750, 800 and 850 °C, respectively.

2)

At high field, i, can be obtained from the y-intercept of the i
vs. 1 plots (Fig. 8.) using the high field approximation and
calculated using Eq. (3).

anF
23RT"

where 7 is the cathodic polarization and «, the transfer coeffi-
cient, o = y/v + rf = 0.5, where y, r and B are, respectively, the
number of electrons passed before the rate limiting step, the
number of electrons passed in the rate limiting step, and the
symmetry coefficient, normally assumed to be 0.5 [38].
Values for iy values of LCNC-SDC composite cathodes
measured from Eqs. (1)-(3) for EIS, low-field, and high field,
respectively are given in Tables 3-6. In all specimens,
regardless of the measurement techniques including EIS,
low-field, and high-field, iy values increase with increasing the
testing cells’ temperature in all specimens. In this study, the i

logi = logiy + 3)
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Fig. 7. The cyclic voltammograms of (a) pure LCNC, (b) 70LCNC-30SDC, (c) 65LCNC-35SDC, and (d) 60 LCNC—40SDC cathode on SDC electrolyte in air.

value determined by high-field is largest among three techniques.
The iy values measured with various methods can be ranked as
high-field > low-field > EIS. The results show a good correla-
tion between the three techniques, revealing the validity of these
measurements. The result showed that the exchange current
density (ip) of 70LCNC-30SDC composite cathode was largest
compared with the other composite cathodes, demonstrating that
LCNC cathode mixed with an appropriate amount of SDC
electrolyte can improve the oxygen reduction reaction (ORR)
activity of symmetrical LCNC-SDC/SDC/LCNC-SDC testing
cells. Table 7 shows the value of exchange current density (ip) of
different cathodes. It indicates that the reasonable performance

Table 3
i values for the ORR at LCNC cathode using low-field CV, high-field CV, and
EIS measured at 600-850 °C.

for electrocatalytic activity of 70LCNC-30SDC is achieved
above the temperature of 850 °C. This suggests that 70LCNC—
30SDC composite cathode may find application in conventional
SOFC operating temperature.

Fig. 9 shows the Arrhenius plots for iy values collected at
LCNC-SDC/SDC/LCNC-SDC testing cells between 600 and
850 °C, using the three techniques. From the slope of the line in
the Arrhenius plots, the overall activation energy for the ORR
was determined by the following equation:

E,
Inip =InK — — 4
0 RT 4)
Table 4
ip values for the ORR at 70LCNC-30SDC composite cathode using low-field
CV, high-field CV, and EIS measured at 600-850 °C.

T (°C) ip (mA cm™2) T (°C) io (MA cm™?)
Low-field High-field EIS Low-field High-field EIS

600 0.95 2.02 0.63 600 1.73 3.90 0.82
650 291 5.48 1.61 650 4.66 10.16 1.45
700 721 13.31 3.47 700 11.99 21.75 434
750 16.80 28.33 8.14 750 27.86 44.14 10.12
800 31.10 50.86 20.17 800 54.59 82.31 27.94
850 55.50 81.53 40.19 850 86.87 129.48 79.05
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Fig. 8. Tafel plotsat0.5 mV s~ between 100 mV and —300 mV of the ORR at (a) pure LCNC, (b) 70LCNC-30SDC, (c) 65LCNC-35SDC, and (d) 60LCNC—40SDC

on SDC electrolyte at 600850 °C in air.

Table 5
ip values for the ORR at 65LCNC-35SDC composite cathode using low-field
CV, high-field CV, and EIS measured at 600-850 °C.

T (°C) iy (MA cm™?)
Low-field High-field EIS

600 1.22 275 0.40
650 236 3.98 1.08
700 6.00 9.78 2.40
750 14.73 22.97 492
800 28.58 41.95 11.42
850 39.91 63.44 27.21
Table 6

io values for the ORR at 60LCNC—40SDC composite cathode using low-field
CV, high-field CV, and EIS measured at 600-850 °C.

where K is the pre-exponential constant, which can be calcu-
lated from the y-intercept, and E, is the reaction activation
energy [37]. The activation energy (E,) for the ORR may be
related to different cathode preparation methods, the structure
of cathode, or different cathode compositions. The ORR acti-
vation energy obtained from the slope of the Arrhenius plots is
in the range of 102.33-150.73 kJ mol ' for LCNC-SDC com-
posite cathodes. These values are reasonable and compare well
to the E, values of 100-160 kJ mol ' reported in the literatures
[36,39,40]. The linearity of the Arrhenius plots in Fig. 9
indicates that LCNC-SDC composite cathodes are stable as
a function of temperature.

Table 7
Exchange current density (ip) of the ORR for various cathodes.

T (°C) io (MA cm™?) T (°C) o (EIS) (mA cm )
Low-field High-field EIS 70LCNC-30SDC  LSCF [26] LSM-YSZ [26] LSM-YSZ [27]

600 1.48 2.70 0.84 600 0.82 13 0.45 24

650 3.29 5.96 1.98 650 1.45

700 7.68 14.13 3.87 700 434 65 5.8 31

750 13.39 24.46 8.72 750 10.12

800 25.63 43.10 15.59 800 17.95

850 35.75 57.47 34.26 850 79.05
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Fig. 9. Arrhenius plots for ORR at (a) pure LCNC, (b) 70LCNC-30SDC, (¢) 65SLCNC-35SDC, and (d) 60LCNC—40SDC in air. i, was obtained using the low-field,

high field, and EIS technique.

4. Conclusions

In this Stlldy, La0,9Ca041Ni0,5C0045O3—CeO,gSmO.ZO1.9
(LCNC-SDC) composite cathodes are reported for potential
application for intermediate-temperature solid oxide fuel cells.
X-ray powder diffraction examination reveals no obvious solid-
state reaction between LCNC and SDC at the temperature of
1000 °C. The kinetics of oxygen reduction reaction (ORR) are
investigated at LCNC-SDC composite cathodes, deposited by
screen-printing on SDC electrolyte, using electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) at
temperatures over the temperature range of 600-850 °C. The
exchange current density (ip) values are determined using both
EIS and cyclic voltammetric (CV) data [both low-field and
high-field approaches] for ORR. The activation energies (E,)
for ORR determined from the slope of Arrhenius plots are in the
range of 102.33-150.73 kJ mol~'. The experimental results
found that 70LCNC-30SDC composite cathode has a high
exchange current density and the minimum polarization
resistance among LCNC-SDC composite cathodes suggesting
a potential application as the cathode for solid oxide fuel cells.
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