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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices that
produce electricity by electrochemically combining a fuel and an
oxidant across an ionic conducting oxide electrolyte. [1]

As itis regarded as the most efficient and versatile power gener-
ation system, SOFCs attracted more and more substantial interests
in recent years [2,3]. Comparing to other kinds of fuel cell, the
prominent advantage of SOFCs is fuel flexibility, offering the pos-
sibility for direct utilization of hydrocarbons and other renewable
fuels [4]. This results in potentially higher overall fuel to electric
efficiency of around 60% for single cycles and up to 85% efficiency
for total systems [5].

General reaction mechanism of SOFC, except for the ones with
proton conducting electrolyte, is shown in Fig. 1. The cell is com-
posed of two porous electrodes and an ionic conductive ceramic
electrolyte. At present, the most common materials for SOFCs
are oxide ion conducting yttria-stabilized zirconia (YSZ) for the
electrolyte, perovskites such as strontium-doped lanthanum man-
ganese (LSM) for the cathode and nickel/YSZ for the anode. Oxygen
gas is reduced to 02~ at the porous cathode and then is transported
through the electrolyte to the anode. Finally, 02~ will react with H*
to form water.

Modeling and simulation techniques have been used to improve
understanding of the reaction mechanisms and kinetics of electrode
processes in SOFCs. It has been well accepted that in intermediate-
temperature SOFCs, oxygen reduction at the cathode is the main
rate limiting factor to the performance of the whole system [6,7].
Numerous works on SOFC cathode modeling can be found in the
literature. The porous structure and mixed conductivity property
of SOFCs cathode make it difficult to obtain an exact model for the
entire electrode process.

In this paper, the authors are trying to summarize the cathode
modeling efforts in the last 20 years. Since the electrode reac-
tion process description originated from the basic understanding
of solid state physics and solid state electrochemistry, the proper-
ties of SOFCs cathode materials and related investigation methods
will be introduced first. The oxygen reduction pathway is the funda-
mental part of the cathode model. Different conceptions on oxygen
transport will be shown in the main part of this review. Further-
more, experimental methods which are utilized to verify SOFC
cathode models also will be illustrated in this paper.

2. SOFC cathode materials

As mentioned above, oxygen reduction takes place at the SOFC
cathode. The overall reaction can be written by Kréger-Vink nota-
tion as follows:

1
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Materials which are used as the SOFC cathode must satisfy
the conditions as below at high temperatures (between 500 and
1,000 °C, but more typically around 800°C) [8]:

e Adequate electronic and ionic conductivity.

e High catalytic activity for oxygen reduction.

e Chemical stability and relatively low interactions with the elec-
trolyte.

e High compatibility with other cell components.

During the early stage of SOFC development, platinum and some
other noble metals were used as the cathode materials. However,
platinum is expensive and its compatibility with the electrolyte is
not so good. Recently, less expensive perovskites which also pos-
sess the required properties attracted much interest.

Porous Anode
Porous cathode

Fig. 1. Sketch of a single solid oxide fuel cell.

Fig. 2 reveals the lattice structure of ABO3 perovskite. In general,
in the perovskite-type structure, B site element is closely bonded
to six oxygen atoms with a strong covalent nature, while A site
element coordinates to 12 oxygen ions with a strong ionic nature.
Most of the perovskites can be considered as cathode materials
except perovskites which have a low electronic conductivity such
as (La, Sr)(Mn, Fe)Os3, YCoOs or (Y, Ca)FeOs [9].

La;_4SrxMnOs3 s (LSM) is one of the widely used and researched
cathode perovskite materials in SOFC. Those Sr-doped lanthanum
perovskites show both large oxygen-excess under oxidizing
atmosphere and large oxygen deficient when in reducing gas atmo-
spheres [10]. Oxygen deficient is the result of the oxygen vacancies
while oxygen-excess results on metal vacancies. It shows good elec-
trode properties for YSZ electrolyte [11]. However, the oxygen ion
conductivity of LSM materials and its oxygen trace diffusion coef-
ficient is extremely low [12]. This poses practical limitations and
restrictions to the application of LSM especially at low temperature
(<800°C).

Iron and cobalt-containing perovskite La;_,SrxCoi_yFey03.5
(LSCF) is another candidate for SOFC cathode materials. Compared
with LSM based materials, LSCF has higher ionic and electronic
conductivity. Hence, some times LSM will be treated as an elec-
tronic conductor (EC) while LSCF is always referred as mixed ionic
and electronic conductor (MIEC). [13] Although the use of LSCF as
SOFC cathode can effectively enhance the cell’s performance, LSCFs
cathodes have to be selected carefully because they have a higher
thermal expansion coefficient (TEC) than the YSZ electrolyte [14].

To lower the operating temperature of SOFCs, strontium-doped
samarium cobaltite with composition of Smg 5Srg5Co03 (SSC) has
been studied recently. Its conductivity is much higher than LSCF
and LSM at the low temperature (500-800°C) [15,16]. On the other
hand, just as for LSCF, the TEC of SSC is too large and it will affect its
compatibility with the YSZ electrolyte. However, it is particularly
compatible with GDC and LSGM. [17].

As illustrated above, the TEC of LSM is close to YSZ but its
ionic conductivity is very low. The electronic and ionic conductiv-
ities of LSCF and SSC are high but their TEC are much higher than
YSZ. Therefore, many alternative materials have been studied with
the aim of increasing ionic conductivity and obtaining a TEC close
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Fig. 2. Schematic representation of lattice structure of perovskite, ABOs.
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to the TEC of YSZ. For example, Fe-substituted lanthanum stron-
tium cuprate (Lag7Srg3Cug4Feqs03_5) was reported to present a
high conductivity and good thermal expansion match to SDC [18].
Bag 5Srg 5Cop sFep205_g (BSCF) is another attracted cathode mate-
rial for intermediate-temperature SOFCs [19].

2.1. Conductivity

Perovskite structure oxides receive much attention on their con-
ductivity properties since they are widely used as SOFC cathodes.
According to the classification of solid state electrochemistry, SOFC
cathodes belong to intercalation electrodes category. The existence
of host particles and guest particles results in the conductivity. The
host particles provide a lattice or framework; the guest particles
occupy sites within this framework. There are two special prop-
erties for intercalation compounds: the guests are mobile, moving
between sites in the host lattice; and the guests can be added to the
host or removed from it, so the concentration of guests can change
[20].

2.1.1. Electronic conductivity

Generally, it was thought that B site metal vacancy was the
electronic carrier for perovskite structure mixed conductor. For
La;_,SrxMnOs3,5, manganese usually was considered as having
three oxidation states Mn%, (Mn3*), Mnj (Mn#") and Mnj (Mn?*).

