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1. Context and scope of the thesis

The energy demand has been raised during the last years in more than 50 %
since 1990. As the society wants to develop and grow, the energetic economy
becomes a limiting factor. Energetic economy is involved in the economy
through so many sectors: industry, transport, agriculture, building heat and
cooling, etc. However, the instability of the price of energy makes compulsory
to reconsider which are the best energy systems in terms of cost and safety.

Now, fossil fuel accounts 87 % of the primary energy supply, being the oil
demand around 33% and used predominantly in petrochemical production and
transportation, whereas coal is employed for electricity production and in
some industries. For instance, during many generations, coal was one of most
used source of energy, with more than 40 % of global electricity demand.
However, the use of coal has been eroded in last years due to the big
contribution to the total greenhouse gas emission (73%) in the power sector.
The use of this type of energy source during last years has had detrimental
impact in the greenhouse gas generation, with the consequence of climate
change and global warming. Thus, it is mandatory to redirect energy sources in
order to reduce the fossil fuel power generation, taking into account the air
pollution and the use of renewable energies.

The renewable energies sources supply has been growing in the last decades,
particularly wind and solar power energy, becoming as important alternative
of fossil fuels. These technologies have existed during years, but only
hydropower was used at large scale [1]. The fast reduction of cost has enabled
the renewable energies to become competitive with fossil fuels. The use of
renewable energy would permit to reduce the fossil fuel dependency and the
impact of their prices instability. Furthermore, apart from the biomass, the
renewable energy has a negligible air pollution impact with few or no CO,
emissions.

Nevertheless, energy production by renewables, as wind, solar, hydro or
geothermal, is dependent on fluctuating environmental conditions.
Consequently, when some surplus is generated, they should be combined with
some energy storage device.
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H, with a low CO; foot print could play an important role in the green house
mitigation and allow reducing the temperature rise. H, is a flexible energy
carrier, which can be used directly to produce energy (fuel cells) or be easily
transformed in other forms of energy for different end applications (Figure
1.1). Furthermore, the hydrogen can be stored in different ways depending on
its final application, for instance, it can be stored for long periods of time and
integrated in power generation system from variable renewable energy.
Although hydrogen is present in the nature, energy is required for pure
hydrogen production.

H, production can be carried out from different methods, the most
conventional processes coming from fossil fuels: steam reforming, coal
gasification or the partial oxidation of some heavy hydrocarbons. On the other
hand CO,-neutral processes are being studied based on reforming, pyrolyzing
and fermentation of biomass, but efficiencies are not good enough for
decreasing the time-to-market. H, produced from water is an efficient, green
and commercial technology, where the used techniques include solar
thermochemical or photocatalytic water splitting and electrical water
electrolysis.

In addition, fuel cells have grown interest in the market, due to their high
efficiency, noiseless and the ability to work with H,. Under these premises, it
seems that the generation of H, by an efficient electrolysis system with the use
of a fuel cell or sub product (fuels, chemicals, etc.) will be a green alternative
for the energy production. Efforts in the present thesis were direct towards the
optimization of electrochemistry devices able to produces energy and products
as H,, CO and CH, that could be integrated in system shown in Figure 1.1.
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This thesis has been focused on the development of new materials for their
application and characterization for electrochemical cells. The thesis can be
divided in two main groups; cells based in proton conductors and ionic
conductors. In addition, the cells based on proton conductors can be
subdivided into high and low operation temperature groups. Whereas the high
operation temperature materials are solid oxides, the group of low
temperature materials consists on solid acids. The optimal operation
temperature of the cell will depend on the properties of each material of the
cell components. Those materials have been employed in different type of
cells; fuel cells, electrolyzers and co-electrolyzers.

The optimization of the different components of cells has been carried out in
this thesis, but the main efforts have been focused on tailoring the electrodes
performance.

The main objectives of this thesis can be divided in two:

1- Development of fuel cells that can operate properly in the range of
200-400 °C or 400-800°C. For that purpose, it was necessary to study in
fundamental and experimental level, the electrolytic materials and
new electrocatalyst suitable for that range of temperature.

2- Development of novel proton/ion conductor devices that allow the
production of fuels or other chemical, from electric power and starting
compounds such water and CO,. The operating range of these devices
varies between 200 °C and temperatures up to 800°C, depending on
the type of catalytic reaction and stability of the final product.

The sub-objectives of the thesis can be listed as below:

1- Improvement of the performance and stability of BagsSrosCoggFeq2035
perovskite by doping with a 3% in B position (ABO3s) used as electrode
in a fuel and electrolyzer cells.

2- Study of the influence of different dopants, by doping in La and Ni
position, on the electrochemical properties of La,NiO4.s compound,
pertaining to the Ruddlesden-Popper series. Testing of the materials
synthesized as fuel and electrolyzer cells.
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3-

Enhancement of the electrochemical performance of the
LagsSrooMn0Os s-based electrodes by developing new electrodes
configurations: composite electrodes and nanocatalyst infiltration.
Application of the electrodes designed in real operation conditions as
fuel and electrolyzer cells.

Optimization of ceramic-ceramic electrodes for proton conducting
electrolytes. Study of the electrode configuration (volume ratio of
phases in the electrode and nanoparticles infiltration) and sintering
temperature influence.

Characterization of La;NiO4.s-based compounds as cathodes for proton
conductor fuel cells.

Development of new type of fuel cells and electrolyzers based on acid
salts able to work at high pressures (up to 30 bar) and moderate
temperatures (< 300 °C).

To achieve these objectives was necessary to develop different devices and

certain techniques:

1-

2-

1.1.

Adaptation of the high temperature fuel cell set-up for electrolysis and
co-electrolysis mode.

Design and development of the experimental set-up for measuring
electrochemical cells at moderate temperature (< 300 °C). This set up
should enable to work with moderate temperatures, high pressures
and high contents of water. Furthermore, the device must allow the
possibility to split the set up in two independents chamber (cathode
and anode) and perform electrochemical measurements (electrical
contacts).

Optimization of the method for porous electrodes fabrication and the
infiltration technique for the selected electrodes.

References

[1] T.g.c.o.t.e.a. climate, The New Climate Economy.
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2. Resumen/Summary/Resum

2.1. Resumen

En la presente tesis doctoral se han desarrollado materiales para su uso en
celdas electroquimicas. Las celdas electroquimicas estudiadas, se podrian
separar en dos grandes grupos: materiales de 6xido sdélido y sales acidas.

En el primer grupo, se optimizaron materiales para su uso como electrodos en
pilas de combustible y electrolizadores, basados en electrolitos con conduccidn
puramente idnica. Dentro de este grupo, se comprobd la influencia de dopar la
perovskita Bag sSrgsCoggFeg 0.5, con un 3% de Y, Zr y Sc en la posicién B (ABOs.
s). Esta optimizacion llevd a la reduccién de la resistencia de polarizacién asi
como a una mejora de la estabilidad con el tiempo. Asi mismo, se
determinaron los mecanismos limitantes en la reaccion de reduccién de
oxigeno, y se comprobd la influencia de la presencia de CO, en condiciones de
operacion.

El La,NiOg4s perteneciente a la serie de Ruddlesden-Popper, es un conductor
mixto de iones oxigeno y electrones. Este, fue dopado tanto en la posicién del
La (con Nd y Pr) como en la posicién del Ni (con Co). Los dopantes introducidos
ademas de producir cambios estructurales, provocaron mejoras en el
rendimiento de la celda, reduciendo para alguno de ellos, como el
La;sProsNigsC0020445, €n casi un orden de magnitud la resistencia de
polarizacion del electrodo de referencia (La;NiOg,s).

De la misma manera, se optimizaron las propiedades del electrodo basado en
el conductor electrénico puro LaggSro,MnOss (LSM). La adicién de una
segunda fase, con conductividad idnica, permitié aumentar los puntos triples
(TPB) en los que la reaccion de reduccién de oxigeno tiene lugar y reducir la
resistencia de polarizacion. Con el fin de mejorar la reaccién de reduccién de
oxigeno, se estudid la adicion de nanocatalizadores mediante la técnica de
infiltracion. Los diferentes éxidos infiltrados produjeron el cambio de las
propiedades electroquimicas del electrodo, siendo el dxido de praseodimio el
catalizador que consiguié disminuir en dos érdenes de magnitud la resistencia
de polarizacidon del composite no infiltrado. De la misma manera, la mejora de
la eficiencia del electrodo infiltrado con Pr, mejoré los resultados de la celda
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electroquimica trabajando como pila (mayores densidades de potencia) y
como electrolizador (menores voltajes).

En lo que respecta a los materiales seleccionados para su uso como electrodos
en electrolitos con conductividad protdnica, se optimizd la eficiencia del
catodo basado en LSM, mediante el uso de una segunda fase conductora
proténica (LassWOi,5) y variando la temperatura de sinterizacion del
electrodo. Finalmente, se mejord la actividad catalitica mediante la infiltracidn
de nanoparticulas de ceria dopada con samario, produciendo mayores
densidades de corriente de la pila de combustible.

Los materiales pertenecientes a la serie de Ruddlesden-Popper y usados para
catodos en pilas idnicas, fueron empleados también para catodos en pilas
proténicas. Después de comprobar que el material electrolitico (LWO) era
compatible con los compuestos de la serie de Ruddlesden-Popper, se estudid
la influencia de la temperatura de sinterizacion de los electrodos en el
rendimiento, asi como de la composicidén de la atmosfera de aire (seca, H,0 y
D,0).

Finalmente, se disefid y optimizé las celdas electroquimicas basadas en sales
acidas (CsH,PO,). En este sentido, se estudiaron diferentes configuraciones de
celda, que permitieran obtener un electrolito denso con el menor espesor
posible y unos electrodos activos a la reaccidon de reduccidén/oxidacién de
hidrégeno. Se consiguid reducir el espesor del electrolito soportando la celda
en discos de acero y niquel porosos. Se afiadié una resina tipo epoxi al material
electrolitico para aumentar sus propiedades mecdnicas. De la misma manera,
se cambié la configuracién de los electrodos pasando por conductores
electrénicos puros a electrodos compuestos por conductores protdnicos y
electrénicos. Asi mismo, se demostrd el uso de cobre como catalizador en la
celda electroquimica, en lugar del platino, para presiones de operacion
elevadas. Las celdas desarrolladas fueron capaces de trabajar con altas
presiones en modo pila de combustible y electrolizador con altos contenidos
de vapor de agua.
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2.2, Summary

In this thesis different materials have been developed to use them in
electrochemical cells. The electrochemical cells studied can be divided into two
material big groups: solids oxides and acid salts materials.

