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Abstract : This article is concerned with synthesis, characterisation and electrochemical application of the mixed con-
ducting perovskite type oxide to electrode materials for solid oxide fuel cell. First, this review provides a compre-
hensive survey of the various synthetic methods such as solid state reaction, Pechini, glycine nitrate process and sol-
gel methods for the preparation of perovskite type oxide powders. Subsequently, the electrical and microstructural
properties of the mixed conducting oxides were discussed in detail. Finally, as electrochemical applications of the
mixed conducting perovskite type oxides to electrode materials for solid oxide fuel cell, fundamentals of theoretical
ac-impedance model for porous mixed conducting electrodes were introduced. Furthermore, the ac-impedance behav-
iour of porous and dense mixed conducting electrodes prepared by various synthetic methods was discussed.
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1. Introduction

A material which exhibits both electronic and ionic con-
ductivities is generally referred to as a mixed ionic/electronic
conductor (MIEC). Among various MIECs, perovskite type
oxides have attracted much attention in many areas of solid
state electrochemical devices including electrodes for sen-
sors,'? solid oxide fuel cells (SOFCs),>® oxygen separation
membranes®'" and catalytic membrane reactors'>'> due to
their higher ionic/electronic conductivities. In particular, the
perovskite type oxide has been widely used as cathode mate-
rial for SOFC due to its fast exchange of oxygen between
the gaseous phase and the oxide, good ionic/electronic con-
ductivities and relatively low cost.

It has been reported that the mixed ionic/electronic con-
ductivities of perovskite type oxides are greatly affected by
cation content,'*!? temperature'>'3-?1 and oxygen partial
pressure.?22% Especially, the cation content of the mixed con-
ducting oxide significantly influences the electrical conduc-
tivity, since cation content can change the oxygen
stoichiometry of the oxide through the formation of oxygen
vacancy and charge compensation of transition metal cation.

The MIECs with perovskite structure are prepared by var-
ious methods such as solid state reaction,?’? Pechini,*??
glycine nitrate process®**? and sol-gel methods*'*? in order
to enhance the performance of cathodic material, reducing its
cost as much as possible. The geometrical properties of the
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sintered cathodic electrode are greatly affected by the charac-
teristics of the powder during the synthetic process.*” Under
these circumstances, for a more exact analysis of oxygen
reduction on the MIECs, the relationship should be consid-
ered between the powder synthetic methods and the micro-
structural properties of the electrode such as particle size,
porosity and pore size.

In this respect, this article provides a comprehensive sur-
vey of synthetic methods and electrical/microstructural prop-
erties of the MIECs with perovskite structure. Furthermore,
as electrochemical applications of the mixed conducting per-
ovskite oxides to electrode materials for SOFC, the theoreti-
cal ac-impedance mode!l for porous MIECs was introduced.
And then, the ac-impedance behaviour of porous and dense
mixed conducting electrodes with various powder synthetic
methods was discussed.

2. Synthesis of the mixed conducting oxides with
perovskite structure

Powder synthesis plays an important role in determining
the powder characteristics such as particle size, particle size
distribution, pore size and porosity which affect the electro-
chemical properties of the electrode. There are many chemi-
cal methods for the synthesis of powders: One is the
conventional method using solid state reaction and the other
is the method using liquid solution which inciudes Pechini,
glycine nitrate process and sol-gel methods.
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2.1 Solid State Reaction (SSR) Method

SSR method is one of the chemical methods which are
widely used for the preparation of ceramic powders.?-3?
Chemical reactions between solid starting materials, usually
provided in the form of mixed powders, are commonly used
for the production of complex oxide powders such as ferrites
and silicates. Since mixed powders do not usually react
together at room temperature, it is necessary to heat them to
much higher temperatures, often 1273 to 1773 K, in order to
obtain an appreciable reaction rate.

It is generally reported that the degree of reaction highly
depends on the temperature at which SSR between starting
oxides occurs. H. Nagamoto e al.?” studied the dependence
of SSR temperature on catalytic activities in SrCeO; cata-
lysts by using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and temperature-programmed desorption
(TPD) of CO gas. In their work, it was revealed that the sur-
face area of the catalysts decreased with increasing SSR tem-
perature, i.e., the number of reaction sites decreased with
increasing temperature, whereas the reaction rate increased
with increasing temperature. It is thus concluded that as SSR
temperature increases, catalytic properties of catalysts are
more improved.