In Finn Willy Poulsen’s work [21], the electrical conductivity of
LSM was considered in the range from 1 to 250Scm~! going from
room temperature to 1000 °C. The conductivity increases with the
amount of Sr-doping up to x=0.5. Poulsen explained the electri-
cal conductivity of LSM by charge-transfer reactions between the
different oxidation state manganese. He claimed electrons might
transfer from a manganese ion, in one oxidation state, to neighbor-
ing manganese in a higher/lower oxidation state, possibly via an
oxygen ion:

OX
Mnj + Mnf Mnj + Mnj (2)

OX
Mnj + Mn’éc?Mn’é + Mng 3)

Mizusaki utilized a multi-level hopping model [22] to analyze
the electrical conductivity of LSM [23]. He thought the electrical
conductivity of LSM was essentially determined by the electronic
state of d electrons of Mn. In his model, Mng was considered accept
electrons from Mnj and Mnj,. Besides, Mizusaki studied the conduc-
tivity as a function of mean Mn valence which was calculated from
electrical neutrality of assuming the valence in other ions fixed to
La3*, Sr2* and 02~ It was concluded that electrical conductivity of
oxygen-deficient composition LSM was essentially determined by
the mean Mn valence, whether determined by the Sr doping or the
non-stoichiometric deviation.

2.1.2. lonic conductivity

Ionic conductivity of the perovskite-type oxides is caused by
oxygen ion transportation. Mizusaki did some research on the
relationship between the oxygen ions and the defects in the
perovskite-type oxides [10,24]. Numerical relationships had been
found in both of oxygen-deficient and oxygen-excess regions. Max-
imum and minimum values of the oxygen stoichiometry had been
calculated based on the defect equilibrium.

Compared to electrical conductivity, ionic conductivity of LSM
is much smaller. Therefore, it is difficult to measure the ionic con-
ductivity of LSM from experiments without electrical conductivity
affects. Huang [25] and his coworkers tried to measure the ionic
conductivity of LSM. They used YSZ layer to block the electronic
flows in the experiment. According to Huang’s research, the ionic
conductivity of LSM will vary in the range of 10~7-3 to 10-6Scm™!

when the oxygen partial pressure is in 1073 to 1atm. Further,
Endo et al. [26] have determined the oxygen ion conductivity in
LSM in the pressure range 10~1-10-3 atm oxygen at 800°C to be
5.9 x 10~8 Scm~! by the Hebb-Wagner technique.

There are two major steps involved in oxygen
transportation—surface adsorption and bulk diffusion. Accord-
ingly, two parameters, oxygen surface exchange coefficient (k)
and oxygen diffusion coefficient (D), are applied to characterize
the oxygen flux. These two parameters are very important for the
investigation of SOFCs cathode reaction kinetics.

Typically, two kinds of experimental methods can be used to
obtain D and k. One of them is known as isotope exchange depth
profile (IEDP) [27] method. Isotope 0!8 is used in the experi-
ment and the diffusion profile within the sample was determined
by secondary ion mass spectrometry [28]. The other experimen-
tal method is named electrical conductivity relaxation (ECR). An
abrupt oxygen partial pressure change is applied and the total
conductivity will be measured until the sample reaches a new equi-
librium state [29].

IEDP and ECR are both set up based on Fick’s second law and
both require dense samples since porosity influence is not consid-
ered in the data treatment processes. For IEDP method, the sample
usually will be first annealed in the labeled 60, atmosphere for a
long time, which is approximately one order of magnitude greater
than the tracer anneal time, to make sure the sample is in chemi-
cal equilibrium in the desired temperature and atmosphere. Then
the sample will be quenched to room temperature and reheated
with the 180, gas. Then 80 penetration profile will be determined
by SIMS. During this process, the rate of isotope exchange across
gas/solid interface is assumed to be directly proportional to the dif-
ference in isotope concentration between the gas and the solid. This
leads to the boundary condition:

ac
—Do | = k(Cs — Cq) (4)

Cg and G; refer to the 180 fraction in the gas phase and at the sample
surface respectively [30-34].

For ECR method, the sample’s total conductivity is assumed
related with the oxygen stoichiometry. With a small oxygen par-
tial pressure step change (usually AlogPg, < 1), the relationship
between the conductivity and stoichiometry, as shown below, is
reasonable

o(t)—o(0) _ d(t)—d(0)
o(c0) —a(0) "~ d(c0) - d(0)

(5)

o(t), 0(0) and o(oo) represent for the real time conductivity value,
initial conductivity value and the equilibrium conductivity value,
respectively. In addition, d(t), d(0) and d(co) represent for the d
value of ABO;_,4 respectively for the real time, initial point and the
equilibrium point [35].

Therefore the measured conductivity values can be used for
solve the diffusion equation. Corresponding boundary condition is:

aC
—D& | = k(Coo — Cs) (6)

Cw is the equilibrium surface oxygen concentration and C; is the
real time surface concentration [36].

For both of IEDP and ECR methods, the diffusion equation’s
solutions are different according to the sample’s shape [37]. Pel-
let samples are generally used since the diffusion process can be
simplified to a 1D model. At the same time, cylinder shape samples
also had been studied by some researchers [10].

Compared to using isotope, ECR testing method is much easier
to carry out and offers significant cost-advantage. Much work has
been done on ECR testing recently [38-41]. However, this measur-
ing method can only be applied for uniform, single-sample, while
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composite, porous cathodes have been used for SOFCs to get high
performance. Therefore, it is necessary to improve the ECR or IEDP
method to make the parameters obtained is more meaningful for
the cathode process study.

2.2. Electro-catalytic property for oxygen reduction

The oxygen reduction catalytic property of perovskite-type
oxidesisrelated closely to theirionic conductivity. Electro-catalytic
property improvement will result in oxygen surface exchange rate
increase. It can extend the active reaction area from TPB (three-
phase boundary where gas, electrode and electrolyte meet) to
gas/electrode interface. And the active area extension will improve
the fuel cell performance.