In the first group, materials to use them in electrodes for fuel cells an
electrolyzer based on oxygen ion conductor electrolytes were optimized.
Pertaining to this group, the influence of doping the BagsSrosCogsFeq 2035
perovskite with 3% of Y, Zr and Sc in B position (ABOs;) was checked. That
optimization could reduce the polarization resistance of electrodes and
improve the stability with time. Additionally, the limiting mechanisms in the
oxygen reduction reaction were determined, and the influence of CO,
containing atmospheres was checked.

La,NiOg.5, pertaining to the Ruddlesden-Popper serie, is a mixed conductor of
electron and oxygen ions. This compound was doped in La position (with Nd
and Pr) and in Ni position (with Co). The dopants introduced were able to
produce structural change and improve the cell performance, reducing in more
than one order of magnitude the La;sPrqsNigsCoq,04.5 polarization resistance
respect to the reference material (La;NiOg.s).

In addition, the properties of an electrode based on the pure electronic
conductor, LaggSrgo.MnOs.5 (LSM), were optimized. The triple phase boundary
was enlarged by the addition of a second phase with ionic conductivity. That
strategy made possible to reduce the electrode polarization resistance. In
order to improve the oxygen reduction reaction, the addition of different
catalysts by infiltration was studied. The different infiltrated oxides changed
the electrochemistry properties, being the praseodymium oxide the catalyst
which made possible a reduction in two orders of magnitude the electrode
polarization resistance respects to the composite without infiltration.
Furthermore, the efficiency of the cell working in fuel cell and electrolyzer
mode was improved.

Concerning the materials selected to use as electrodes on proton conductor
electrolytes, the efficiency of electrodes based on LSM was optimized by using
a second phase with protonic conductivity (LassWOj,.5) and varying the
sintering temperature of the electrode. Finally, the catalytic activity of the cell
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was boosted by infiltrating samaria doped ceria nanoparticles, achieving higher
power densities for the fuel cell.

The materials pertaining to the Ruddlesden-Popper series and studied for ionic
conductor electrolytes were also used for cathodes in proton conductor fuel
cells. After checking the compatibility with the electrolyte material, the
influence of different electrode sintering temperatures and air containing
atmospheres (dry, H,0 y D,0) on the cathode performance was studied.
Finally, the electrochemical cells based on acid salts (CsH,PO,) were designed
and optimized. In that way, different cell configurations were studied, enabling
to obtain thin and dense electrolytes and active electrodes for the hydrogen
reduction/oxidation reactions. The thickness of the electrolyte was reduced by
using steel and nickel porous supports. Furthermore, an epoxy resin type was
added to the electrolyte material to enhance the mechanical properties. The
electrodes configuration was modified from pure electronic conductors to
composite electrodes. Moreover, copper was selected as an alternative of the
expensive platinum working at high operation pressures. The cells developed
were able to work with high pressures and with high content of water steam in
fuel cell and electrolyzer modes.
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2.3. Resum

En la present tesis doctoral es van desenvolupar materials per al seu Us en
cel-les electroquimiques. Les cel-les electroquimiques estudiades poden ser
dividides en dos grans grups: materials d’oxid solid i sals acides.

En el primer grup, es van optimitzar materials per al seu Us com a electrodes
en piles de combustible i electrolitzadors, basats en electrolits amb conduccid
purament ionica. Dins d'este grup, es va comprovar la influéncia de dopar la
perovskita BagsSrgsCoggFeg203.5 amb un 3% de Y, Zr i Sc en la posicié B (ABOs.
s). Esta optimitzacid va portar a la reduccio de la resistencia de polaritzacié aixi
com a una millora de I'estabilitat amb el temps. Aixi mateix, es van determinar
els mecanismes limitants en la reaccié de reduccié d'oxigen, i es va comprovar
la influencia de la preséncia de CO, en condicions d'operacio.

El La;NiO,4,5 pertanyent a la serie de Ruddlesden-Popper, és un conductor mixt
d'ions oxigen i electrons. Este, va ser dopat tant en la posicié del La (amb Nd i
Pr) com en la posicié del Ni (amb Co). Els dopants introduits a més de produir
canvis estructurals, van provocar millores en el rendiment de la cel-la, reduint
per a algun d'ells, com el La; 5PrgsNigsCog 0445, €N quasi un ordre de magnitud
la resistencia de polaritzacié de I'eléctrode de referéncia (La;NiOy.s).

De la mateixa manera, es van optimitzar les propietats de |'electrode basat en
el conductor electronic pur LaggSrg,Mn0Qs.s (LSM). L'addicié d'una segona fase,
amb conductivitat idnica, va permetre augmentar els punts triples (TPB), en els
gue la reaccid de reduccido d'oxigen té lloc, i reduir la resistencia de
polaritzacié. A fi de millorar la reaccié de reduccié d'oxigen, es va estudiar
I'adiciéd de nanocatalitzadors per mitja de la técnica d'infiltracié. Els diferents
oxids infiltrats van produir el canvi de les propietats electroquimiques de
I'electrode, sent I'Oxid de praseodimi el catalitzador que va aconseguir
disminuir en dos ordres de magnitud la resisténcia de polaritzacié del
composite no infiltrat. De la mateixa manera, la millora de I'eficiencia de
I'electrode infiltrat amb Pr, va millorar els resultats de la cel-la electroquimica
treballant com a pila (majors densitats de poténcia) i com a electrolitzador
(menors voltatges).

Pel que fa als materials seleccionats per al seu Us com a eléctrodes en
electrolits amb conductivitat protonica, es va optimitzar I'eficiencia del catode
basat en LSM, per mitja de I'Us d'una segona fase conductora protonica
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(LassW0Oq,.5) i variant la temperatura de sinteritzacié de I'eléctrode. Finalment,
es va millorar I'activitat catalitica mitjangant la infiltracié de nanoparticules de
ceria dopada amb samari, produint majors densitats de corrent de la pila de
combustible.

Els materials pertanyents a la serie de Ruddlesden-Popper i usats per a catodes
en piles idniques, van ser empleats també per a catodes en piles protoniques.
Després de comprovar que el material electrolitic (LWO) era compatible amb
els compostos de la série de Ruddlesden-Popper, es va estudiar la influéncia de
la temperatura de sinteritzacio dels electrodes en el rendiment, aixi com de la
composicio de I'atmosfera d'aire (seca, H,O i D,0).

Finalment, es van dissenyar i optimitzar les cel-les electroquimiques basades
en sals acides (CsH,PO,). En este sentit, es van estudiar diferents
configuracions de cel-la, que permeteren obtindre un electrolit dens amb el
menor espessor possible i uns electrodes actius a la reaccié de
reduccié/oxidacio d'hidrogen.

Es va aconseguir reduir I'espessor de l'electrolit suportant la cel-la en discos
d'acer i niquel porosos. Es va afegir una resina tipus epoxi al material
electrolitic per a augmentar les seues propietats mecaniques. De la mateixa
manera, es va canviar la configuracio dels eléctrodes passant per conductors
electronics purs a electrodes compostos per conductors protonics i electronics.
Aixi mateix, es va demostrar I'is de coure com a catalitzador en la cel-la
electroquimica, en lloc del plati, per a pressions d'operacié elevades. Les cel-les
desenvolupades arribaren a treballar a altes pressions amb alts continguts de
vapor d'aigua en mode pila de combustible i electrolitzador.
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3. Introduction

A brief introduction will be performed in order to understand the technologies
studied and the devices developed in this thesis. Furthermore, the materials
used and the characteristics of those types of materials will be described in the
Introduction chapter.

3.1. Technologies

As has been stated in the Context and Scope of the thesis, the selection of
green technologies is an important factor to work with zero emissions and
avoid the global warming. Regarding the hydrogen technologies presented in
Figure 1.1, this thesis will focus on three of them: Power-to-Power, Power-to-
Hydrogen and Power-to-Gas, and will be described in the following points.

Moreover, ceramics and solid acids could play an important role in the
mentioned technologies and have been integrated on them as will be
discussed in the next chapters.

3.1.1. Power-to-Power: fuel cells

Fuel cells are devices that convert chemical energy into electrical energy
directly, for that reason the efficiency is higher than the obtained by
conventional combustion systems. In most of the fuel cells, the reactants are
hydrogen and oxygen and when they react, a flux of electrons, heat and steam
are generated, having a low environmental impact. Unlike batteries the fuel
and oxidant must to be supplied continuously in order to have a continuous
operation.

The unit cell of a fuel cell consists of an electrolyte layer in contact with an
anode and cathode on either side. The fuel is feed in the anode side (negative
electrode), where the oxidation of the fuel is produced. Nevertheless, the
oxidant is introduced in the cathode side, producing the reduction of the
oxidant. The system is closed by an external circuit where there is an electron
flux, since the electrolyte is an electrical insulating material and only allows the
selected transport of ions.
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Types of fuel cells
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The fuel cells are classified as function of the electrolyte material, fuels and
operation temperature. The group of low temperature is composed from
Polymer Electrolyte Membrane Fuel Cell (PEMFC), Alkaline Fuel Cell (AFC),
Direct Methanol Fuel Cell (DMFC) and Phosphoric Acid Fuel Cell (PAFC). In the
group of high temperature are included Molten Carbonate Fuel Cell (MCFC)
and Solid Oxide Fuel Cell (SOFC). Table 3.1 summarizes the main characteristic
of each type of fuel cell, as the applications, advantages and drawbacks.

A schematic diagram of the different cells operation is described below:

Unconver*redﬁ rUnconver'fed

gases gases
CH;OH—> . —> H,0 °
DMFC ol = H <« o 50-120 °C
I I
— + —_—> H O o
PEMFC H: > ﬂ> — 02 80°C
| |
H e - o
AFC o <= O<H <—— 0, 90-100 °C
| |
— + —> H,0 A
PAFC H. | H. B o 100-250
H — -2 ——> CO
MCFC Ko «— C<O_3 «— 022 600-700 °C
| |
-2
SOFC He —> o ——o0
:ZO = 02 600-1000 °C
- 2 —T> + < 0O;
PC-SOFC 2, H; -

Anode Cathode
Fuel J Electrolyte L Oxidant

Figure 3.1: Schematic diagram of fuel cell operation.