It is well known that the preparation of powder by SSR
method has advantages in reducing production cost and sim-
plifying the complex preparation steps as compared with
other methods. However, since SSR requires high tempera-
ture for complete reaction, the problems such as multi-phases
and agglomerates have to be minimised in order to form
homogeneous powders. The addition of catalyst can lower
the SSR temperature. Also, the impurities of the powder can
be removed by ultrasonic treatments or surface chemical
treatments such as chlorine or fluorine addition.*”

Since the powders can be easily agglomerated during the
synthetic process using SSR method, a grinding step is
always required to produce powders with smaller particie
size and homogeneous particle size distribution. But grinding
in ball mills commonly leads to the contamination of the
powder with impurities. The difficulty in controlling the par-
ticle shape of powder is another practical problem of SSR
method. Therefore, a great interest has been focused on the
solution of the above practical problems.

2.2 Pechini and Glycine Nitrate Process (GNP) Methods

Among various methods for the preparation of the pow-
ders, most commonly used method is Pechini method which
was first developed by Pechini®® for the preparation of titan-
ates and niobates for capacitor. Comparing to the SSR
method, the powders with better characteristics and less
impurities can be obtained by Pechini method. With slight
modifications, it is also referred to as the citrate gel process
or the amorphous citrate process which has been used for the
preparation of a wide variety of oxide powders.**>"

Pechini synthesis proceeds by the following steps: (i) pow-
ders with metal ions are mixed in an aqueous solution with
o-hydroxycarboxylic acids such as citric acid, (ii) these che-
lates can undergo polyesterification when heated with a poly-

hydroxy alcohol such as ethylene glycol, (iii) after removal
of the excess solvent, a transparent solid resin containing the
metals in solid solution is formed, and finally (iv) the resin is
decomposed by heating to remove the organic constituents,
leaving the desired ceramic composition as a residue.

When the aqueous solution with metal ions is heated,
polyesterification occurs to remove the excess solvent and to
form a solid resin. Since the formed resins have high poros-
ity, high surface energy and high free energy, the final burn-
ing in Pechini method occurs at relatively lower temperatures
as compared with that in SSR method. However, Pechini
method is applicable to few kinds of initial reagents such as
metal alkoxides, oxides and carbonates to prepare the solid
resin. On the other hand, for GNP method, metal nitrates as
well as the above reagents can be used as initial materials to
prepare the precursor, and hence GNP method can easily
produce various kinds of powders by mixing plentiful
nitrates as compared with Pechini method.

The preparation of general oxide powders using GNP
method is explained as follows: A highly viscous mass
formed by evaporation of a solution containing metal nitrates
and glycine is ignited to produce the powder. One of amino
acids, glycine forms complexes with the metal ions in solu-
tion, which increases the solubility and prevents the precipita-
tion of the metal ions as the water is evaporated. Glycine also
plays another important role; it provides a fuel for the ignition
step of the process as it is oxidised by the nitrate ions.**4%

Fig. 1 illustrates the histograms of chromite particle com-
positions of La,Sr;_,CrO; powders for Pechini and GNP
methods by using energy dispersive spectroscopy (EDS).*®
The powders prepared by Pechini method exhibited exten-
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Fig. 1. Histograms of Cr particle composition obtained from the
La,Sr;_.CrO; electrode using energy dispersive spectroscopy (EDS).
Open bars correspond to powder produced by Pechini method and
the shaded bar corresponds to powder produced by glycine nitrate
process (GNP) method. *



118 J. Korean Electrochem. Soc., Vol. 10, No. 2, 2007

sive compositional variability, however, no intermediate-
composition products were detected from the powders pre-
pared by GNP method. From the above result, it is suggested
that one of the advantages of GNP method is good chemical
homogeneity of the final powders. Provided that none of the
constituents are volatilised during the calcination step, the cation
composition can be equivalent to that of the original solution.

Pechini combustion is sluggish and must be sustained for long
times of external heating. This external heating enhances the
grain growth, causing the decrease in specific surface area.
On the other hand, GNP combustion occurs quite rapidly at
high temperature above 1273 K, which leads to formation of
the powders with high surface area, homogeneous distribution
in composition and low levels of residual starting materials.