Bell [42] investigated influence of different synthesis routes
on LSM catalytic properties. Six different synthesis ways includ-
ing solid state reaction, drip pyrolysis, citrate, sol-gel, carbonate
and oxalate co-precipitation had been utilized in this study.
Temperature-programmed reduction (TPR) and temperature-
programmed reaction (TPRxn) experiments which were performed
in CO, or CO, O, mixed gas were applied to test the catalytic prop-
erties of LSM. Based on their analysis results, LSM made by the
citrate method was the most suited to oxidation catalysis. Mars van
Krevelen and ionic redox models were used to explain the oxygen
reduction mechanism at low temperature and high temperature
(>550°C) separately. And Robert claimed that the oxygen reduc-
tion at low temperature was associated with the intrinsic oxygen
vacancies while the reaction at high temperature was due to the
manganese reduction from Mn** to Mn3*,

Kan and co workers used the temperature-programmed isotopic
exchange method to investigate the catalytic property of modi-
fied LSM and LSCF [43,44]. They claimed that for ABO3 the A site
elements did not produce significant change in isotopic exchange.
Cobaltinfiltration improved the performance of LSM the most while
iron reduced the apparent activity.

On the contrary to the above mentioned research, Kammer
indicated that the A site elements will affect the electro-catalytic
properties of the perovskite [45]. He investigated Fe-Co based
perovskite with different A site elements. According to the exper-
imental results, Kammer thought perovskite with small A site
elements possesses high electro-catalytic properties. He offered
two possible explanations in his work. One is that when the size
of the A site cation is lowered a small amount of a cubic perovskite
phase emerges. The cubic phase might have a high activity for
oxygen reduction. Another one is with small A site cations, two-
perovskite-phase system is formed. This unique microstructure
might enhance the catalytic property for oxygen reduction.

Besides improving the cathode material itself, making compos-
ite material is another way to improve cathode electrochemical
properties. Serra and Hans-Peter [46] added Pd into the cathode
material to improve its electro-catalytic property. The improved
materials were prepared by contacting the LSM and LSCF powder
with Pd and Rh nitrates aqueous solution under stirring at 80°C
for 5h. Lietal. [47] developed three different NiO-based composite
cathode catalysts for electrochemical oxidation of hydrogen sulfide
in intermediate-temperature solid oxide fuel cells.

2.3. Summary

Basic chemical and physical properties of perovskite materials
had been shown in this part. Because the perovskite-type oxides
possess mixed electronic and ionic conductivity, the oxygen reduc-
tion region will be extended. The mixed conductivity of perovskite
was thought associated with the valence change of B site element
and the oxygen vacancies which is caused by the doped elements.
Furthermore, the oxygen mass transport was generally divided

Models’ Dimension: 1-D, 2-D and 3-D models

SOFC cathode models Models’ setup method: Experimental-based models

Theoretical models

Investigation focus: Micro-models
Macro-models

Fig. 3. Different classifications of SOFCs cathode models.

into surface exchange and bulk diffusion, two continuous pro-
cesses. Kinetic parameters can be measured by isotope exchange or
electrical conductivity relaxation methods. Although basic under-
standings on the perovskite materials had been developed, the
knowledge we have now are still not sufficient enough to offer a
full picture. And due to the limitation of the experimental methods,
the kinetic parameters obtained were just approximation values.
The lack of knowledge of cathode materials intrinsic properties
made the modeling work of SOFCs cathode electrode more diffi-
cult.

3. SOFC cathode models

The electrode reaction mechanism is a fundamental issue for
electrochemistry study. Areliable elucidation includes useful infor-
mation on how to improve cell performance. Limited by the
development of solid state ionic conductivity theories, researchers
began to try to build up SOFC cathode models over the past 20 years.

Aqueous solutions are the traditional electrochemical system.
Therefore, generally accepted conclusions and common investiga-
tion methods of aqueous system are the basis for SOFC cathode
studies. However, the solid state system is more complex compared
with the aqueous system. First, three-phase boundary (TPB), where
gas molecular, cathode and electrolyte materials meet, exists sta-
bly in SOFCs. At the same time, at the cathode side gas/cathode
and cathode/electrolyte two-phase boundaries (2PB) also exist. It
brings several possible pathways for oxygen reduction. Second, in
aqueous systems only ion diffusion occurred while for SOFC cath-
odes oxygen gas and ions will diffuse against the electrons. Finally,
the double layer formed on the electrode is different. For aqueous
system, usually the inactive ions in the solution will move to the
electrode surface under the electrical field. However, on the sur-
face of SOFC cathode, adsorbed atomic oxygen or ions will form the
double layer.

SOFCs cathode models can be classified by different levels. As
shown in Fig. 3, according to the dimension of the model, there
are 1D, 2D and 3D models. Further, according to the model’s setup
method, some literature modeled SOFC cathodes in the viewpoint
of theory while others utilized experimental data to set up their
models. For example, some studies about three-phase boundary
had been done based on the SEM morphology results. Finally,
according to different investigations, SOFC cathode models can be
divided to micro-models and macro-models. The former studies the
detailed cathode reaction steps and the latter one mainly consid-
ered the entire effect of the factors such as porosity, gas flow rate,
temperature, etc. In this review, we will follow the third way to
give an introduction of the SOFC cathode modeling development.

3.1. Micro-models

Researchers always focus on the detailed oxygen reduction
steps and the electrochemical affects. The geometry factors will be
ignored or simplified as a parameter. Thus far, the most arguable
issue is whether the reduction reaction is controlled by a chemical
process or an electrochemical process. In this part, representative
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A\ A\

Fig. 4. Cell geometry in Adler’s model [48].

works based on these two different understandings will be intro-
duced.

3.1.1. Pure chemical process

Adler is one of the early researchers who treated the SOFCs
cathode reaction as a pure chemical process. In the model devel-
oped in 1996, as shown in Fig. 4, Adler et al. [48] specified the
overall cathode reaction occurred via three separated interfacial
reactions: (1) charge-transfer of oxygen ion vacancies across the
cathode material/electrolyte interface; (2) charge-transfer of elec-
trons across the current collector/cathode material interface; (3)
chemical exchange of oxygen at the gas/cathode material inter-
face. Due to the last specification, this model can only be valid for
the mixed conductors with high rates of oxygen surface exchange,
such as LSC.

The contributions to cathode kinetics were claimed as only the
diffusion of oxygen and exchange of O, at the mixed conductor/gas
interface. To illustrate the chemical contribution, either one of the
non-charge-transfer steps would be considered as the rate limited
step of the entire cathode reaction. Their models showed, when the
surface exchange and solid state diffusion dominated, the total cell
impedance would reduce to:

/ 1
Z =R D S 7
chem 1 +jwtchem ( )

When the gas phase diffusion was the limit, the total cellimpedance
was:

Rgas
= 5" 8
1 — jwRgasCgas (8)

Rehem and Rgas are characteristic resistance, tehem iS a time con-
stant and Cgys is the effective capacitance with gas phase diffusion
polarization. Their results showed that the bulk properties of the
cathode material would quantitatively affect the electrode kinetics.
In order to verify this simulated result, Adler et al. compared the
measured ac response of a symmetrical cell, which was composed
of two Lag gCag.4FepgCog203_5 electrodes and Cep gSmg 10,_ elec-
trolyte, with the predicted results. As Fig. 5 presents, the measured
plots agreed well with the calculated results.