Some of the advantages of this type of devices are the high efficiency, the low
environmental impact, fuel flexibility, and modularity of the system and size
flexibility.

e High efficiency, fuel cells have a high efficiency (35-60%) since the
electric energy is generated directly from chemical energy (fuels). The



30 Chapter 3

efficiency of a fuel cell can be increased if the heat generated is used in
the same process, i.e., cogeneration.

e Low environmental impact, fuel cells are able to work with common
fuels as source of energy production with a low environmental impact.
The emissions levels of fuel cells are several orders of magnitude lower
than the common electricity production devices. The production of
NOy and SOx compounds are negligible in this type of devices.

o Fuel flexibility, some types of fuel cells are able to work with different
fuels. Furthermore, high temperature fuel cells can do internal
reforming avoiding expensive processes.

e Modularity, the size of a cell can be increased or reduced, since the
system efficiency is almost size independent.

The maximum electrical work in a fuel cell operating at constant pressure
and temperature is given by the Gibbs free energy:

AG = AH — TAS (3.1)
W, = AG = —nFE (3.2)

Where AH and AS are the enthalpy and entropy change, respectively. In
equation (3.2), n are the electrons that participate in the reaction and F is the
Faraday’s constant, and E is the ideal potential of the cell.

By using the correlation (3.1) of the Gibbs free energy it can be calculated the
potential of the cells in non-equilibrium conditions, that it is dependent of the
temperature and electrochemistry reactions:

E=E°+ ﬂ In(a;)
nF 7 (3.3)

react—prod

The equation (3.3) is the Nernst equation and usually uses the activity of the
products and reactants, by depending of reaction medium; it can be expressed
as function of the partial pressure or concentration:

Gas a; = yj% (3.4)
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Ci
Solute G =VYj (3.5)

Where y; is the activity coefficient of a j substance (gas or solute).

When there is no lost in the fuel cell efficiency or when the cell is in
equilibrium with not demand of current, all Gibbs free energy is transformed
into electric energy. At this point, the open circuit voltage (OCV) of the cell can
be calculated.

In the present thesis, fuel cells with solid components have been selected for
the energy production. These types of cells present some advantages, being
the most important the component management, since there are not liquid
electrolytes. The two types or electrochemical devices studied are the cells
working at high temperatures (600-1000 °C) made with solid oxides materials
and low temperatures (250- 290 °C), with acid salts.

3.1.1.2. Solid oxide fuel cells

The solid oxide fuel cells have been selected for the energy production at high
temperature. The most important advantages of this type of fuel cell are the
high efficiency, being =80 % when the heat generated in the cells is used by a
cogeneration system, and the multifuel capacity, since the high temperatures
allow the internal reforming and some impurities in the inlet fuel. This type of
fuel cell can be subdivided in two groups, in the first group (Solid Oxide Fuel
Cell (SOFCQ)), the electrolyte is an ionic conductor, oxygen ions flow through the
electrolyte from cathode to anode (Figure 3.2). In the second group (Proton
Conductor Solid Oxide Fuel Cell (PC-SOFC)), protons flow across the electrolyte
from the anode to cathode (Figure 3.3), as is represented in details below:
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Figure 3.2: Schematic diagram of reactions in SOFCs based on oxygen ion conductors.

In the case of SOFC, oxygen is reduced in the cathode and the oxygen ions flow
through the solid electrolyte and react in the anode to produce water. This
reaction generates electrons that are transported in the external circuit to the
cathode for the oxygen reduction. In the representation of Figure 3.2, it has
been assumed that the electrodes are made of an electronic conductor, so the
reactions of oxidation and reduction take place in the interface electrode and
electrolyte, where electrons, gases and ions are in contact. This point is also
called Triple Phase Boundary (TPB). Taking into account the overall reaction in
the cell, the equation (3.3) can be written as:

1

RT pO,'?pH,

E=E+ —In—2——
T oF " pH,0

(3.6)

On the other hand, Figure 3.3 is the schematic diagram of a solid oxide fuel cell
with a proton conductor electrolyte (PC-SOFC). The hydrogen introduced in the
anode is oxidized to protons generating electrons. Protons move along the
electrolyte from anode to cathode, whereas electrons flow in the external
circuit and react in the cathode to obtain water. Taking into account the
overall reaction, the OCV of this type of fuel cell can be described with the
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same equation that has been described above for ionic conductor electrolytes
(Equation (3.6)).

FUELH, > .
,-

ANODE Hy / R4 s
H,—2H*+2e- e !
ELECTROLYTE H; H
CATHODE N 4
2H+ %Oz"’ZE'—> H, O O, \<\ O, \-\
% H,0
OXIDANT O, v
\
OVERALL REACTION

% OZ+H24>H20

Figure 3.3: Schematic diagram of reactions in PC-SOFCs based on proton conductors.

3.1.1.3. Phosphate-based fuel cells

Regarding ionic conductors at low temperatures (200-400 °C) as electrolyte for
fuel cells or electrolyzers, the most favorable materials are the proton
conductor materials. In addition, the material selected should fulfil some
requirements:

e High protonic conductivity.

e Negligible electronic conductivity.

e High stability.

e Good compatibility with the cell components.
e Low porosity.

e Easyto handle.

e Low cost.

In this group of low operation temperature, solid acid proton conductors,
based on tetrahedral oxyanions, have been attracted interest in the last years
because of their potential applications as electrolytes in fuel cells [5]. Those
materials are good candidates since have a high proton transport, and include
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some of the specifications mentioned above. The reactions and mechanisms
that take place in this type of low temperature fuel cells coincide with the
proton conductor fuel cell described before in Figure 3.3.

3.1.2. Power-to-Hydrogen: Electrolyzer

As has been explained above, H, can be generated by means of renewable
sources, and used when this is required. One of the most efficient techniques
for this H, generation is the electrolysis. The electrochemical reactions that
take place in a steam electrolyzer are the inverse reactions to those take part
in a fuel cell. Furthermore, the main components are maintain from the fuel
cells, as electrolyte to separate both electrodes and external circuit to connect
both electrodes, in this case to apply electric current to split water into oxygen
and hydrogen.

The principal types of electrolyzers are the alkaline, acid, polymer electrolyte
and solid oxide cells, the components are the same listed in Table 3.1, but the
reactions in each electrode are different:

. . Polymer . .
Alkaline Acid Solid oxide
Electrolyte
Charge
8 OH H* o”
carrier
Cathode _ _ . H,0+2e">H,+0” (SOEC)
| 2H,0+2e >H,+20H 2H"+2e >H,
reaction 2H*+2e>H, (PC-SOEC)
Anode 20H" ) L 0% >'/,0,+2e (SOEC)
. 1 . H,0->"/,0,+2H"+2e
reaction | >H,0+/,0,+2e H,0->"/,0,+2H"+2e” (PC-SOEC)

Table 3.2: Half-cell reactions of the different electrolysis cells.

The minimum energy supply required for the electrolysis process is equal to

the Gibbs free energy (Equation (3.1)).
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The voltage where cell power is equal to the heat generated by all internal
chemical and electrochemical reactions is the thermo-neutral voltage (Vr,).
The thermo-neutral voltage is defined as:

Aty Gy | TaS;

= 3.7
Vrn nF  nF nF ®.7)

Where AHyis the formation enthalpy change, AGyis the free energy change
and ASy is the formation entropy. Hence, if the cell voltage is equal to the
thermo-neutral voltage all the produce Joule heat is used. Deviations from Vq,,
involves the external heating or cooling of the system, reducing the efficiency
of the cell. If the cell operates below the thermo-neutral potential, heat must
be supplied in order to maintain the operation temperature since the electric
energy is lower than the enthalpy of reaction. Otherwise, when the cell is
working above the thermo-neutral voltage is working in an exothermic mode.
The energy consumption in the electrolysis process depends on the
temperature and pressure of the cell.

3.1.2.1. Solid oxide electrolyzer

The following description of the electrolysis technology is going to be focus on
the Solid Oxide Electrolyzers (SOEC), since is one of the main types of cells
developed for the present thesis.

In a solid oxide electrolyzer, water acts as a reactant and is supplied in the
cathode for oxygen ion conductor electrolytes and in the anode for
electrolyzer working with proton conductor electrolytes (Figure 3.4 and Figure
3.5). In the first case, the hydrogen is produced in the same side that water is
introduced; obtaining wet hydrogen in the cathode and dry oxygen in the
anode. Nevertheless, in proton conductor solid oxide electrolyzer (PC-SOEC),
the hydrogen is obtained in the opposite site where H,0 is fed, allowing a dry
hydrogen flow in the cathode side. An important characteristic of electrolysis is
that hydrogen and oxygen are simultaneously produced and separated.
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Figure 3.4: Schematic diagram of reactions in SOEC based on oxygen ion conductors.
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Figure 3.5: Schematic diagram of reactions in PC-SOEC based on proton conductors.

3.1.2.2. Phosphate-based electrolyzer

As has been explained above, the same device can be employed as fuel cell an
as electrolyzer cell, but in the first case the energy is obtained by means of a
fuel and in the last case, fuel (H,) is obtained by applying current in the device.
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This theory can be used for the phosphate-based fuel cells as well. In the group
of solid acids, cesium dihydrogen phosphate (CsH,P0O,) is one most common
material used as electrolyte. Then, CsH,PO, can be used as electrolyte in an
electrolysis cell, and the reactions scheme is equal to the high temperature
proton conductor electrolyzer (Figure 3.5).

3.1.3. Power-to-Gas

The catalytic conversion of CO, into usable fuels would positively impact the
global carbon balance, reducing the greenhouse gases emissions. Hydrogen
can play an important role in this process. H, produced by electrolysis can be
used to generate fuel as methanol, methane, or other chemicals, with low
greenhouse footprint (Figure 1.1). On the other hand, in the same electrolysis
cell, and depending on the operation conditions, CO and CH,; can be also
generated. In this part, we are going to focus on the possible reactions and
systems that can be coupled with the electrochemical production of H,.