Under well-controlled conditions, very fine crystalline
powders with nano-size can be obtained after ignition. In
contrast to SSR method, grinding step which introduces the
impurities into the powders is not required for GNP method.
Accordingly, GNP method can offer a relatively inexpensive
process for the preparation of very fine and chemically
homogeneous powders. However, since the reactions during
ignition are highly explosive, extreme care should be taken
during the process.

2.3 Sol-Gel (SG) Method

In order to make up for the weak points of SSR method,
SG method has been widely investigated since it provides an
easy control of both microstructure and composition of oxide
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Fig. 2. Schematic diagram of the experimental procedure for the
preparation of powders with perovskite structure using sol-gel (SG)
method.

materials at low temperature.*'*® Fig. 2 depicts the flow
chart for the preparation of mixed conducting oxide powders
by SG method. First, various metal nitrates are dissolved into
absolute ethanol. The solution is then refluxed and stirred
continuously for hours using a water bath, cooled to room
temperature, and then concentrated to about 1/3 of its volume
by evaporation of ethanol for hours in order to obtain sol-pre-
cursor. The sol-precursor is then stirred and dried for hours to
get the gel. After ageing and calcination with slow heating
rate, powders are finally obtained from the resulting gel.?®
The main advantage of SG method is the formation of
highly porous structures with large surface area which is use-
ful for many applications. Furthermore, SG processing
allows the easy control of the texture, composition, homoge-
neity, and microstructural properties of the resulting materials
which influence the electrochemical properties of the MIECs.
However, there also exist some disadvantages in SG method.
The starting materials are fairly expensive. In addition, this
method inevitably produces the crack and shrinkage on the
resulting gel during the conventional drying step. Due to the
above problems, the SG method has been used for the fabrica-
tion of small or thin articles such as films, fibers and powders.

3. Characterisation of Mixed Conducting Oxides
with Perovskite Structure

3.1 Electrical Property

Recently, lanthanide cobaltites, LnC00Q;45, have attracted
much attention as promising candidates for mixed conduct-
ing electrodes due to their high ionic/electronic conductivi-
ties as well as noticeable electrochemical and catalytic
activities in oxygen containing environments. Lanthanides
such as La,"'® Pr*7*® and Sm*"***? are most commonly
used as A-site cations, and Sr,1>164749) 205152 g4 Ba™%)
dopants are usually doped in A-sites in order to improve the
electrical properties of LnCoQOs.5 electrodes.

In general, the electrical property of MIECs mainly
depends on the composition,'*'® temperature'®*? and oxy-
gen partial pressure.?¥ A common way to obtain electrodes
with high ionic/electronic conductivities is to control the
composition of A- and B-site cations. For instance, when Sr
is doped in LnCoO;;s5, using Krdger-Vink notation, the defect
chemistry of Ln;_Sr,CoO;_5 can be described by the follow-
ing reactions:

00+2C060<—>%02+V6+(2C0C0) 2)
[Cogo] +2[VE] = [Sry,] G

where O, and Coc, represent the 0% and Co®*" cations,
respectively, on regular sites; Co’c,, the Co** cation on a
Co’* lattice position; Vi, oxygen vacancy; Srl,, the substi-
tution of Sr** for Ln®" site. According to the International
Union of Pure and Applied Chemistry (IUPAC) convention,
<> is the reaction in both the forward and reverse direction;
=, the balancing of the equation; — represents the reaction
in a single direction. Eq. (2) describes the oxygen exchange
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between solid and gas phase via the annihilation of Vg and
oxidation of Co** to Co™. Eq. (3) represents the overall elec-
troneutrality condition. With ionic compensation (V) and
electronic compensation (Co’c,) the electrical conductivity is
influenced by A- and B-site content.