Additionally, in this model work, Adler brought out the con-
cept of a characteristic distance which indicated the extension of
the reaction zone beyond the three-phase boundary. The chemi-
cal resistances corresponding to different characteristic distances
were calculated based on the model. The best extension distance
was expected to be few microns.

As in the early mixed conductor cathode modeling, Adler’s work
offered lots of valuable understanding for the reaction mecha-
nism. However, there also existed many arguable parts [49]. People
doubted whether it’s reasonable to define all the reduction reac-

0.4 T T T

& 03f
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i 1000(" ) \ \ 1‘().01
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Fig. 5. Plot of measured (circles) and calculated(squares) complex impedance of a
symmetrical cell in air at 700°C [48].

tions occurring at the electrode/gas interface. Besides, if the oxygen
would be reduced, why is the oxygen surface exchange defined
as a non-charge-transfer reaction. Adler explained their idea in
a following paper [50], and he believed the oxygen reduction
should only happen on the electrode/gas interface since matter
cannot pass through a truly three-phase boundary. Furthermore,
the processes of “charge-transfer” and “non-charge-transfer” had
been defined. “Charge-transfer” represented any step that involves
charged species and driven directly by gradients in electrical state
and always occurs at a rate proportional to the current. On the
other hand, “non-charge-transfer” process is any step that involves
neutral species or neutral combinations of species. It is driven by
gradients in chemical potential and occurs at a rate independent of
current.

Symmetrical cells under three different conditions were dis-
cussed in this paper. Finally, the author concluded that the oxygen
reduction was limited by the oxygen diffusion. And the diffusion
process was independent with the electrochemical factors since
oxygen molecular was neutral particles. It should be pointed that
this model ignored the effects of electron and oxygen vacancy
concentrations inside the mixed conductor. As the main partici-
pants, they would certainly affect the oxygen reduction reaction.
Furthermore, since those particles are chargeable, electrochemical
conditions may control their diffusion process. Therefore, Adler’s
model may be more suitable for the period when the fuel cell starts
running.

Svensson et al. [51,52] developed a physical model to show
the possible oxygen transport pathways on SOFC cathodes. As
shown in Fig. 6, the first step of oxygen reduction is adsorption

N

Fig. 6. Sketch of Svensson’s two step reactions cathode model [52].
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Fig. 7. Cross-sectional schematic of the physical structure and chemical reactions
occurring at porous SOFCs cathode [53].

and desorption of neutral, monatomic oxygen at the gas/cathode
and gas/electrolyte interfaces. Then the absorbed oxygen atom will
combine with the vacancy to form oxygen ion. The two step reac-
tions can be written as:

kads
0,(g) + 2ads = 2044s (9)
Kdes
oo K
Oags + Vi =ads + 2’ + O} (10)
ko

Svensson postulated that the interface between cathode and
electrolyte contained intermediate oxygen species. Those species
would either combine with the vacancies of the cathode material or
combine with the vacancies of the electrolyte material. The reaction
occurring at the gas/cathode interface was considered chemical
in nature since no interfacial charge-transfer was involved, while
the one occurring at the electrolyte surface was considered as an
electrochemical process. Therefore, different from Adler’s model,
Svensson et al. introduced overpotential into their simulation to
express the departure of the surface exchange reaction occurring
at electrolyte surface from equilibrium. According to Svensson'’s
numerical results, a limiting current was predicted at high over-
potential due to depletion of oxygen at the cathode/electrolyte
interface, and they found there was a correlation between the lim-
iting current and Po, (i o sz). When the exchange process was
the limited rate step for the cathode reaction, the value of n was
between 0.58 and 0.74. Smaller n values (0.26 <n<0.56) was pre-
dicted for a slow adsorption process. However, the two oxygen
pathways in Svesson’s model were considered in separate simu-
lations.

By the approach of Svesson, the influence of surface and bulk
transport pathways for SOFC cathode can be described, but it is
not possible to quantitatively compare the contribution to the total
current by each path. To solve this problem, Coffey et al. [53]
presented a continuum model which simultaneously considered
both pathways, as illustrated in Fig. 7. They considered oxygen

may transport through the triple-phase boundary (3PB) between
the electrolyte, gas and cathode or the two-phase boundary (2PB)
between the cathode and electrolyte. B-V equations for the sur-
face overpotentials were taken as the boundary conditions in this
model’s simulation. Since that the total voltage drop across the
cathode-electrolyte interface is independent of the transport path
chosen, by setting one surface overpotential the overpotential for
the other path can be calculated. However, although Coffey treated
the reactions occurring at 3PB and 2PB interfaces as electrochemi-
cal motivated reactions, oxygen reduction occurring at gas/cathode
interface was considered as chemical reaction due to the fact that
no net charge was gained or lost by the cathode.

In 2006, researchers from NASA set up a SOFC model for sys-
tem controls and stability design [54]. The cathode reaction process
was considered associated with oxygen absorption, desorption,
diffusion and electronation. The charge-transfer pathways can be
presented as below:

03(g) + 254420, (11)
Oad + Vi + 2625608 + (12)

where s is the concentration of vacant surface sites.

As we can see from the cathode mechanisms stated above,
researchers considered the oxygen reduction as a pure chemical
reaction because they thought there was no net charge-transfer
chargeable intermediate at the interface. However, during the real
oxygen reduction process chargeable intermediates are possibly
formed. Furthermore, although there may be no net charge trans-
fer at the reaction interface, some researchers hold the point that
the reaction should be considered as an electrochemical process
since its reactants and products are chargeable particles.

3.1.2. Electrochemical process

Considering oxygen reduction is a reaction involving chargeable
particles, most researchers hold the point that the cathode reaction
of SOFC was an electrochemical process. It is well-accepted that the
surface overpotential should be an important factor to the entire
cathode reaction process. Besides, the researchers also claimed oxy-
gen reduction can not be finished in one step which means there
will be some intermediates during the reaction process. And the
absorbed chargeable intermediates also will be affected by the sur-
face overpotential.

Liu and Winnick investigated the reactions occurring on
MIEC/gas interface. They considered oxygen reduction involving
several intermediates as shown in Fig. 8 [55]. Possible reaction
pathways are shown below.