Solid oxide electrolyzer cells are also capable to produce synthesis gas (CO and
H,) by means of high temperature electrolysis of H,0 and CO,. In the solid
oxide electrolyzers (SOEC) H, and CO, flow in the fuel electrode (cathode),
where the oxidant (usually air) is introduced in the anode. H,0 and CO, react in
the electrode to form H, and CO, respectively:

H,0 +2e~ - 0% +H, (3.8)
CO, + 2e~ > 0%~ + CO (3.9)

Then oxygen ions are transported across the electrolyte to the anode, to be
oxidized:

0%~ - 1/2 0, + 2e~ (3.10)

Furthermore, when co-electrolysis of CO, and H, is taking place
simultaneously, other reactions apart from (3.8) and (3.9) may occur in the
electrodes [6], as water gas shift reaction (WGSR) (3.11) and methanation
reactions (3.12), (3.13) and (3.14):
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CO + H,0 & Hy + CO, (3.11)
CO + 3H, & CH, + H,0 (3.12)
CO, + 4H, < CH, + 2H,0 (3.13)
2C0 + 2H, < CH, + CO, (3.14)

As have been explained in previous sections, the electrolyzer can work with
proton conducting oxides materials as electrolyte as well. High temperature
PC-SOECs offer an important advantage: only dry hydrogen is produced in the
cathode (Figure 3.5) and there is no need of additional stages to separate
water and hydrogen. For the syngas production, the protons produced in the
TPB of the anode pass through the electrolyte and react with CO,, allowing the
next reactions:

2H* > H, + 2e~

CO, + 2H* + 2e~ - CO + H,0

CO, + 8H* + 8e~ - CH, + H,0

€O, + H, & CO + H,0

(3.15)

(3.16)

(3.17)

(3.18)

The thermodynamics of water electrolysis and CO, are given in the following
figure:
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As can be ascribed from Figure 3.6, AG decreases by increasing temperature,
due to the endothermic reaction of H,0 and CO, electrolysis. Hence, at
elevated temperatures the cost of H, and CO can be decreased, since the
increasingly heat demand can be satisfied with the inevitably produced joule
heat, which is produced due to the passage of electrical current through the
cell, reducing the overall electricity consumption [8]. Furthermore, the kinetics
of solid oxide fuel cells are improved by increasing the operation temperature
[9, 10], which results in higher current densities and hydrogen production.

Hydrogen or syngas (mixture of H, and CO) generated from electrolysis, can be
used to produce synthetic fuels as methane or used in Fisher-Tropsch reactors
to produce liquid fuels [6, 11]. For instance, CH4 can be produced from CO or
CO, and H, in an external stage. The methanation is a complex mechanism
where different possible reactions are involved [12, 13]:

CO + 3H, & CH, + H,0 (3.19)
CO, + 4H, & CH, + 2H,0 (3.20)
2C0 4 2H, & CH, + CO, (3.21)
200 & C+CO, (3.22)
CO + H,0 & CO, + H, (3.23)
CH, & 2H, + C (3.24)
CO+H, & C+ H,0 (3.25)
CO, + 2H, & C + 2H,0 (3.26)

One big advantage of obtaining syngas from co-electrolysis is the absence of
high hydrocarbons (C,Hs, C,Hs and C,H,), which are obtained from other syngas
production processes, gasification of coal and biomass. These high
hydrocarbons bring a negative effect in the methanation process.

On the other hand, in the case of Fisher-Tropsch reactor the basic reaction that
take place is:
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CO + 2H, » —CH, — +H,0 (3.27)

At this point, it has been demonstrated the feasibility for the methane
production. The methane can be generated by different ways by using
electrolyzers as a source of hydrogen and carbon monoxide or dioxide:

1. Hydrogen production in an electrolyzer followed by a reactor for the
catalytic hydrogenation of CO,.

2. Syngas production in an electrolyzer with a carbon monoxide
methanation in a final stage.

3. One-stage methanation, due to the presence of H, and CO, in the
electrolyzer and the optimal operation conditions and catalyst for the
reaction [10]. Methane would be generated by the reactions (3.12),
(3.13) and (3.14) for the solid oxide electrolyzer in oxygen ion
conductors and by the reaction (3.17) in the proton conductor
electrolyte cells.

3.2. Conductivity

At this stage, is very important to know the materials employed for the
different cells configurations and their properties. The materials used can be
divided in five groups:

e Ceramics, are inorganic compounds composed of metallic and non-
metallic compounds bonded, forming a crystal structure. That can be
ionic conductors (IC), electronic conductors (EC) or mixed electronic-
ionic conductors (MIEC).

e Metals usually have a crystal structure and are good electronic
conductors, and can be used as electronic conductors or catalyst.

e Solid acid proton conductors are included in the oxyanions group.

e Composites are mixture of two or more type of materials.

e Solid catalysts are generally made of a support where the actives sites
are dispersed. The active sites are the place where the reactions can
take place. Metals and oxides are the catalyst generally used in the
present thesis.
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The material selected for the cell components should have some
characteristics: high conductivity, electronic or/and ionic conductivity, high
electrocatalytic activity for the oxidation and reduction reaction, high
compatibility with the cell components, stability in operation conditions and
low cost.

Regarding the conductivity, the electrolyte must have ionic conductivity with
nil or negligible electronic conductivity, whereas electrodes can show
electronic or both ionic and electronic conductivity. The conductivity of the
materials depends on the crystal structure, since the conductivity can be
created from intrinsic defects or tailor by extrinsic defects. In the following
section will be explain the main defects and the diffusion mechanisms for ions
and protons.

The electrical resistance of one material is defined by the sample dimensions
as is described below:

Ral/A (3.28)
Where R is the resistance and [ and A are the length and area, respectively.

Conductivity (o) is the reciprocal of the resistivity

(3.29)

D |

Resistance —»

Temperature —>

Figure 3.7: Conductivity as function of the metallic state.

The total electrical conductivity o of a compound is the sum of the partial
conductivities of the different charge carriers:
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o= Z o; (3.30)

l
Where o; is the partial conductivity of each carrier and the ratio of g; and the
total conductivity determines the transport number (t;) of species i

t, = (3.31)

i
El
The charge carriers in mixed ionic and electronic compounds are the ions and
electrons. Each of these carriers have contribution from different defects and
have different transport mechanisms, this will be explained in details in the
next subsections. Usually, the most important contribution to the total
conductivity, due to the higher mobility of electrons, is the electronic
conductivity (extra electron holes in the valence band (p-type conductivity)
and extra electrons in the conduction band (n-type conductivity)). Thus, the
total conductivity:

0=0;+0,=0,+0,+0,+0, (3.32)

where o,, 0., 0, and o, are anion, cation, electron and electrons holes
conductivities, respectively. Often, one type of charge carrier predominates
under particular conditions of oxygen partial pressure and temperature.
Electronic conductor oxides are characterized by n-type conductivity, transport
of electrons, or p-type conductivity, where the electron holes transport
prevails. However, other materials are predominantly ionic conductors or
mixed electronic and ionic conductors. Furthermore, some materials are able
to transport protons in hydrogen or water vapour atmospheres.

3.2.1. Intrinsic defects

3.2.1.1. lonic defects

lonic conductivity or diffusion in oxides is provided by the presence of point
defects, since a perfect crystal is not able to conduct ions. The ionic
conductivity prevails when four premises are maintained, there is a vacant site
for the ion to jump into, the potential barrier for the jump is not too high for



Introduction 43

the ion, there is a complete path for the ions conduction and there is a driving
force [14].

The possible defects can be listed as below(Figure 3.8) [15]:

(a) Interstitial, ions placed at normally not occupied sites.

(b) Vacancies, vacant lattice sites.

(c) lons with different charge from expected in the stoichiometric
structure (acceptor or donor).

(d) Impurity or dopants produced by foreign ions.

Figure 3.8: Point defects (a) self-interstitial; (b) vacancy; (c) substitutional impurity atom; and
(d) interstitial impurity.

Defects cannot be treated separately, the electroneutrality condition
inside the crystal has to be maintained; thermal disorder is achieved by the
generation of a pair of defects (Figure 3.9). Some of these combinations are (a)
Schottky disorder, (b) Frenkel disorder, (c) Anti-site disorder and (d) electron-
hole pair.
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Figure 3.9: (a) Schottky and (b) Frenkel defect.

3.2.1.2. Electronic defects

Conduction
Band

Valence
Band

DOS DOS DOS

Figure 3.10: Materials conductivity: (a) metal; (b) semimetal; and (c) insulator/semiconductor.

In a metal the Fermi level (Ef) is localized in the conduction band, letting a
partially filled band allowing the electrons movement (Figure 3.10a). However
in the semimetal the Fermi level is in-between of the Conduction and Valence
band, thus, the band gap is zero (Figure 3.10b). In the case of semiconductor or
insulator there is an energy gap between both bands, as larger is the gaps as
worsen is the conductivity (Figure 3.10c). Whereas in metal the electronic
conductivity takes place by the electrons in the conduction band, in
semiconductors the electronic conductivity is produced by the electrons in the
conduction band and holes in the valence band.
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Semiconductors can be intrinsic or extrinsic, intrinsic means that electrical
conductivity does not depend on impurities, whereas extrinsic semiconductors
are defect dependent. P-type semiconductor is generated by the incorporation
of an acceptor (A), which has a lower oxidation state than the host element,
there is one electron less to share with the surrounding atoms and this
situation leave an electron hole in the lattice (Figure 3.11 (a)). A n-type
semiconductor is produced by adding a donor (D) impurity, which has a higher
valence than the host element, the valence electron that is not share is
became a free electron (Figure 3.11 (b)).

The number of electrons and electrons holes generated by the introduction of
donors and acceptors, respectively, are much greater than the intrinsic
electronic carriers, becoming predominant in the lattice. The temperature can
allow the promotion of electrons to conduction band from donor levels and
electrons holes from acceptor levels.
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Figure 3.11: Crystal lattice of a (a) p-type and (b) n-type semiconductor.

3.2.2. Extrinsic defects: mixed conductivity

While intrinsic defects are present due to thermodynamic equilibrium of the
lattice, the extrinsic defects are generated by foreign ions (impurities or
dopants) in the lattice (Figure 3.8) [16]. Foreign ions can substitute a host ion
or can be present on interstitial sites. If an isovalent ion replaces a host ion no
substitutions compensating defects are needed to be created. However, when
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an aliovalet ion substitutes a host ion, a charged impurity results. The extrinsic
defects generated will interact and affect the structure around them looking
for the electroneutrality condition, oppositely charged defects, either cationic,
anionic or electronic, will be generated. Different types of defects will be
produced for the presence of aliovalents ions depending on whether is an
acceptor (A, negative charge) or donor (D, positive charge) impurity. Donor
impurities, which have higher charge than the ions they replace, will generate
cation vacancies or anions interstitials. However, acceptor impurity with less
charge than the ions they replace, will promote cation interstitial or anion
vacancies. The compensating defect and location depends on the dopant or
impurity atomic radius, charge and bulk crystal structure. The defects can be
generated as isolate or as defect complexes.