L.-W. Tai et al.?® have investigated the electrical conduc-
tivity of La;_,Sr,Coy,Fey 305 5 electrodes as a function of Sr
contents (0 <x<0.4), as shown in Fig. 3. Here, let us con-
sider La;_,Sr,BO; (B =Co, Fe) electrodes with various Sr
contents for simple analysis. According to the Krdger-Vink
notation, the Sr** substitution for La*" is electronically com-
pensated by the oxidation of B*" to B*" cation as follows:

LaBO, La,_Sr' B, B0, )

and/or ionically compensated by the formation of V{5 as fol-
lows:

La;_ St'.B,_,B;O; &

, rl )
Lal _xSr xBl _x+25B;C72503 —8[8VO] + 502

In this respect, it is suggested from Fig. 3 that as Sr content
increases at constant temperature, the electrical conductivity
increases due to ionic/electronic compensation. V.V. Kharton
et al.'” also investigated the effect of B-site cation on the
electrical properties such as ionic/electronic conductivities for
LaCo;_,,FeNi,O3 (0.1 £x<0.2; 0.1 <y <0.3) electrodes. The
increase in the nickel content increases the non-stoichiometry
of the oxygen, thus causing the increase in the electrical con-
ductivity.

G. Ch. Kostogloudis e al.’*¥ measured the electrical con-
ductivity of Pr;_Sr,MnOs.;s electrodes with various Sr con-
tents at 773, 873 and 973 K in air. From their work, it is
observed that the conductivity increases with Sr content in
all temperature cases, which is ascribed to the formation of
Vg for ionic compensation and the oxidation of Mn** to
Mn*" for electronic compensation. The effect of A- and B-
sites substitution on the electrical conductivity was also

reported for La;_Sr,Co;_,Fe,0; 5> and La; ,Pb,FeO;_; elec-
trodes.?

Temperature also affects the electrical conductivity of
mixed conducting electrodes. It is well known that if the car-
rier concentration is constant, the Arrhenius plots of In o
vs. 1/T are linear, as predicted by the following equation
derived for the small polaron conduction:

o= (C/T)exp(-E/kT) (6)

where C is the pre-exponential factor; &, the Boltzmann
constant [eV K™]; o, the electrical conductivity [S cm™]; 7,
the temperature [K]; E, represents the activation energy [eV]
for conduction. It is noted from Eq.(6) that the ionic/electrical
conductivities are closely related to the temperature since the
movement of ionic defects is a thermally activated hopping pro-
cess, and the movement of electrons depends on temperature.

L.-W. Tai et al.?” also studied the dependence of electrical
conductivity on temperature for La;_Sr,Coy,Fey50;_5 elec-
trodes with various Sr contents. As can be seen in Fig. 3, it
was revealed that as temperature increased, the electrical
conductivity gradually increased. On the other hand, from
the thermogravimetric analysis (TGA), it was found that the
oxygen content remained nearly constant in temperature
range below 1073 K. This indicates that the dependence of
ionic conductivity on temperature is weaker than that of
electronic conductivity on temperature below 1073 K.

Furthermore, Y. Teraoka er al.'” explored the effect of
temperature on the ionic and electronic conductivities of
Lag6Sr.4BosFeg 2055 (B =Fe, Co, Ni, Cu) electrodes using
four-probe ionic dc technique and standard four-probe dc
technique. From their work, it was revealed that as tempera-
ture increased, the ionic conductivity monotonically
increased, but electronic conductivity decreased. The same
behaviour was also reported for the La;_.Sr.Co;_Fe 0;5,""
Sro.sCa.1C0g 89F€0 11035, STC003_5>" and L ¢Sry4C00;_5
(Ln=La, Pr, Nd, Sm and Gd) electrodes.*®

It is generally reported that the ionic conductivity of
MIECs with perovskite structure is independent of oxygen
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Fig. 3. Plots of the logarithmic o7 versus the reciprocal of
temperature obtained from the La, ,Sr,Cog,Fe 30;_s electrodes
with various Sr contents.?”
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Fig. 4. Plots of the oxygen content versus logarithmic oxygen activity
obtained from the La, .Sr,Cog,Fe;30;:_s electrodes with various Sr
contents.!®
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partial pressure po,, since the concentration of extrinsic Vg
induced by dopants is much higher than that of intrinsic Vg .
However, at very low po,, the increase in intrinsic Vg con-
centration leads to the more deficiency of overall oxygen at
electrode, and hence the ionic conductivity increases with
decreasing po,.