Further, Liu et al. discussed the electrical state effects on the rate
of interfacial reactions. Based on their analysis, the oxygen reduc-
tion rate depended critically on the electrical states of the MIEC/gas
surface. Hence the reaction was confirmed as electrochemical reac-
tions.

van Heuveln [56] considered O~, O; existed during the oxy-
gen reduction process. And he assumed there were three possible
charge-transfer pathways. Lag g5Srg.15Mn0O3 cathode was prepared
by tape casting on a presintered YSZ pellet. Electrochemical resis-
tance and Tafel plots were measured to verify van Heuveln’s model.
The experimental results indicated that diffusion of O, species
along the LSM surface to TPB area will compete with charge-
transfer at low overpotential. The diffusion limitation disappears
at high cathodic overpotentials. On the other side, the model’s sim-
ulation results also show that the diffusion process is influenced
mainly by the current. However, in van Heuveln’s model, the reduc-
tion occurring at the gas/cathode interface was ignored. MIEC was
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treated similar to the metal electrode.
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Mitterdorfer [57] also thought O~, O; may exist during the
reduction process. He developed a physical model to explain oxy-

gen transport from the LSM cathode to the YSZ electrolyte. The
reactions can be described as follow:
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In Mitterdorfer’s model, LSM had been considered as pure elec-
tronic conductivity. The oxygen ions were assumed only can be
formed at TPB area.

Chan et al. [58] developed a micro-model for an LSM electrode.
All possible polarizations which govern the complex interdepen-
dency among the transport phenomena, electrochemical reaction
and microstructure of the electrode and their combined effect on
the cathode overpotential under different operating conditions had
been considered in this model. They claimed that when the applied
oxygen partial pressure was lower than 0.1 atm, a third arc can be
seen in the low frequency band of impedance spectra which is due
to gas phase diffusion.

Chan applied the reaction steps of van Heuveln’s model 1 to
develop their model. The difference is that Chan et al. established
a correlation between the microstructure and the performance of
the cathode. According to the simulation results, it was found that
the larger the particle size is the thicker the cathode should be for
reduced cathode overpotential. Furthermore, the current density
and oxygen partial pressure were found not to effect on the optimal
electrode thickness value. However, it will affect on the optimal
particle size.

Bilge Yildiz presented a two-dimensional physical model that
takes into account the effect of both surface and bulk pathways
under different operating conditions and electrode configurations
[59]. The possible surface and bulk pathways were shown below,
and AC impedance spectra of LSM electrode were applied to verify
Bilge’s model:
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Fig. 8. Possible oxygen reduction process by Liu et al. [55].

02(g) © 20,4

Oads < Osps

Model 2 O3P8 +€" < Ospp (20)
Ogpp + €~ © O3pg

O3 + vé & 0f

To prove that the intermediates are likely to exist during the
oxygen reduction process, Liu et al. investigated the oxygen reduc-
tion process on a silver electrode surface using the first-principles
calculations based on the density functional theory and pseudopo-
tential method [60]. The calculation results suggest that the oxygen
reaction on silver cathode can be described like this:

03(g)(+e) - 05 (+e) — 037 (+2e) - 20>~ (21)

Since in this work a metal electrode has been studied, the calcu-
lation results show that the oxygen reduction and the incorporation
of the dissociated O ions in the oxide electrolyte prefer taking place
in the TPB region. For MIEC electrodes, due to the fact that oxygen
vacancy may exist inside the material, the reduction process will
not only occur near TPB region. However, although this work offers
some evidence for the intermediates, it’s not so convincing that they
will appear in perovskite MIEC. Therefore researchers still worked
on finding some new ways to verify the existence of the intermedi-
ates and to confirm what kind of intermediates will appear during
the reduction process.

Since researchers considered the cathode reaction as an elec-
trochemical process, surface overpotential needs to be introduced
into their simulations. To make a clear idea on this issue, first
we need to know what the overpotential is and how it is gen-
erated. Overpotential refers the potential difference between a
half-reaction’s thermodynamically determined reduction poten-
tial and the potential at which the redox event is experimentally
observed. For an aqueous system, the overpotential is formed at the
electrode/electrolyte interface. For the SOFC cathode, the overpo-
tential exists not only at the electrode/electrolyte interface but also
at the gas/electrode interface and the TPB area. And there are three
different parts for the overpotential: overpotential caused by the
material’s resistance, overpotential caused by the surface exchange
process and overpotential caused by the oxygen ion diffusion.

Fleig [61] discussed MIEC surface overpotential which is caused
by surface charge transfer. Fig. 9 is given to show the overpotential
difference between a liquid electrolyte system and SOFCs cathode.
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Fig. 9. Sketches of electron and ion transfer reactions at (a) metal/liquid electrolyte
and (b) mixed conducting electrode (MCE)/solid electrolyte interfaces [61].

For a metal electrode in aqueous electrochemical system, elec-
tron and ion transfer only occurred at the electrode/electrolyte
interface so the overpotential can only be formed at the
electrode/electrolyte interface. However for mixed conducting
electrode, electron and ion transfer also occurred at the elec-
trode/gas interface. Hence it is necessary to introduce the item
of surface overpotential change Ay into the simulation. Fleig
discussed the application of A x under electron transfer step con-
trol and ion transfer step control conditions. He also studied
the relationship of MCE surface overpotential (Ay) and elec-
trode/electrolyte interface overpotential (7).

In their later work, the equivalent circuit based on the
understanding of the oxygen reduction pathways was pre-
sented, as Fig. 10 shows [62,63]. LaggSrg4CoggFep205_s,
Bag5Srg5C00gFep2035_s and SmgsSrg5C005_s thin films were
applied to study the oxygen reduction. Thin films and patterned
electrodes are usually used for investigating the overpotential
effects because it is possible to precisely control the geometry
related to the triple phase boundary and bulk reaction pathways.
Based on the ac and dc resistance measurements, Fleig claimed
that the capacitance in Fig. 10 was a constant phase element
(Q (iw)™™) and the exponents close to one. And they found for
the investigated materials, the oxygen exchange reaction on the
MIEC surface limited the kinetics of the overall oxygen reduction
reaction. On the other hand, according to the experimental results,
Bag5Srg5CoggFeg203_5 exhibited the lowest surface-related
polarization resistance compared to the other two materials.

Liudeveloped a 2D model based on Fleig’s theory of MIEC surface
overpotential [64]. Fig. 11 depicts their model geometry. As Fig. 11b
shown, the dashed-line box in Fig. 11b is the two-dimensional
investigated region.