Semiconductors usually contain intentionally introduced dopants atoms that
change the predominant charge state or introduce new extrinsic defects.

The nonstoichiometry will occur when there is an excess of one type of defect,
since the ratio of anions and cations sites in a stoichiometric and
nonstoichiometric is maintained, the charge equilibrium will be achieved by
means of electronic defects. The extent of nonstoichiometry will be marked by
the temperature and the gaseous ambient. For instance, under some
conditions the doped compound can lead to an increase or reduction in the
electronic conductivity.

The defect concentration of a material which is exposed to different oxygen
environments can be plotted as in Figure 3.12. As can be ascribed from the
figure the defect equilibrium is very sensitive to oxygen partial pressure
changes. The most relevant equilibrium reactions of the defects are listened
below with the mass action relations.

The defect reaction compensation of donor and acceptor as mentioned before
are described as follow:

Donor

D}, & Dy + e’ (3.33)
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Kp(T)[Dy] = [Dyln (3.34)

A donor impurity with a positive charge (D,,), will be compensate by an
electron (e’).

Acceptor
Ay o Ay +h (3.35)
K,(T)[Ay] = [Ay]p (3.36)

In the case of an acceptor with a negative charge (4),), an electron hole (h’)
will be generated.

Low oxygen partial pressures

When the sample is exposed to low oxygen partial pressure, there is a
reduction of the sample, by the generation of oxygen vacancies [V,"], due to
the O, release, and expense of electrons lost:

1
0} & 502 + V5 + 2’ (3.37)

Kx(T) = Poy/* [V In? (3.38)

Frenkel equilibria on the oxygen sublattice

0F & Vy + 0/ (3.39)
Ke(T) = [V5°110;'] (3.40)

Where an oxygen vacancy created in the lattice is compensated by an
interstitial oxygen (0;").

Electronic equilibrium

If there is charge equilibrium, the electrons in the lattice will be balanced by
electron holes:
nilee +h (3.41)



48 Chapter 3

Ke =n- p (3.42)

Brouwer diagrams (also known as Kréger-Vink diagrams) are used to represent
defect concentrations as a function of oxygen partial pressure (p0O;). In many
oxides the predominant defect concentration changes as function of the
oxygen activity. In the Figure 3.12 three regimes can be distinguished; low,
medium and high pO,, in each regime a defect is become predominant.

Taking into account that the full electroneutrality condition is given by:
2[Vy]+p o 2[0{'1+n (3.43)

In the Range |, where there is a low oxygen partial pressure, the following
approximation may be made from the equation (3.43) (Figure 3.12):

n = 2[V;] (3.44)

In Range I, at or close to stoichiometry two alternative limiting conditions can
be considered, the ionic Frenkel disorder (Figure 3.12(a)) and electron hole
generation (Figure 3.12 (b)) [17]. If K.>K: the intrinsic ionization of electrons
predominate, thus: n = p. Then, the concentration of electrons and electron
holes are independent of oxygen partial pressure (Figure 3.12 (b)). However,
when Ke>K. the Frenkel disorder dominates and it can simplify as: [0;'] = [V ].
Thus, [0;'] and [V;] concentration is not dependent of pO, (Figure 3.12 (a)).

In the Range Il (Figure 3.12), for large excess oxygen, the predominant species
is the interstitial oxygen, so the equation (3.43) can be simplified as:

p = 2[0/'] (3.45)

By using the equations (3.38), (3.40) and (3.42) and the simplification in each
region, the oxygen partial pressure dependence for each defect can be
calculated (Table 3.3).

e Range |, for low oxygen partial pressure, the electrons and oxygen
vacancies are the dominant defects, but the electrons mobility is
higher than the oxygen vacancies, so the electronic conductivity
prevails over the ionic conductivity. Then, the material is a n-type
semiconductor and shows a pOz'l/6 proportionality.
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e Range Il, with intermediate oxygen partial pressure, two behaviors
can be expected. In the first one, the oxygen defects concentration
remains constant with changing oxygen partial pressure.
Nevertheless, the electronic carriers have a dependence of pOzl/4 and
pOz’l/4 for electrons and electrons holes, respectively. The second one,
where electronic carriers are not dependent of the oxygen partial

2 proportionality, whereas [V,;] has p0, ™%

pressure, [0;'] has a pO,
e Range lll, both holes and oxygen interstitial dominate, but as in Range
I, the mobility of the electron holes is higher, inducing a p-type
conductivity of the material. The electron holes concentration has

pOzl/6 dependence.
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Figure 3.12: Diagrams of the oxygen and electronic defects concentration as function of the
oxygen partial pressure for (a) Ki>K, and (b) K.>K;.

3.2.3. Diffusion mechanisms

The ionic diffusion takes place by the movement of the point defects
(Section 3.2.1.1). As there are different point defects, different diffusion
mechanisms can be found. The most common mechanisms of ionic diffusion
are described in the Figure 3.13.

The vacancy mechanism consists of an atom hop from its normal position to a
neighbor vacancy (unoccupied lattice site).

However when an atom is occupying interstitial sites, the mechanism takes
place via nearby interstitial sites. Such hop of the interstitial involves a big
distortion of the lattice; consequently, interstitial atoms are usually smaller
than the surroundings atoms of the structure.

Finally, in the interstitialcy mechanism, an atom in interstitial position
displaces another from its original site to a close interstitial site and itself
occupies the lattice site of the displaced atom.
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Figure 3.13: Diffusion mechanisms: (a) vacancy; (b) interstitial and (c) interstitialcy.

The oxygen mechanisms depend on the type of material, and type of defect in
the structure. For instance, many perovskite with structure ABOs, when A site
is substituted with a lower valence cation, vacancies are generated in the
structure in order to compensate charges and to achieve an electroneutrality.
Thus the oxygen mechanism takes place by these vacancies in the structure:

1
502 +V, = 0F + 2k (3.46)

Regarding proton diffusion, as proton has no electron shell, they interact with
the electrons of the lattice oxide ions. Two different mechanisms are usually
studied, and are described in Figure 3.14.

The free transport mechanism or Grotthus mechanism (Figure 3.14 (a)); which
is the principal mode of transport of protons in oxides. This mechanism is
characterized by the hop of the proton from one ion oxide to a close one. After
each hop the proton in the OH rotates with the intention to be aligned for the
next hop. In this mechanism, the jump itself is the limiting step whereas the
reorientation of the proton needs small activation energy.

In the vehicle mechanism (Figure 3.14 (b)) proton is transported as hydroxide
ion by an oxygen vacancy mechanism @ or interstitial hydroxide ion @
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Figure 3.14: Schematic proton diffusion mechanism (a) steps of the Grotthus mechanism and
(b) vehicle mechanism; 1 oxygen vacancy and 2 interstitial hydroxide ion mechanisms.

3.3. Cell components and material

After the description of the electrochemical devices and set the possible
transport mechanisms of the charge carriers in these type of materials, the
different components and the state-of-the-art materials will be explained in
detail.

3.3.1. Electrolyte

One of most important components of electrochemical cells is the electrolyte.
The type of electrolyte used will differentiate between the different fuel cells
and the partial reactions in each electrode. The electrolyte is localized between
both electrodes and will have the task to transport the oxygen ions or protons
from one electrode to the other. All electrolytes must have some important
characteristics for a good performance of the cell [18]:

e  Stability, the electrolyte must be chemically, morphologically and
dimensionally stable. Furthermore, it has to be stable in both
atmosphere of the cell, oxidizing and reducing. This stability should
be maintained in all range of operation conditions.

e Conductivity, the electrolyte should have a good ionic or protonic
conductivity in the cell operation conditions. Being the ionic or
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protonic as high as possible, in order to reduce the ohmic losses of
the cell. In addition, the electronic conductivity should be as small
as possible, as not to have current flow through the electrolyte,
and the resulting reduction of the cell performance (lower
Faraday’s efficiency).

e Porosity the electrolyte should be as dense as feasible in order to
avoid gas leakage in the cell.

e Thermal expansion coefficient (TEC), should match with the
adjacent components of the cell, to avoid cracks, delamination,
etc. Moreover TEC should be invariable with change of oxygen
partial pressure in both chamber of the cell.

Furthermore, some characteristic are also desirable as the low cost, low
toxicity, manufacturability and high strength.

3.3.1.1. Materials

In this section is important to divide the materials in two groups; protonic and
ionic conductors.

3.3.1.1.1. lonic conductors

Three are the most widely studied electrolyte materials with ionic conductivity;
yttria stabilized zirconia (YSZ), strontium magnesium doped lanthanum gallate
(LSGM) and gadolinium or samarium doped ceria (GDC or SDC).

Figure 3.15: (a) Fluorite crystal structure of AO,, big spheres are 0% and the small are Ce** in
CeO, or Zr'in Zr0,. (b) Cubic perovskite structure of LaGaO;, La" is the sphere in the center,
and the big spheres are 0% and the small are Ga*.
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One of the most widely studied material for SOFC electrolyte is ZrO,, but due
to the low ionic conductivity and stability, ZrO, has to be doped. Trivalent or
divalent cations are able to stabilize the cubic fluorite phase (Figure 3.15),
increasing the oxygen vacancies and improving the ionic conductivity of the
electrolyte material. Stabilized ZrO, has been used almost exclusively as
electrolyte for fuel cells, due its good oxygen ion conductivity (above 700 °C)
and stability in both atmospheres; reducing and oxidizing. Being the 8 % mol of
Y,0; the most common dopant for ZrO, (YSZ). Alternative doped ZrO,
electrolytes have been developed with higher ionic conductivity as Scandia
doped zirconia.