L.-W. Tai ef-al.'” reported the oxygen content of mixed
conducting La,_Sr,Cog,Fens0; electrodes as a function of
Po, - The dependence of oxygen deficiency on po, for the
La,_.Sr,Coq.Feq30;5_5 oxides with various St contents is
shown in Fig. 4. As can be seen in Fig. 4, the oxygen defi-
ciency remained nearly constant at high and medium po, in
the range of 1 to 107'% atm, however, the oxygen content
abruptly decreased at low po, below 107" atm.

AN. Petrov et al>” also investigated the dependence of
electrical conductivity of Lagy7Sry3C00s_5 electrode on po,
by TGA. From their work, it is noted that as po, decreases,
oxygen deficiency of Lag;Sro3;C00;.5 electrode gradually
increases, resulting in increase of ionic conductivity. On the
other hand, the electronic conductivity decreases with
increasing ionic conductivity. Since the contribution of ionic
conductivity to the total electrical conductivity is negligibly
small as compared with that contribution of electronic con-
ductivity, the total electrical conductivity decreases with
decreasing po,- Recently, the electrical conductivity and oxy-
gen deficiency of various MIECs as a function of po, were
investigated by D. Mantzavinos et al,’® V.V. Kharton et
al?** and M. Segaard et al.®”

3.2 Microstructural Property

As already mentioned in section 2, the characteristics of
powders such as texture, purity, composition and homogene-
ity are crucially influenced by powder synthetic methods. At
the same time, the initial powder properties strongly affect
the geometrical properties of the resulting electrodes such as
particle size, pore size and porosity under the same sintering
condition. Accordingly, it is expected that the various syn-
thetic methods largely affect the geometrical characteristics
of the cathode which play an important role in the electro-
chemical behaviour of the electrode.

In general, it is suggested that the powder synthetic meth-
ods with combustion reaction produce the powders with
smaller particle and homogeneous pore distribution than SSR
method. L. Tan er al.*® observed the influence of powder syn-
thetic methods on microstructure of BagsStosCogsFep 2055
membranes with perovskite structure. In their work, the
grains of powders synthesised by Pechini method are con-
nected together, while those of powders synthesised by SSR
method are isolated. The particle size distributions of powders
prepared by SSR and Pechini method are almost the same.

Fig. 5(a) and (b) depict the scanning electron microscopy
(SEM) images of the cross-sectional BagsSrysCopsFeq20s5
membranes prepared by SSR and Pechini methods under the
same sintering condition, respectively.*” It was found from
Fig. 5 that BaysSrysC0gsFep203_s membranes showed the
similar grain size of about 0.3—0.5 um irrespective of powder
synthetic method. On the other hand, the membrane prepared

(b)

Fig. 5. Scanning electron microscopy (SEM) images of the cross
section of BagsSrysCoosFeq2035 membranes prepared by (a) solid
state reaction (SSR) and (b) Pechini methods sintered at 1373 K for
5hin air*

by Pechini method exhibited higher porosity and more
homogeneous pore distribution as compared with that pre-
pared by SSR method.

It is well known that the highly porous cathode for SOFC
with mixed conductivity can facilitate the oxygen gas diffu-
sion through the pores, but reduce the connectivity between
particles, which impedes the electron and oxygen vacancy
migrations. The porosity also affects the electrical properties
of the electrode. Fig. 6 illustrates the electronic conductivity
of LaNig¢Fe40; electrode as a function of porosity.5 It is
noted from Fig. 6 that the electrode with 3% porosity
showed high electronic conductivity (580 S cm™), on the
other hand, the electrode with 30% porosity had low elec-
tronic conductivity (257 S em™"). Since the electrode with
higher porosity exhibits poorer connectivity between parti-
cles, the electronic conductivity decreases with increasing
electrode porosity.

Recently, M. Bevilacqua e al.®® reported that the electrical
conductivity and morphology of electrodes are strongly
affected by powder preparation method. In their work, the
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Fig. 6. Plots of the electronic conductivity versus porosity obtained
from porous LaNiy¢FeO; electrode at 1073 K.V

porous mixed conducting LaNig¢Fep 403 powders prepared
by SG method showed better phase homegeneity than that
prepared by GNP method. After sintering at 1373 K, BET
surface areas of resulting electrodes prepared by GNP and
SG methods are estimated to be 0.72 and 0.80 m* g™' in
value, respectively. From the above results, it is inferred that
the electrode prepared by SG method exhibits higher poros-
ity and more active sites for oxygen reduction reaction than
that prepared by GNP method. Also, the electrical conductiv-
ities of LaNiggFeq405 electrodes prepared by GNP and SG
methods at 1373 K are calculated to be 250 and 300 S cm™
in value, respectively. This is consistent with the results
explained in Fig. 5.