The gas exposure surface reactions were assumed as below:
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Fig. 11. Sketch of 2D model [64].
(a) Patterned electrode array and (b) Symmetric 2D cross-sectional model domain.
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The reaction rate had been discussed in their previous work
[65]. The simulation results show that under low overpotential the
ionic transportation will be the rate limiting step which means low
overpotential (50 mV) does not affect predominately on oxygen
reduction. Under high overpotential (750 mV), the sheet resistance
will be the main factor of the reaction rate which means that the
surface exchange step will be the rate limiting step.

3.2. Macro-models

Macro-models are set up based on the oxygen reduction mecha-
nisms offered by the micro-models as introduced above. Compared
to micro-models, macro-models pay more attention on the effect
of the physical factors such as the electrode porosity, gas flow rate,
temperature and so on.

Janardhanan [66] presented a mathematical model to calculate
the volume specific three-phase boundary length in the porous
composite electrodes of SOFC. They assumed all the ionic and elec-
tronic conductive particles were spherical particles. The influence
of grain size and porosity on the volume specific TPB length had
been investigated separately for the uniform and non-uniform par-
ticle size distribution.

Composite cathodes attracted more attention recently since
they exhibit much lower overpotential than single-phase elec-
trodes by the virtue of parallel paths for ionic and electronic charge
carriers. Moreover, the use of a composite cathode allows a spread-
ing of the reaction zone from the electrode/electrolyte interface

electrolyte

Fig. 10. An equivalent circuit of the MIEC electrode and the sketch of the oxygen reduction process [62].
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0O,gas

Fig. 12. Schematic representation of a monodisperse porous YSZ-LSM cathode.
Black circles: LSM grains; grey circles: YSZ grains; empty space: gas filled pores.
[68].

into the electrode. To obtain better optimization composite cath-
odes, some theoretical investigations have been done.

Ali Abbaspour et al. [67] developed a new rigorous model
to study the structure performance relationship of SOFC cath-
odes. Their work consisted of the following steps: First, creating
a random matrix of electronic and ionic conductor particles;
second, transforming the data to a geometrical form; and last,
model the transport and reaction process in each domain using
a multi-physics solver. Their simulation results showed that the
electrode-electrolyte interface is not always the high reaction rates
region. This can happen when the porosity of electrode is not
enough to transport the oxygen to reaction sites. Moreover, they
discussed the relationship between the polarization resistance and
LSM volume fraction of the LSM/YSZ composite electrode.

Deseure et al. [68] utilized a chemical model to optimize the
percolation rate of LSM + YSZ composite electrode. They considered
LSM as a pure electronic conductor and therefore the oxygen reduc-
tion was assumed to occur at a three-phase boundary, as Fig. 12
shows. And in their model the effective ionic conductivity can be
calculated by the following equation:

et — (24)

1
= Tperéa

where Tper is the percolation rate (ionic+electronic); « the ionic
conductivity of YSZ; &4 the volume fraction of YSZ; ¢ the porosity
and 7 the tortuosity. Besides, the relationship between percolation
rate and YSZ volume fraction had been studied. As a result, the
author thought a graded composite electrode was the best way to
increase the oxygen reduction rate.

Deseure et al.[69] presented a chemical model to investigate the
effect of electrode thickness, grain diameter and pore’s diameter
for a LSM/YSZ composite electrode. The microstructure parameters
will affect surface adsorption area and the ionic conductivity of
MIEC. They claimed that when the volume fraction of YSZ was 0.5,
decreasing the grain diameter improves electrode performances.

Since the cathode electrode is a complex system, computational
methods were used widely for simulation. Monte Carlo methods
are a class of computational algorithms that rely on repeated ran-
dom sampling to compute their results. The methods are useful in
studying systems with a large number of coupled degrees of free-
dom and for modeling phenomena with significant uncertainty in
inputs. Yan Ji et al. used this method to develop a 3D micro-scale
model to simulate the transport and electrochemical reaction in
a composite cathode [70]. They split the entire composite cath-
ode into two sub-networks: an electrical network for the solid
phase and a pore network for the void space. The species concen-
trations and chemical reaction rate will be calculated within the
pore network, whereas the charge transfer, resistances and over-
potentials will be analyzed within the electrical networks. Their
results demonstrated that the electrochemical reaction behavior

was strongly influenced by the porosity value. And small particle
sized will reduce activation overpotential by increasing the TPB
length per unit volume of the cathode but at the same time too
small particle will increase the gas diffusion resistance.

Martinez and Brouwer also developed a Monte Carlo model to
characterize the factors controlling triple phase boundary forma-
tion in SOFC cathode [71]. Their model accounted for electronic
conductor, ionic conductor and gas phase percolation. Competition
between percolation of gas and electronically conducting phases
had been considered in this model. Fig. 13 demonstrated a sample
of randomized monodispersed interface structure that is utilized in
Martinez’s model. Two major portions of the model are composed
of the formation of a randomized composite electrode structure
and the analysis of the randomized structure. To obtain statisti-
cal significance, 10,000 random interface instances were analyzed
for every set of user defined inputs. Results of this study showed
that TPB formation in a composite electrode was most effective
when the electronic volume fraction is quite low, usually 15% or
less and when the gas/current collector boundary contained highly
intermixed gas and electronic conductor phase. Besides, sorbate
transport always improves the formation of TPBs.

Computational fluid dynamics (CFD) is another useful method to
apply the reaction mechanism on the macro-scale cathode systems.
It uses numerical methods and algorithms to solve and analyze
problems that involve fluid flows. Commercial CFD code FLUENT
was usually used in SOFC modeling simulation. Autissier et al.
[72] utilized CFD to predict current density, flow, temperature and
concentration fields for a whole stack. Jeon [73] also utilized CFD
method to simulate a two-dimensional model for anode-supported
SOFC. And he found that the contribution of cathode overpotential
was dominant at low current density.

3.3. Summary

The literature reviewed in this part has shown that the oxy-
gen reduction mechanism in the cathode of an SOFC is complex.
Although different experimental methods have been utilized to
verify model results, as we will see below in Section 4, differences
of opinion still exist among researchers. Several main debatable
issues about SOFC cathode reaction mechanisms are summarized
as below:

(1) Reaction intermediates: Different sub-reactions were offered
by researchers for the same overall oxygen reduction reaction.
Adsorbed oxygen atoms, O~ and O~ , were all possible to appear
via one or more steps. The surface overpotential needs to be
considered when there are chargeable intermediates during the
reduction process. However, based on the present investigated

Current Collector
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Fig. 13. Sample randomized monodispersed interface structure [71].
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literature, it is still difficult to determine which intermediates
actually exist in the reaction.