On the other hand, pure ceria CeO,, another cubic fluorite (Figure 3.15), does
not need any stabilization phase. However, pure CeO, has low ionic
conductivity, but the ionic conductivity can be improved by the introduction of
different dopants. Mobile oxygen vacancies are introduced by substituting Ce**
with trivalent rare earth. This material exhibits pure ionic conductivity but in
some reducing atmospheres is reduced and leads to an electronic conductivity
[19]. Due to the possible presence of electronic conductivity (n-type), it is
important to know the electrolytic and ionic domain boundary to use it as
electrolyte in solid oxide fuel cells and electrolyzers. Regarding the dopants of
CeO, the most common are gadolinium (GDC) and samarium.

LSGM, with a cubic perovskite structure (Figure 3.15) was situated as superior
oxide-ion electrolyte, with higher conductivity than YSZ (Figure 3.16) [20].
However, the low stability for long operation time due to the Ga evaporation
in a reducing atmospheres and the nickel compatibility [21], limits the use of
this material as electrolyte.
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Figure 3.16: Conductivity of different electrolytes as function of the reciprocal temperature
[25].
3.3.1.1.2. Protonic conductors
3.3.1.1.2.1. High temperature

The growing interest in proton conducting solid oxide fuel cells (PC-SOFC) [26-
29] research is principally due to their advantages compared to conventional
oxygen-ion conducting solid oxide fuel cells (SOFCs): (1) their higher efficiency
and fuel utilization, since protons react with oxygen in the cathode to form
water, diluting the air stream; and (2) the lower activation energy of proton
transport together with the higher mobility of protons, which makes possible
to reduce the operation temperature (500-700 °C) and permits the utilization
of less expensive system components and increases their lifetime [30, 31].

The most widely studied proton conductors are based on BaCeOs;, SrCeOs,
CaZrO; and SrZrO; [18, 26, 27, 32-34], with a perovskite-type as in Figure
3.15b. These materials exhibit a p-type conductivity in absence of hydrogen or
water vapor. When these materials are in contact with hydrogen or water the
electronic conductivity decreases and they become protonic conductors. These
pure materials exhibit only low proton conductivity, but the incorporation of
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aliovalent can improve the conductivity by generating oxygen vacancies [35].
For instance, by doping BaCeO; with rare earth in Ce position the conductivity
of the compound can be improved. Furthermore, it has been demonstrated
that the water incorporation in the structure is an exothermic reaction for
doped and undoped cerates and zirconates compounds. This premise explains
the better proton uptake in perovskite oxides at lower temperatures.
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Figure 3.17: Proton conductivities of various oxides calculated from data proton
concentrations and mobilities according to [36], [26].

As can be inferred from Figure 3.17 the BaCeOs-based compounds have higher
conductivity than SrCeO;, SrZrO; and CaZrOs-based materials. But at high
temperatures, oxygen ions transport contributes to the total conductivity, and
the proton transport number decreases. However, the BaCeOs; has poor
chemical stability and electronic species are formed in reducing conditions.
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Furthermore these group of compounds exhibit high grain boundary
impedances limiting the conductivity [37, 38]. An oxygen deficient fluorite
LassWO11255 (LWO) [39] could be selected as alternative in this group of
protonic conductors, since it exhibits reasonable high values of predominant
protonic conductivity below 800 °C, low grain boundary resistance and high
stability in operation conditions under CO, and H,S containing atmospheres
[40, 41].

(a)

Figure 3.18: Crystal structure for Las ;WO 5.5 with split oxygen and lanthanum sites in space
group Fm3m [41].

3.3.1.1.2.2. Low temperature

Solid acid proton conductors, based on tetrahedral oxyanions, have been
attracted interest in the last years because of their potential applications as
electrolytes in fuel cells, hydrogen pumping or electrochemically promoted
water gas shift reactions. Cesium dihydrogen phosphate, CsH,PQ,, is one of the
compounds more studied that belongs to this group. CsH,PO, is a solid acid
compound, which facilitates anhydrous proton transport with high proton
conductivity. CsH,PO, (CDP) undergoes a phase transition from monoclinic
phase at low-temperature (below 230 °C) to cubic phase at high-temperature
(above 235 °C). This phase transition leads to an outstanding increase in its
protonic conductivity by several orders of magnitude. Thus, CDP can be
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selected as good electrolyte material for low temperature fuel cells and
electrolyzers.

i
o A,

253

Figure 3.19: Crystal structure of CsH,PO, (a) at room and (b) at high temperature.

The operation temperature of the CDP allows improving some problems
obtained in PEMFC operation, as the water humidification control, or the
poisoning of the Pt for the presence of CO in the fuel stream. Furthermore, the
reduction of precious metal catalyst load or even the entirely substitution of
precious metal can be achieved due to the CDP operation temperature.

3.3.2. Electrodes

As it has been described for the electrolytes some characteristics should be
accomplished by the materials selected as electrodes in the electrochemical
cells.

e Stability, both the oxidant and fuel electrode have to be chemically,
morphologically and dimensionally stable in the working atmospheres.
Furthermore, the electrode must also maintain the stability in the
different operation and fabrication temperatures.

e Conductivity, in order to improve the cell performance the electronic
conductivity has to be as large as possible at operation conditions.
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Furthermore, to extend the TPB along the whole electrode surface,
some oxygen ion or proton conductivity is required.

e Porosity, electrodes should have enough porosity to allow a fast gas
transport from/to the active reaction sites. The upper limits of the
electrodes porosity will be restricted by the structural characteristics
and the electrical transport, whereas the lower limits will be limited by
the mass transport of gasses.

e Thermal expansion coefficient, the TEC of electrodes should match the
electrolyte and adjacent components along the operation conditions.

e Compatibility, in addition to the TEC, electrodes should be compatible
with other components in the operation and fabrication conditions. It
should be reminded that the variation of the electrodes atmospheres
during operation requires a high compatibility and stability of the
electrodes.

e (Catalytic activity, electrodes must have sufficient catalytic activity (low
polarization) for the different reactions that take place in the active
sites, as oxygen reduction reaction, hydrogen oxidation reaction, water
split reaction, etc. The reactions will be different depending on the
type of cell used (proton conductor or oxygen ion conductor
electrolyte) and the final application; Power-to-Power (Section 3.1.1),
Power-to-Hydrogen (Section 3.1.2.) and Power-to-Gas (Section 3.1.3).

3.3.2.1. Materials

In the present thesis, several materials have been employed with different
configurations (fuel cell, electrolyzer, CO, electrolyzer and methanation cells)
and temperatures. The description of the electrodes materials will be done in
general terms, speaking about material characteristics. A deep description of
the materials employed will be done in each chapter depending on the
operation conditions.

3.3.2.1.1. High temperature

3.3.2.1.1.1. Perovskites

One of the most commonly electrode materials used is the doped lanthanum
manganite (LaMnOs) with a high electrical conductivity in oxidizing
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atmospheres, good compatibility with some electrolyte materials, as YSZ and
GDC, and acceptable thermal expansion coefficient, which match adjacent
components. LaMnO; has a cubic perovskite structure and belongs to oxides
with the structure ABOs. Different substitutions have been performed in A and
B position with cations as barium, calcium, chromium, cobalt, copper,
magnesium, nickel, potassium, rubidium, sodium, strontium, titanium and
yttrium. But the most common dopants are calcium and strontium which can
increase the electronic conductivity in oxidizing atmospheres [42]. However,
the use of doped strontium lanthanum manganite (La1,Sr,MnQs) is limited by
the low oxygen ionic conductivity [43].

Figure 3.20: ABO; perovskite structure with the origin centered at the B-site ion [44].

Doped lanthanum cobaltite (LaCoOs) is another important perovskite for solid
oxide cells with higher catalytic activity than LaMnO; and higher oxygen ion
conductivity. LaCoO; has a rhombohedral perovskite structure but may
transform to cubic phase depending on the dopant content. When LaCoOs is
doped with lower oxidation state cation as strontium (La*> to Sr'?), the
compound exhibits a large oxygen deficiency at high temperature.
Furthermore, the p-type conductivity is improved with the incorporation of
cation in La site with a lower oxidation state. However, at low oxygen partial
pressure and temperatures (below 790 °C) there is a phase transition, limiting
its applicability.

From the same ABOj; (Figure 3.20) cobaltites family, SrCogsFep,05-5 (SCF) was
one of the first materials suggested as an oxygen transport membrane, due to
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the mixed ionic and electronic conductivity. Nevertheless, SCF undergoes a
phase transition, from cubic to brownmillerite, at low operation temperature
and oxygen partial pressures. This new phase exhibits low oxygen conductivity
due to the ordered arrangement of oxygen vacancies in the structure.
However, the partial substitution of Sr by Ba in SrCoggFeq,03-5 avoids the
formation of brownmillerite with the variation of temperature and oxygen
partial pressure, giving higher stability and even improving the oxygen
conductivity.

3.3.2.1.1.2. Ruddlesden-Popper

Figure 3.21: Ruddlesden—Popper phases, A,,1B,03,.:1, Where A and B are cations, and O an
oxygen anion [45].

In recent years, Ruddlesden-Popper series has attracted much attention as
material for electrodes at intermediate temperature (600-800 °C) due its good
electrochemical properties [46, 47]. The Ruddlesden-Popper structure, with
the general formula Lan;1Ni 03,41, is comprised of rock-salt layer and perovskite



Introduction 63

layers interspersed [48-50]. The value of n in the general formula is related
with the number of perovskite layers between two rock-salt layers (Figure
3.21). As the n value increases, the electronic conductivity increases as well,
due to the presence of NiOg in the perovskite layers. Due to its layered
structure these compounds are able to accommodate hyperstoichiometric
oxygen in interstitial sites of the rock-salt layer [51], exhibiting good oxide ion
conductivity at intermediate temperatures [52-55]. The highly anisotropic
oxygen diffusion is produced via the interstitial oxygen defects in the lattice
[56] and the cooperative diffusion in the vacancies in the perovskite layer [52].

3.3.2.2. Electrode configuration

Different materials can be used as electrode in the fuel cells, electrolyzers and
methanation reactors systems. The selection of the most suitable electrode
will depend on the operation conditions, as temperature, gas atmosphere, etc.
Furthermore, depending on the final application, different material can be
selected and used with different configuration in the electrode. Most of the
possible microstructures and configurations are present in Figure 3.22.