4. Electrochemical Application of Mixed
Conducting Oxides to Electrode Materials in Solid
Oxide Fuel Cell (SOFC)

Let us consider the oxygen reduction reaction on the
MIEC which generally holds the high concentration of oxy-
gen vacancy. The mechanism of oxygen reduction on the
porous MIEC is visualised in Fig. 7(a).*¥ According to Fig.
7(a), it can tentatively be deduced that oxygen reduction is
not restricted to the three phase boundaries (TPBs) among
electrode, electrolyte and gas, but it is significantly extended
from the origin of the TPBs into the electrode/gas interface
segments due to its high ionic conductivity.

In general, it has been reported®> that both the diffusion
reaction of gaseous oxygen through the pores and the
adsorption reaction of oxygen molecule on the electrode sur-
face are too facile to affect oxygen reduction at 7> 1173 K
and po, > 0.01 atm. Accordingly, for MIECs with high con-
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Fig. 7. (a) Schematic diagram of the diffusion reaction of oxygen
vacancy and charge transfer reaction at the electrode/gas interface
for mixed conducting electrode.*” Here, lgpp denotes the extended
phase boundary length. (b) Nyquist plots of the ac-impedance
spectrum® theoretically determined from Eq. (7) for bulk diffusion
of oxygen vacancy and charge transfer reaction at the electrode/gas
interface.

centration of oxygen vacancy, we can expect that the overall
oxygen reduction reaction on the electrode is split into the
following two consecutive substeps: diffusion of oxygen
vacancy through the electrode and subsequent electron
exchange reaction between oxygen vacancies and gaseous oxy-
gen (charge transfer reaction) at the electrode/gas interface.

Under this circumstance, the theoretical ac-impedance
model for the mixed conducting cathode developed by Adler
et al®® can be analytically derived by considering the mixed
diffusion and charge transfer reaction-controlled boundary
condition. Solving Fick’s diffusion equation by using
Laplace transformation, the following electrode impedance
Z(®) is finally obtained.
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Z(0) = Ry, lﬁwh Q)

, RT i
(&L  p
with Ry (2F2) \/(1 - g)cv_.DV..Asje o
o) o

where Ry, designates the characteristic resistance [Q cm?]
for the oxygen reduction reaction; A4, the surface area of
electrode per unit volume [cm™; ¢vg, the oxygen vacancy
concentration in the electrode [mol ecm™]; £, the characteris-
tic time constant required for diffusion of oxygen vacancy
from the electrode/gas interface through the electrode to the
electrode/electrolyte interface [s]; & the porosity of electrode;
Dvg, the pore tortuosity of electrode; z, the component dif-
fusivity of oxygen vacancy [cm? s7']; R, the gas constant [J
mol! K™']; 7, the absolute temperature [K]; J., the equilib-
rium exchange flux at #=ow[mol cm™ s7'}; F, the faradaic
constant [C mol™]; @ the angular frequency [rad s™'] and j
represents the unit of the complex number (J/=1).

Fig. 7(b) depicts the Nyquist plots of the ac-impedance
spectrum theoretically determined from Eq. (7) for bulk dif-
fusion of oxygen atom mixed with the charge transfer reac-
tion at the electrode/gas interface with the values of T=
1273K, 7,=2.5, £=0.3, cv;=1.8 x 10~ mol cm™, Dv=
1x10%em? s, 4=15em™, jo=5.5% 10° mol cm? s’
and t;,=0.1 5.9 The ac-impedance spectrum exhibits a
straight line inclined at a constant angle of 45° to the real
axis at high frequencies, followed by an arc at low frequen-
cies, which is frequently called the Gerischer behaviour.*+%®