(2) Reactionregion: Generally, the TPB region where cathode, elec-
trolyte and gas connect together was supposed to be the main
reaction region. However, due to the fact that the cathode mate-
rial is a mixed ionic and electronic conductor, oxygen reduction
also may occur at gas/cathode interface. Therefore, two charge-
transfer pathways will co-exist and compete under different
operation conditions.

(3) Rate limited steps: As stated before, the overall oxygen reduc-
tion can be divided into several sub-reactions according to
the understandings of oxygen reduction mechanism. Besides
the reduction reactions, oxygen diffusion is the other step for
the cathode reaction process. Rate limited step determination
under different conditions is important for optimizing the cath-
ode and improving the cell efficiency.

(4) Geometry factors: Geometry factors such as porosity, tortuos-
ity and TPB length are important for SOFC cathode modeling.
They will affect the gas diffusion process and the cell perfor-
mance. Due to the fact that the shape and the distribution of
the pores inside SOFCs cathode are random, it is difficult to
get an accurate simulation result compared to the real oper-
ating conditions. Some researchers applied a factor parameter
to minimize the errors on ignoring the geometry effects. Most
researchers used a computer to build up a random microstruc-
ture with some input parameters. An effective way is to get
part of the microstructure information from the experimen-
tal method first, then use a computer program to simulate the
entire cathode reaction process.

4. Experimental methods for model verification

Experimental results are usually applied to verify the con-
clusions of a cathode model. Improved electrochemical and new
detection methods had been developed to make the analysis more
reliable.

4.1. Traditional electrochemical methods

Electrochemical impedance spectroscopy (EIS) is used exten-
sively to probe the electrochemical characteristics of SOFC
electrodes. It offers useful information of the interface behavior.
Anne et al. used EIS data to study the mechanism and kinetics of
oxygen reduction reaction at a composite SOFC cathode which con-
sisted of lanthanum strontium manganite in a 50 vol.% mixture with
yttria-stabilized zirconia electrolyte [74].

Fig. 14 is the Nyquist plot of the EIS data and the equivalent cir-
cuit. The equivalent circuit included three R/CPE units in series with
a fourth resistor and an inductor. Based on the authors’ analysis, Ry
is the resistance between the reference electrode and the working
electrode. Ry and R3, which originated from the high and mid fre-
quency arcs and independent of O, partial pressure, are associated
with the Pt/LSM and LSM/LSM-YSZ interfaces or with grain bound-
aries. R4 shows a strong dependence on the oxygen partial pressure.
As shown in Fig. 14, when the oxygen partial pressure is lower than
0.5 atm, besides the two semicircles at high and mid frequency, a
third semicircle can be seen at low frequency. The authors claimed
that R4 is assigned to the charge-transfer resistance.

Baek et al. also applied the EIS method to study the mechanism
of a new Smg 5Srg5C005_5/Smg,Ce501.9 composite cathode [75].
Based on the experimental data, a three semicircle model was used
to analyze the oxygen reduction process. The equivalent circuit is
shown in Fig. 15. Similar to Anne’s analysis results, the cathode
included three resistances with three constant phase elements. The
resistances were presented as R. g, Rcmr and Rc 1 which stand for
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Fig. 14. Complex impedance spectra of LSM-YSZ composite cathode on YSZ disk at
800°C at various O, partial pressures [74].

high frequency, middle frequency and low frequency respectively.
Baek explained the resistance at medium frequency as a result of
the oxygen ion conduction. And the electrode resistance at low fre-
quency was claimed for a non-charge transfer related to the gas
phase diffusion of oxygen. The high frequency resistance represents
the oxygen ion transfer at the cathode/electrolyte interface.

Baumann employed geometrically well-defined
LaggSrp4CopgFep203_s micro-electrode to elucidate the indi-
vidual resistive and capacitive processes of SOFCs cathode by
means of impedance spectroscopy [76]. Electrochemical resistance
associated with oxygen exchange at the cathode surface (Rs) had
been observed at the low frequencies. And the resistive compo-
nent of the middle frequency R; corresponded to the transfer of
oxide ions 02~ across the electrode/YSZ interface. Besides the
high frequency resistance R}, was attributed mainly to the ohmic
resistance of the electrolyte (Fig. 16).

Liu et al. analyzed the effects of the surface overpotential
and temperature at LSCF/GDC electrode interface on YSZ by AC
impedance [77]. In this work, relationship between surface over-
potential and polarization resistance Rp, which is composed of
the low frequency semicircle resistances, had been studied. As
Fig. 17 shown, based on the experimental results, Liu claimed the
resistance-overpotential curve obeys an exponential law:

InRy =a+bn (25)

Further, the potential step method was used to study the time
dependence of the interfacial properties during polarization. Liu
utilized this method to characterize the formation and spillover of
oxygen vacancies over the LSM electrode [78]. In their experiments,
the working electrode was first subjected to a —0.8 V potential with
respect to the reference electrode until the current reached a stable
value. Then the potential applied to the electrode was stepped to
0.4V to eliminate the oxygen vacancies in the electrode. After the
anodic current reached a steady-state value, the potential applied
to the working electrode was then stepped back to —0.8 V and the
current response was recorded as a function of time. The differ-
ence between the current relaxation results, as shown in Fig. 18,
suggested that the oxygen reduction at the LSM/LSGM interface
is primarily limited by the TPB reaction and LSM/gas interface
reaction did not contribute significantly to the overall electrode
reaction.
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Fig. 16. Impedance spectrum and equivalent circuit of Lag ¢Sro.4CoosFep203_s micro-electrode [76].

Yi et al. [79] performed ac impedance, cyclic voltammetry and
potential step experiments to investigate the oxygen vacancy for-
mation and its contribution to the oxygen reduction. The total
current was considered to be consisting of two parts which included
itpg from the electrochemical reaction at the three-phase boundary
and i;pg from the oxygen reduction at the cathode/gas interface. The
simulated results showed that the surface exchange process may
play an important role in the cathode reaction process depending
on Po, and step potential applied. Hence they hold the point that
the cathodic polarization can be ascribed to the formation of oxy-
gen vacancies. And the vacancies would propagate over the LSM
surface since the bulk diffusion was considered very slow.

4.2. Improved and new methods

The traditional electrochemical methods, as illustrated above,
are used widely for electrode reaction process investigation.
However, there are some disadvantages for application of those
methods. And recently researchers tried to improve the traditional
method or use some new method to study the entire reaction pro-
cess.
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Fig.17. Effect of overpotential on R, at LSCF cathode-YSZ electrolyte interfaces [77].