In the triangle scheme, in Figure 3.22, four types of materials are represented
and used in electrodes: ionic conductors (IC), mixed ionic and electronic
conductors (MIEC), electronic conductors (EC) and catalyst (C). Furthermore in
the triangle are included the different materials; fluorite (F), perovskite (P),
double perovskite (DP), Ruddlesden-Popper (RP) and metals (M) and the
possible group where each material for high operation temperature can
pertain.

Furthermore, Figure 3.22 shows the different type of configuration and
microstructure of an electrode in an electrochemical cell: (g) IC-EC composite,
(h) single-phase MIEC electrode, (i) IC-MIEC composite structure, (j) MIEC-EC
composite structure, (k) MIEC with dispersed catalyst, (I) IC coated with
percolating layer of MIEC, (m) IC coated with a percolating layer of EC and
MIEC and (n) EC coated with percolating layer of MIEC and dispersed catalyst.



Figure 3.22: Solid oxide cells electrodes materials and microstructures [57]. Explanation of the figure is explained in the text.
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3.3.2.2.1. Electrochemical activation of oxygen

In Figure 3.22 almost all the possible electrode configuration are described. To
explain in more detail the mechanism of the electrochemical oxygen
activation, the next part will take a closer look at only three electrodes
configurations: EC, EC-IC and MIEC electrodes.

e Electronic conductor configuration, where the electrode is composed
of a material with predominantly electronic conductivity. In this type
of electrodes, the reaction takes place only in the electrode-electrolyte
interface. In this point, gas, electronic phase and ionic phase are in
contact (TPB) (Figure 3.23 (a)). In this type of material, the
electrochemical oxygen activation includes the following steps: (i)
oxygen gas diffusion, (ii) adsorption of molecular or dissociative
oxygen onto the material surface, (iii) diffusion of the oxygen species
adsorbed along the surface to the TPB and (iv) charge transfer reaction
with the subsequent oxygen ion incorporation in the electrolyte.

e Cer-met or cer-cer, in this type of electrode two different phases are
mixed in the electrode. The electrode can be composed of two
ceramics phases (cer-cer) or by a ceramic and metallic phase (cer-met).
For instance LSM-YSZ is one of the most studied cer-cer cathode for
solid oxide fuel cells. Composite electrodes are able to increase the
performance and enlarge the TPB along the electrode surface. Usually,
one of the phases is electronic conductor whereas the other one is
oxygen ion or proton conductor, enabling TPBs along the electrode
surface (Figure 3.23 (c)). The stages In the electrochemical activation
of oxygen in composite electrodes are: (i) oxygen gas diffusion, (ii)
adsorption of molecular or dissociative oxygen onto the material
surface, (iii) diffusion of the oxygen species adsorbed on the surface
length to the TPB, (iv) charge transfer reaction in the TPB, (v) diffusion
of the oxygen species from the ionic material of the electrode to the
electrolyte material, (vi) oxygen ions incorporation from the IC
material to the electrolyte.

e MIEC materials, this type of compounds exhibits a mixed ionic and
electronic conductivity. In the last years many efforts have been
focused in the search of MIEC materials. As has been explained above,
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the introduction of some dopants in the structure are able to tailor the
electrodes properties adding electronic conductivity or increasing the
ionic conductivity. MIEC electrodes are able to enlarge the TPB along
the whole electrode, making available the entire electrode surface for
the oxidation/reduction reactions. In MIEC electrodes, the
electrochemical oxygen activation has the next steps (i) oxygen gas
diffusion, (ii) adsorption of molecular or dissociative oxygen onto the
material surface, (iii) surface exchange reaction between the oxygen
species in the surface and the oxygen vacancies or interstitials, (iv)
diffusion of the oxygen species to the electrolyte materials and (iv)
oxygen species exchange between the electrode and electrolyte
material.

(e} i i
2% 0, O

(a ) Three Phase Boundary (TPB)

Cer-cer or Cer-met MIEC conductor
conductor

Figure 3.23: (a) Three phase boundary representation. Three phases are involved: electronic
phase a, ionic phase y and gas phase B [58]. Electrode configuration (b) electronic conductor
(c) composite and (d) MIEC electrode.
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3.3.2.2.2. Electrochemical activation of hydrogen

H.0 H,

@ H,0

(@ t?

(®)

© = Chemical reaction &= Charge-transfer reaction

Figure 3.24: Elementary kinetic scenarios at a Ni/YSZ TPB. The different stages will be
explained below [59].

Many theories have been postulated for the hydrogen oxidation in the Ni-YSZ
anodes in a fuel cell mode and that theories can be extrapolated for the Ni-YSZ
working as cathode in electrolysis mode. It has been difficult to reach an
agreement in a simple theory, due to the complexity of the system. Different
mechanism of the hydrogen oxidation in TPB of the Ni-YSZ cer-met anodes that
appear in Figure 3.24 will be explained below. (a) Spillover of hydrogen
adsorbed from the Ni surface onto an oxygen ion or hydroxyl ion on the YSZ
surface. (b) Spillover of oxygen ions from the YSZ surface to the Ni surface by
some charge transfer reactions, where the oxygen reacts with the hydrogen
adsorbed on the Ni surface. (c) Hydroxyl spillover from the YSZ surface to the
Ni surface. (d) Charge transfer by an interstitial proton conductivity, this
process is favored by the high temperature and the water and hydrogen
adsorbed are involved. (e) Charge transfer and chemical reactions on the
electrolyte surface only.
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3.4. Appendix: Defect chemistry and mechanisms

Kroger—Vink notation was employed for the defect chemistry and a brief
summary is written below:

Sites Notation
Interstitial oxygen ion 0;
Foreign acceptor metal, A on M site Ay
Free electrons e'
Occupied oxygen sites (033
Oxygen vacancies 7%
Foreign donor metal, D on M site Dy
Free positives holes h
Vacancy in M site Vy

Table 3.4: Kréger—Vink notation for defect chemistry.
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4. Methodology

4.1. Material synthesis

In the last decades different synthesis methods have been employed for the
solids preparation, due to the interest of the solids properties. The method
chosen for any solid will not only depend on the solid composition but also in
its final application. Three are the most common methods for solid synthesis:
solid state reaction, Pechini method and co-precipitation method. In the
following sections will be explained in detail.

4.1.1. Solid state reaction (SSR)

The simplest and the most common method for preparing solids is the ceramic
method [1, 2]. This method consists of heating together two or more solids
(non-volatiles), which react to form the desire solid. The rate of diffusion in
solid state reactions can be improved by increasing temperature or by
introducing defects. Since solid state reactions take place only at the interface
of two solids, by raising temperature the interface reactions are promoted and
the diffusion through the solid is accelerated. Even so, diffusion is often the
limiting step. In general, the reaction occurs in the solid state, since the
temperature of the reaction does not achieve the melting temperature of the
solid. Regarding the introduction of defects, the idea consists of starting with
reagents that can be decomposed prior or during reaction, such as carbonates
or nitrates.

The nucleation rate is another important parameter in SSR and can be
maximized by introducing reactants with similar crystal structure to the
desired compound.

The procedure (Figure 4.1) consists of taking stoichiometric amounts of the
binary oxides, grind them in a pestle or with a ball mill to give a uniform small
particle size, to maximize the surface contact and minimize the distance that
reactants have to diffuse. Taking into account that in SSRs large surface areas
of the reagents are desired to maximize the contact between reactants, the
pelletization of powder is used before the sintering to promote an intimate
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contact between particles. Then, the resultant pellets are heated in a furnace

for several hours to obtain a single phase.

1- Precursor 2-Solvent 3- Wet balls 4-Filtering 5-Drying 6- Calcination
mixing and balls milling
addition

Figure 4.1: Solid State Reaction for pure multicomponent phase formation

Despite this method is widely employed due to the simplicity and low
manufacturing cost, some disadvantages should be overcome. The most
important are the low kinetics and the high temperatures required.
Furthermore, there is low homogeneity of the samples with the presence of
secondary phases and uncontrolled particle sizes [3]. However, with a good
optimization, high quality ceramics can be obtained.

As has been described in the previous chapter, perovskites are one of the most
widely employed materials for cells at high temperature. Since most perovskite
oxides are stable at high temperature and are usually formed at temperature
above 1273 K, SSR can be used for the perovskite formation. However, the
perovskites powders obtained by solid state reactions usually exhibit a small
surface area. As a result, different methods are preferred to obtain higher
surface areas more useful for fuel cell applications.
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4.1.2. Pechini

Pechini method (Figure 4.2) is a variation of sol-gel route where a highly
homogeneous and finely dispersed oxide is obtained [4-6]. This technique only
requires a beaker, a stirrer, inexpensive chemicals, hot plate and furnace. Inert
atmospheres or control of water in the synthesis method is not required. This
method includes a metal complex formation and polymerization of the
organics agents. Firstly, precursors of the final compound composition are
dissolved in distillate water. Then, a chelating agent, such as citric acid or EDTA
is added to form stable metal complexes. The formation of citric complexes
favors the homogeneous dispersion of the different ions and prevents the
segregation of ions in later stages of the synthesis route. The solution is stirred
and a polyalcohol, such as ethylene glycol (EG), is introduced for the
polymerization process. Then, the temperature is increased to 100-130 °C to
speed up the formation of polyester, due to the reaction of citric acid and the
EG, resulting in a gelation of the reaction mixture and subsequent foaming.
The organic part is subsequently eliminated at temperatures as low as 500 °C,
thereby forming reactive oxides. Finally, the obtained powder is calcined at
higher temperatures for the pure multicomponent phase formation.

glycol
SES

1- Nitrates  2-Citric acid 3-Ethylene glycol 4-Polymerization 5-Calcination.

solution addition. addition Heating up Phase
Complexes to 100-130 °C  formation
generation

Figure 4.2: Pechini route for pure multicomponent phase formation.
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4.1.3. Co-precipitation

The co-precipitation method allows the synthesis of nanometric size powders.
In the co-precipitation route, stoichiometric amount of soluble salts of the
metals ions is dissolved and then is precipitated as hydroxide, citrates, oxalates
or formates [2]. Three are the main steps of the precipitation process, the
liguid mixing, nucleation and crystal growth to form primary particles, and
aggregation of the primary particles. The variation of the type of nucleation
will depend on the concentration of the solution, temperature, surfactant used
and co-precipitating agents. As a result, the variation of the parameters can
lead to different particles sizes and aggregates [7]. The resultant mixture is
filtrated, dried and calcined in the case of solid oxides (Figure 4.3), whereas the
solid acids as CsH,PQ, are only dried (Figure 4.4).