One can quantitatively analyse the kinetic parameters such
as j.and Dvy which are of great importance for cathodic per-
formance, by fitting the measured impedance spectra to Eq.
(7). Actually, many researchers®®® have recently attempted
to apply the models suggested by Adler to the interpretation
of oxygen reduction reaction on the mixed conducting elec-
trodes for SOFC. From the literatures,**%® the importance of
Jeand Dvy for the oxygen reduction mechanism on mixed
conducting electrodes has been demonstrated at various val-
ues of T and po,. :

As a matter of fact, it is usually found that the ac-imped-
ance spectrum for porous MIEC does not fairly coincide in
shape with the Gerischer impedance. This inconsistency can
be interpreted as the complexity of the microstructure of
electrodes. The Gerischer impedance model for porous
MIEC is assumed to be one-dimensional reaction and macro-
homogeneous electrode, so the relationship between elec-
trode performance and the microstructure of electrode is dis-
regarded in the theoretical impedance model. Consequently,
the occurrence of the deviation from the Gerischer imped-
ance can be accounted for in terms of the inhomogeneities of
the active reaction sites in the electrode due to the complex
microstructure.

As already pointed out in section 3.2, the geometrical fac-
tors such as particle size, porosity and pore size are signifi-
cantly influenced by powder synthetic methods. Thus, it is
expected that the impedance spectra measured from the
porous MIECs considerably vary in magnitude and shape

depending upon the powder synthetic methods. For instance,
in the case of mixed conducting electrodes prepared by SSR
method such as Lag¢Srg1CogoFes 3035 electrode, the mea-
sured impedance spectra significantly deviated from the
Gerischer behaviour, as shown in Fig. 8. Fig. 8 illustrates the
Nyquist plot of the impedance spectrum experimentally
obtained from the porous Laj ¢Sty CogoFe 3055 electrode
synthesised by SSR method. In this case, considering that
one can hardly prepare the fine and homogeneous powder
using SSR method, this discrepancy may arise from the
agglomeration and inhomogeneity of particle in the electrode.

On the other hand, it has been reported®***” that Pechini
and GNP methods can provide the powders with fine and
homogeneous particles and pores. For the electrode prepared
by Pechini and GNP methods, the particles and pores are
smaller in size than that prepared by SSR method, and they
are homogeneously distributed and continuously connected
each other through the electrode. In this case, oxygen gas
can uniformly penetrate into the electrode, and hence the
electrochemical-active sites for oxygen reduction reaction are
widely distributed within the electrode.

Fig. 9(a) illustrates the Nyquist plots of the ac-impedance
spectrum measured at 923 K in air from the porous
Sre3Cep.1Feg 7Co4303-5 electrode synthesised by Pechini
method.”” The impedance spectrum is quite similar in shape
to the Gerischer impedance, implying that the reaction sites
are assumed to be homogeneously distributed. Furthermore,
in spite of relatively lower measuring temperature, the mag-
nitude of the overall impedance spectrum is smaller as com-
pared with that spectrum in Fig. 8. This indicates that well-
distributed small pores and particles facilitate gas transport
and maximise surface area, which leads to larger electro-
chemical reaction sites for oxygen reduction. Thus, it is
deduced that the polarisation resistance of porous MIEC can
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Fig. 8. Nyquist plot of the ac-impedance spectrum measured at 1023
K in air on the porous mixed conducting LagoSry;Cog,Feps03.s
electrode prepared by solid state reaction (SSR) method.
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be decreased by a continuous microstructure and sufficient
connection of grains.

J. Liu et al.™ have attempted to illustrate the oxygen
reduction reaction on the mixed conducting
Lag §Srp,Coq sFep20; electrode synthesised by SG method
employing the ac-impedance spectroscopy. In their work, the
electrode consisted of ultra fine particles with average parti-
cle size ranging from 2 to 4 uym and contained pores with
diameters ranging from 0.2 to 2.0 um. Fig. 9(b) depicts the
Nyquist plot of the ac-impedance spectrum measured at 973
K in air on the porous LaggSrg,Coq3sFeq20; electrode.””
Similar to the electrode synthesised by Pechini method, the
impedance spectra follows the Gerischer behaviour. From the
comparison of Fig. 8 with Fig. 9, it is suggested that the geo-
metrical factors such as particle and pore sizes greatly influ-
ence the shape and value of the impedance spectra.