The application of EIS has two limitations. A major factor lim-
iting the usefulness of EIS data is overlap or dispersion in the
frequency domain among physical processes governing electrode
reactions, making them difficult to resolve entirely by time. Another
factor is that different mechanistic models for a given reaction
often predict very similar impedance response after the governing
equations have been linearized. Adler et al. extended EIS to probe
both linear and nonlinear response [80]. This technique involves
the measurement of nonlinear second and high order voltage har-
monics resulting from moderate-amplitude current perturbations.
Nonlinear EIS (NLEIS) has three advantages compared to the tra-
ditional nonlinear measurements. Above all, it may better isolate
the nonlinearities of specific physical processes. In the next place,
NLEIS may offer improved measurement resolution of nonlinear
behavior. Third, this technique can gather nonlinear information
more efficiently. A symmetrical cell which consisted two porous
LaggSrpCo003_g cathode layers and one 250 pwm thick Sm-doped
ceria electrolyte had been investigated by NLEIS. They compared
the measured results with those predicted results for oxygen
adsorption kinetics. And they considered that the electrode oper-
ated by parallel surface and bulk paths where the concentration of
mobile vacancies on the surface is much higher than in the bulk.

Vladikova et al. [81,82] applied differential impedance analysis
(DIA), which provides both structural and parametric identifica-
tion without preliminary consideration about the working model
to investigate the cathode reaction. The secondary differential
impedance analysis is performed by differentiating the local oper-
ating model (LOM) parameter estimates with respect to the
frequency. The exponent parameters of CPE can be determined by
the differential of LOM parameters.

Recently, in situ investigation of the cathode reaction process
became a new focus for researchers. Backhaus-Ricoult et al. studied
an LSM cathode with different overpotentials in situ by photo-
electron microscopy [83]. Fig. 19 is the XPS spectra images of
different elements at the interface of LSM/YSZ. They claimed the
strong enrichment of the electrolyte surface in Mn%* provided high
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Fig. 18. Current relaxation after the working electrode was stepped at —0.8V [78].

Fig. 19. Spectro-images of Zr 3d, Y 3d, Sr 3d, La 4d and Mn 3p peaks in the triple phase boundary area at bias —0.6 V. [83].

electronic conductivity and promoted the direct incorporation of
oxygen from the gas into the electrolyte by

1
EOz(gas) + 2MnY,, + Vg = 2Mng,, + O} (26)

4.3. Summary

Using experimental methods to prove the simulation results of
the cathode modeling is necessary for the cathode reaction inves-
tigation. Both traditional electrochemical methods and some new
utilized methods have been summarized in this part. As an effective
tool on studying the interface reactions, traditional electrochemi-
cal methods played an important role in the experimental research
field. And some researchers applied improved analysis methods to
make the analyzed result more reliable. At the same time, mod-
ern surface analysis technologies have been widely utilized on the
in situ study. However, the arguable issue about the intermediates
type has not been solved yet.

5. Concluding remarks and future work

In last decades, tremendous amount of efforts have been
devoted to modeling the SOFC cathode reaction process and the
experimental verifications. However, due to the fact that the reac-
tion system and conditions are very complex, no universal model
has been developed and had been completely verified. A lot of
problems and debates still exist in this field so far. Here, we try
to summarize some general conclusions of the SOFC cathode mod-
eling efforts and the give our opinion on the needs for future studies
on this topic.

First, for MIEC material, most researchers held the point that
there are two pathways for the mass transport. And they agreed
that the intermediates should appear during the transport pro-
cess. However, we do not know the type of the intermediates.
Some claimed that the intermediates should be neutral species
and so they treated the oxygen reduction process as a pure chem-
ical process. Others believed there are different kinds of charged
intermediates. They treated the oxygen reduction as an electro-
chemical process and surface overpotential has been involved in
their simulation. Although some researchers offered the theoreti-
cal and experimental proof of the charged intermediates on metal
electrode, we do not know with certainly the existence of charged
intermediates for MIEC.

Through this review, it can be also seen that how we deal with
the geometry parameter affects in the simulation. The images of
electrode/electrolyte interface were applied to get the TPB length.
Some computer-based methods also have been utilized to simu-
late the microstructure of the porous electrode. However, for those
complex diffusion and reaction system, it is still difficult to get
accurate simulation results.

Finally, the experimental methods which were applied to SOFC
cathode mechanism studies were reviewed. The electrochemical
impedance spectroscopy method is the most important method for
studying the interface behavior. There is not just one equivalent
circuit model that can be used to explain the EIS data. Improved
methods, such as nonlinear EIS and differential impedance analy-
sis can solve this problem. Some other electrochemical methods
also have been utilized to investigate the cathode polarization
phenomena. Recently, in situ methods using surface analysis tech-
nology have become a research focus. Compared to the traditional
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electrochemical experimental methods, it can offer some direct
information and it is more conclusions.

One particularly neglected issue is the effects of Pg, at elec-
trode/electrolyte interface on oxygen reduction. Based on the
knowledge of the nonstoichiometry perovskite materials, the sur-
face exchange and bulk diffusion coefficients will change with the
oxygen partial pressure change. Due to the fact that reaction rate
at the TPB being assumed fast, the oxygen concentration of the gas
should be low in this region. On the other hand, Po, value at the
electrode/electrolyte interface also will be affected by the cathode
polarization. Investigation on the relationship among the kinetic
parameters of the cathode material, electrode/electrolyte interface
Po, and the polarization potential is important to determine the
rate limited step for the entire reaction process.

Besides, as shown in this review, some researchers tried to sim-
plify the oxygen pathways while some others considered all the
possibilities when they set up the cathode models. Too many sim-
plifications may make the model apart from the reality. At the same
time, it is too difficult to get the simulation results with consider-
ing all the possible reactions. Therefore, it is necessary to set up
a model which can consider the most important oxygen transport
pathways and be resolvable, at least numerically.

Moreover, improving the experimental investigation methods
is also very important. It includes developing advanced detective
techniques and accurate mathematical analysis methods. Recently
some surface analysis techniques such as XPS, SEM had been
applied for in situ investigation of SOFCs cathode reactions. How-
ever, limited by temperature and vacuum requirements of those
equipments, the tests still cannot be done under the real SOFC oper-
ation conditions. On the other hand, most of the electrochemical
experimental results need to be analyzed by mathematical meth-
ods. Therefore, it is necessary to improve the analysis to get more
reasonable conclusions. For example, the diffusion solution used for
electrical conductivity relaxation testing is deduced by assuming
that oxygen vacancy concentration inside the sample is a constant.
However, it is well known that under different oxygen partial pres-
sure the vacancy concentration varies. So the parameters fitted by
the solution are not the accurate real values.
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