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1. Introduction

Solid Oxide Fuel Cell (SOFC) is a device that can convert the chemical energy into electrical energy
directly without any combustion. SOFC has been commercialized since last decade ago as one of the
alternavite energy converter. SOFC operate at high temperature and it has several important component
such as anode, electrolyte, cathode and interconnector. Among the SOFC component, the cathode part has
large resistance which restrict the performance of SOFC. Many researcher and worker focus on the
cathode part since it has large overpotential and the oxygen reduction at the cathode is difficult reaction to
be activated.

A cathode material for SOFC should meet various requirements such as described in the following:
1) High electronic conductivity,
2) High catalytic activity for oxygen reduction,
3) The chemical stability under the SOFC operating condition or cell preparation condition,
4) Has high morphological stability,
5) The thermal expansion coefficient that matches with an electrolyte.
For cathode material, it is preferred that materials with the electronic conductivity exhibits higher than c.a.
100 S/cm at SOFC operating atmosphere. Under these conditions, several spinel perovskite oxides with
3d metal transition can be selected.

The material selection becomes important to obtain a high electronic and ionic cathode. Several states

the art of the cathode SOFC is Co-based perovskite oxide, such as: La;,SrCoOs; (LSC), and




Lay.Sr,Coy.,Fe,05.5 (LSCF). However, these materials has large thermal expansion coefficient mismatch
with the ionic conducting oxide despite shows high performance electrochemical properties. In the case of
the SOFC cathde, the B-site of the perovskite structure is strongly connected with the oxygen as BOg
octahedron and mainly determines the character of the perovskite-type oxide. So far, The Ni in the B-site
of perovskite-type structure rarely studied. The LaNiOjz s is one of the “mother” composition for several
cathode such as: La(Ni,Fe)Os;, and La(Ni,Co)Os.5 which is rarely studied although it may have better
performance.

Numerous studies on these materials so far concerned only the performance, and just a few did the
mechanism of the oxygen reduction process. Thus, the electrochemical kinetics on this electrode material
is not clear yet. In this study, electrochemical oxygen reduction process on a LaNijFe,Os; and
LaNi,,Co,05 s electrode was investigated to determine the reaction mechanism in order to improve its

performance.

2. Basic Properties of LaNi;4M,03 5 (M =Fe, Coand x =0.2, 0.4, 0.6, 0.8)

The electrochemical performance of solid oxide fuel cell cathode depends on their ability to reduce and
transport the oxygen through their bulk or surface. This ability corresponds to their oxygen vacancy
concentration and transport properties. Thus, it is important to understand the properties as an aid for
further research. So far, the basic properties of Ni-based perovskite oxide haven’t been studied yet. In
order to understand the factor limiting of their electrochemical performance, it is necessary to understand
their basic properties.

At first, the the electronic conduction mechanism and defect chemical model were determined by the
electronic conductivity measurement and high temperature gravimetry, respectively. From electronic
conductivity measurement, the LaNisFe; O35 has a hopping or semiconductor conduction mechanism.
Meanwhile, the LaN,Co,.,03 s has metal-like conduction mechanism. The small polaron model where the
Ni** + Fe* > Ni** + Fe* is considered as the disproportionation of the B-site transition, which is
well-fitted to LaNiyFe;O55. The delocalized model defect chemical model is well-fitted with the
experimental data for LaNiy C0q 403.5.

In other side, the diffusivity, D*, and surface oxygen exchange kinetics, k*, has been determined by
isotope exchange by isotope exchange technique and secondary ion mass spectrometry. From the § In k*/

9 In D* classification, the LaNiggC0p404.5 fall into electron rich conductor. Meanwhile, the



LaNiggFeoy 4035 fall in the range of poor to rich electron conductor. It suggest that the LaNigsC0q 4035
will have better electrode performance compared to the LaNiggFe0403.5.

The result of oxygen nonstoichiometry at high p(O,) (1 — 10™ bar) was in good agreement with the
lattice expansion which was almost independent over the p(O,) for LaNiggFeg403.5, LaNigsC0q403.5, and
LaNiO35 as well. The secondary phase didn’t observe for LaNiggFey 4035 and LaNiggC0q 4035 On the
side, the secondary phase, NiO, was observed for the LaNiO5_; sample. The thermal expansion of LNC is
higher than the LNF. However, the LNF and LNC could be considered to have good compatibility with

Zirconia or Ceria-based electrolyte.

3. Determination of Rate Limiting Step on LaNiggMg 4035 film Electrode (M = Fe, Co)

Electrochemical properties of LaNiggFey40s.5 and LaNiyC0q4035 film electrodes were measured by
electrochemical impedance spectroscopy as functions of temperature, T, oxygen partial pressure, P(O,),
and thickness of the film electrode to determine the rate determining step of oxygen reduction process.
From its chemical capacitance, the oxygen reduction process was limited on the surface, which had good
agreement with the isotope exchange depth profile measurement. In the isotope diffusion profile, The
reaction barrier of the LaNig¢Feq 4035 and LaNigsC0q 4035 film electrodes can be divided into three parts:
surface, subsurface, and bulk dense film electrode. However, the contribution of subsurface and diffusion

is less than 1% of total resistance barrier of LaNigsC0q403.5 dense film electrode.