However, since there still remain uncertainty and disagree-
ment about the oxygen reduction mechanisms of mixed con-
ducting electrode, the impedance spectra observed from the
porous MIECs synthesised by GNP or SG methods do not
entirely resemble those predicted by the model of Adler.*” In
fact, the oxygen reduction kinetics can be also influenced by
the properties of the electrode/electrolyte interface and sur-
face composition.”” Nevertheless, in most cases, it has been
observed that the electrochemical performance is more sensi-
tive to the microstructure of porous electrode than the other
factors. Accordingly, in view of the geometrical characteris-
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Fig. 9. Nyquist plots of the ac-impedance spectra (a) measured at
923K in air on the porous SrygCey;Fe;;C0930;; electrode®
prepared by Pechini method and (b) measured at 973 K in air on the
porous mixed conducting LaggSryCogsFe),0; electrode’™ prepared
by sol-gel (SG) method.

tics, it is meaningful to correlate the powder synthetic meth-
ods to the electrochemical behaviour of porous electrode.

If we consider the dense mixed conducting electrode with
well-defined structure, the effect of powder synthetic method
on the electrochemical properties is negligibly small as com-
pared with the porous electrode since the dense electrode
makes it possible to simplify reaction pathways and disre-
gard the effect of pore structure. Recently, in our laboratory,
the oxygen reduction reaction on dense mixed conducting
Lag oSty Cog2Feg303-5 electrode prepared by SSR method
was investigated using ac-impedance spectroscopy.” Fig. 10
exhibits the Nyquist plot of the ac-impedance spectrum
experimentally obtained from the dense mixed conducting
LagoSrg 1Cog2Fep 5055 electrode at 1023 K in air.

It was found from Fig. 10 that the ac-impedance spectrum
clearly showed the Warburg impedance at high frequencies
associated with diffusion of oxygen vacancy, followed by an
arc at low frequencies for the charge transfer reaction, simi-
lar to the Gerischer behaviour. It is noticeable that the ac-
impedance spectrum in Fig. 10 is quite similar in shape to
those spectra determined from dense Lag ;Sry;C00; 5
electrode™ prepared by radio frequency magnetron sputter-
ing. This suggests that for dense electrodes the powder syn-
thetic method has less effect on the electrochemical
behaviour.

From the above results, it is recognised that the powder
synthetic methods are of great importance for the microstruc-
tural properties of the resulting electrode such as particle
size, porosity and the electrochemical-active sites, and hence
have an impact on the kinetics of the oxygen reduction reac-
tion. An extensive study on the effect of microstructural
properties on the electrochemical behaviour is still under
investigation in order to clarify the oxygen reduction mecha-
nism on the porous mixed conducting cathode for SOFC.
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Fig. 10. Nyquist plots of the ac-impedance spectrum measured at 1023 K
in air on the dense mixed conducting Lag ¢Sty Coy,Feys0; qelectrode™
prepared by solid state reaction (SSR) method.
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Nomenclature
As surface area of electrode per unit volume [cm™]
C pre-exponential factor
evg oxygen vacancy concentration [mol cm™]
Dvy  component diffusivity of oxygen vacancy [cm? 571
E, activation energy for conduction [eV]
EDS energy dispersive spectroscopy
& porosity of electrode
F faradaic constant [C mol™]
GNP glycine nitrate process
J unit of the complex number (J/~1)
Je equilibrium exchange flux at 7= co[mol cm™ s7!]
k Boltzmann constant [eV K]
Iepp extended phase boundary length
MIEC mixed ionic/electronic conductor
Po, oxygen partial pressure
R gas constant [J mol™ K]
R characteristic resistance
SEM scanning electron microscope
SG sol-gel
c electrical conductivity [S cm™]
SOFC solid oxide fuel cell
SSR solid state reaction

T absolute temperature [K]
Len characteristic time constant required for diffusion of
oxygen vacancy from the electrode/gas interface

through the electrode to the electrode/electrolyte interface [s]
% pore tortuosity of electrode

TGA thermogravimetric analysis
TPB three phase boundary
TPD temperature-programmed desorption
Vo oxygen vacancy
w angular frequency [rad s™']
XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction
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