4. Reaction Mechanism of LaNiy¢M, 4035 Porous Electrode (M = Fe, Co)

LaNigsFep 4035 and LaNiggFeq 4035 porous electrode was measured as a function of temperature
(923~1153K) and oxygen partial pressure (10°~1 bar) by impedance spectroscopy. Analysis of the
electrode kinetics using appropriate equivalent circuits that the origins of electrochemical processes were
separately identified yields value for area specific conductivity and chemical capacitance. Based on the
capacitance, the effective reaction length (ERL) was estimated for the LaNiggFe 4035 and
LaNiggFeq 4035 porous electrode. The ERL was near the triple phase boundary indicates that it has a
slow bulk diffusion. Another method by Adler-Lane-Steele model was conducted to give another insight
on ERL on LaNiggFey4035and LaNiggFeq 4035 porous electrode. The model also showed that ERL is

near the triple phase boundary.



5. The Effect of Cey9Gd, 10195 Coexistence on the Oxygen Exchange Kinetics on Perovskite Oxide
Electrodes

The composite electrode between mixed ionic and electronic conductor and ionic conducting oxide has
been studied in order to get better performance of solid oxide fuel cell cathode. The contact area between
electronic and ionic conducting part is believed as the reason that electrode performance enhances
drastically compared to the single phase porous electrode. The question has been rising on the reason of
enhancement of composite electrode. In the composite electrode, the effective reaction length, the length
of the oxygen reduction reaction takes place, should be increased due to the increasing the contacting area
between electronic and ionic conducting part. However, in our study on LaNiggC0q 4035 — CeqoGdg 101 g5
and LaNiggFeq 4035 — CeqoGdg 10, 95 cOmposite electrode, the effective reaction length was not enhances
despite the electrochemical performance increased drastically. There is another factor as the reason of the
enhancement on the composite electrode.

The first experiment was on the Cey9Gdg 10195 existence on the LaNiggFe 4055 film electrode. The
effect of Ceg9Gdy10195 loading on LaNiggFey 4035 electrode has been demonstrated by an experiment
with a comparison of two different samples. From our study, CeyGdg10;95 porous layer existence of
LaNiggFeq 4035 film surface enhances the oxygen surface exchange which is demonstrated by the
electrochemical impedance and the depth profile method.

The second experiment was on the LaNiggFey40s.5 bulk sample which coated by Ceq¢Gdg1019s. The
isotope exchange treatment and secondary ion mass spectroscopy were utilized to determine the surface
oxygen exchange kinetics (k*) of LaNiggFe 4035 coated with CeyoGdy101.95. The k* of LaNiggFeq 4035
coated with CeygGdg 10195 enhanced compared to the bare LaNiggFey40s.5 due to the formation of the
triple phase boundary between LaNiggFeqs0s5 Ce09Gdo10195, and gas phase of oxygen. The
Ce.9Gdy 101 95 Only affects the k*, while the diffusivity (D*) is no clear dependence of the CeygGdg 10195
existence. The role of CeyGdy 10195 at LaNiggFeq 4035 surface involved in the oxygen reduction can be
to serve the incorporation site for the adsorbed and dissociated oxygen at the LaNiq ¢Feq 4035 surface.

The third experiment was on the powder sample which measured by pulsed isotope exchange. Three
different samples, LaNiggFep4035 CepoGdg 10195 and LaNiggFey 4035 - Cep9Gdg 101,95 Were measured
their oxygen surface exchange at 573 — 673 K at 107 bar p(O,). The profile of oxygen 32, 34, and 36 has
different characteristic especially on the oxygen 34. It appears that 34 is the result of the slow reaction at

the surface as the incorporation is the limiting step. In the case of LaNiggFeq40s.5 it appeared the 34 as a



slow incorporation process, and adding CeyyGdy 101,95 enhanced the incorporation process as the 34
didn’t observe at LaNiggFey403.5 - Ceo.9Gdg101.05. The PIE result was compared to the isotope exchange
experiments which both of measurement have different agreements on activation energy.

To give another insight, the high ionic conductivity cathode of Lag¢Sry4C005.5 has been investigated so
far. Several experiments on LageSry4sC003; - CepoGdy 10195 composite electrode was performed. The
surface exchange kinetics of LagSrg4C003.5 didn’t enhance due to the Cey9Gdg 10195 eXistence. It is due
to the electronic conducting path of LageSro4Co0Os5 was blocked by the CepoGdg10;:95 €xistence.
Moreover, the diffusivity of LaggSrysC00s; and CepeGdg 10,65 is close each other which indicates the
additional ionic conducting path wasn’t needed by LaggSro4Co0O55 to make faster oxygen reduction

process.

6. Hetero-Structured Electrode of Ni-based Perovskite Electrode

The dissimilar structure between the two oxides attracts the attention since it could enhance the cathode
performance significantly. This strategy has been used to develop a hetero-structure electrode which could
has a higher performance than a single phase electrode. In this study the hetero-structure of
LaNiggFeq 4035 (Perovskite oxide) film electrode and La,NiO4. (Rudlesden-popper) porous electrode
was studied. The enhancement of the cathode performance was observed and the reaction mechanism in
the hetero-structure was studied in this part. Moreover, the hetero-junction of two mixed conductors was

also studied in the form of the composite electrode.

7. Exploring New Cathode Material of Ni-Based Perovskite Structure

LaNiggFeg405.5 and LaNiyC0y403.5 is cathode solid oxide fuel cell which Strontium-free. One of the
ways to enhance the cathode performance is to enhance the amount of oxygen vacancy concentration.
When an aliovalent dopant (dopant which has different valence) is doped to the A-site perovskite oxide,
the oxidation state of the substitution ion would be different from the host ions. As the effect, to
compensate the formation of oppositely charged defects, the electroneutrality would be needed. Thus, the

oxygen vacancy is expected to generate in this state and enhance the ionic conductivity of the cathode.
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