Solid oxide formation method

Nitrates

1- Nitrates 2- Ammonium 3- Precipitation 4-Filtering  5- Calcination
solution carbonate and
addition drying

Figure 4.3: Co-precipitation route for pure solid oxide phase formation.
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Solid acid formation method

Carbonates

1Carbonates 2- H3PO4  3-Precipitation 4-Filtering
solution addition with and
methanol drying

Figure 4.4: Precipitation route for pure solid acid phase formation.

4.2, Materials summary

The different compounds used in the present thesis, for the cell components,
and the synthesis routes employed are listened in the table below.

Furthermore, the maximum temperature achieved for the single phase
formation are also included in the Table 4.1.
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4.3. Structural characterization

After the synthesis of the different compounds, some structural
characterization should be performed. In the present thesis, all materials were
checked by X-Ray Diffraction (XRD) to determine de crystalline phase. Those
measurements were done to verify that single phases were obtained after
synthesis and no reactivity between the different cells components was
produced. Furthermore, the powders obtained after materials synthesis and
the different cell components were studied by Scanning Electron Microscopy
(SEM) and Field Emission Scanning Electron Microscopy (FESEM). Finally,
thermogravimetric analyses (TGA) were employed for the characterization of
some materials in specific conditions. A detailed description of the techniques
used is included below.

4.3.1. X-Ray Diffraction (XRD)

X-ray diffraction technique is a non-destructive technique which reveals
information about crystallographic structure, chemical composition, crystallite
size (grain size) and preferred orientation [8].

X-rays are transverse electromagnetic radiations, similar to visible light, but
with shorter wavelength. They are produced via interactions of the accelerated
electrons of high energy with heavy metal target (the anode). When electrons
hit this material, X-ray are generated at this point and radiated in all directions.
When a monochromatic X-ray beam encounters a material, it interact with the
atoms [9]. The atomic lattice of the sample acts as three dimensional
scattering grid producing the diffraction of the X-rays to specific angles.
Because each crystalline material has a special atomic structure, it will diffract
X-rays in a unique characteristic pattern. The angle (8) and the spacing of the
atoms (d) can be related with the wavelength (A) by means of the Bragg
equation:

A=2d-sinf (4.1)
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x-ray detector

J‘gll ‘L\_

20

Incident
x-ray beam

Crystal structure
determination

Figure 4.5: X-ray diffractometer and X-ray pattern for the crystal structure determination.

Figure 4.5 illustrates how crystalline structure can diffract X-rays with a specific
angle. The detector reports the intensity (I) of the X-ray diffracted. The angles
of diffraction are characterized by peaks, and the height of peaks is function of
the interaction of the X-ray with the crystal and the intensity of the source.
From the diffraction pattern, that includes angles and intensities, it can
determine the type of material, since every crystalline material will give a
characteristic diffraction pattern. Furthermore, the position of the diffracted
peaks also provides information about the unit cell size and lattice parameters,
since the atoms arrangement in the crystalline compound can be determined.
In addition, information about the crystallite size and the microstrain can be
obtained. Thus, the data generated from the X-ray diffraction can be
interpreted and refined to obtain the crystal structure.

Crystals exhibit a regular, repetitive structure. The unit cell is the smallest
volume element that by repetition in three dimensions describes the crystal.
The unit cell can be defined by the cell edge lengths (a, b and c¢) and three
angles (a, B and y). Where a is the angle between b and c, B is the angle
between a and ¢, and y is the angle between a and b. Different combinations
of these parameters release fourteen kinds of lattice systems [10] and that
where defined by August Bravais. The fourteen kinds of lattice systems are
summarized in Figure 4.6, and divided in the seven possible crystal systems.
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The data collected from X-ray can provide structural information and
determine the cells parameters.

XRD measurements in the present thesis were carried out in a PANalytical
Cubix fast diffractometer by using CuKal,2 radiation. XRD patterns were
recorded in the 20 range from 20 to 90 ° and analyzed using the X'Pert
HighScore Plus software.
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Figure 4.6: The 14 Bravais lattices

Lattice refinement techniques, such as Rietveld refinement, are a good support
to provide accurate structural information. The Rietveld refinement is a
structural refinement method but also can play an important role for the
elucidation of crystal structures. The X-ray diffraction pattern can be simulated
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using Rietveld refinement software. Different parameters can be varied, as site
occupancies, atomic displacement parameters or unit cell coordinates to
match the experimental data as much as possible to the simulated data. The
Rietveld refinement can provide information, as the quantitative phase
analysis, percentage of the crystallinity of the material, unit cell size,
characterization of the cell with atomistic resolution, crystallite size and global
residual strain.

4.3.2. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique where electrons from a
focused beam are rastered across the surface of the sample to create an image
[2]. The electrons interact with the specimen, producing different signals that
can be collected for the detector obtaining different information about the
sample. The SEM column consist of an electron gun, two condenser lens, an
objective lens, and electron detection system, and a set of deflectors, all
operating in a vacuum [11].
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Figure 4.7: SEM device description.
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As is described in Figure 4.8, as the primary beam penetrates the specimen
surface, it scatters as a variety of signals. The scattered electrons that escape
from the atoms occupying the top surface specimen are known as secondary
electrons (SE) and are created by inelastic collisions. The back scattered
electrons (BSE), are scattered from deeper levels and are generated by
multiple elastic collisions. Secondary electrons and backscattered electrons are
usually used for imaging samples. Whereas SE are most valuable for showing
topography and morphology of samples, BSE is most common to use it for
drawing contrasts in composition in multiphase samples. X-ray is produced by
inelastic collisions of the incident electrons with the electrons in the orbitals of
the sample. Thus, the X-ray generated depends on the excited element by the
electron beam. The X-ray can be used to determine the compositions of the
sample, since is well-known the energetic levels of electrons in different shells
for a certain element.

Primary Beam Backscattered

X-rays
Light

Auger Secondaries

R Specimen

Transmitted
clectrons

Figure 4.8: Interaction volume and emitted signals from beam/specimen interaction [11].

Field emission scanning electron microscopy (FESEM) is an equipment where
the fundamentals are the same as SEM but the main difference is the emission
source. In SEM the emission source is thermionic emitter whereas in FESEM is
a field emitter. In thermionic emitters, electrical current is used to heat up the
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filament, and the most common materials for filaments are Tungsten (W) and
Lanthanum Hexaboride (LaBg). In the case of FESEM, the emission is reached
by placing the filament in a huge electrical potential gradient, and the filament
material is usually Tungsten. Comparing between SEM and FESEM, the second
equipment produces clearer and less electrostatically distorted images with
higher spatial resolution.

SEM and FESEM techniques can be used in the electrochemical cells to
characterize the cell components. Images of the morphology and topography
can be obtained by SEM or FESEM with SE. In addition, the BSE is a useful
technique to distinguish between phases in composite electrodes. Finally, X-
ray generated from SEM or FESEM can allow the identification of possible
elements diffusion or reactions between the components materials.

The SEM used in the present thesis was a JEOL JSM6300 electron microscope,
whereas FESEM equipment was a ZEISS Ultra55.

4.3.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique whereby
an electron beam is accelerated and pass through a strong magnetic field that
acts as a lens [12, 13]. The electron beam is transmitted through an ultra-thin
specimen. Due to the interaction of electrons with the specimen, an image is
formed, and is magnified and focused onto a detector. TEM was developed
due to the limited image resolution in light microscopes. Since electrons are
smaller than atoms that technique allows obtaining images below the atomic
level. Contrast images are obtained as results of the electrons interaction with
the sample; darker areas are product of heavier elements and denser areas
(higher electron scattering). The orientation of crystals and crystal planes will
produce a diffraction contrast.

Different information can be obtained from TEM: morphology of the specimen
as shape, size and organization of particles, crystallographic information as the
arrangement of atoms and compositional information.
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Figure 4.9: TEM device description.

Energy Dispersive X-Ray Analysis (EDX) is an x-ray technique used to identify
the elemental composition of materials. EDX system is attached to SEM and
TEM instruments. An electron vacancy in the inner part of atoms (which is
usually full) is produced by the electron bombardment, and electron of outer
part fills the vacancy generated. Characteristic X-Rays results from the
electrons transitions in the inner part of the atoms. Quantitative analysis can
be done by measuring the intensity of each element in the sample and for the
same elements in calibration standards of known composition [14].

4.3.4. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is an experimental technique where the
mass change of substance is measured as function of increasing the
temperature, or isothermally as a function of time [15]. Different atmospheres
can be used for the measurements as nitrogen, air, others gases or in vacuum.
The choice of the temperatures and the atmospheres of TGA will depend upon
the type of information required about the sample. For instance, in
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electrochemical cells is important to control the reactivity of the electrodes
materials with the presence of CO,, thus a TGA can be performed in CO,
containing atmospheres to know if the carbonation of the sample is produced.
For instance, cathodes working in air atmospheres in fuel cell conditions
should be stable with contents of CO, up to 1% (atmospheric air). However,
electrodes for co-electrolysis mode have to be stable up to 15% of CO..
Furthermore, it can obtain the decomposition temperature of the sample, by
measuring the mass change as function of temperature in a specific
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Figure 4.10: Schematic representation of the TGA equipment.

The results of TGA are usually presented as TGA curve in which mass or per
cent of mass is plotted against time or temperature [16]. An additional plot of
the first derivate of TGA will give information of the rate at which the mass
changes. Furthermore, mass changes (loss or gain) will produce steps in TGA
curves, which will be ascribed to the different possible effects. Some of the
possible effects related with the materials studied in this thesis are described
below:

e Evaporation of volatile compounds, as the loss of water.
e Oxidation of the compounds, as the oxidation of metals in air.
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e Reduction of compounds in presence of hydrogen.

e Heterogeneous reactions, where the sample reacts with the
surrounding atmosphere.

e Decomposition of carbonates, sulfates, nitrates, etc.

4.4. Sample preparation

Before the electrochemical characterization, all materials synthesized in the
laboratory or purchased for that purpose were processed. Depending on the
final characterization, different methods were used, and can be encompassed
in two main processes: densification of samples and electrodes production.

4.4.1. Dense samples

Depending on the final and electrochemical application, two different types of
dense samples were prepared. The main difference was the geometry of the
samples. For DC conductivity measurements rectangular probes were
obtained, whereas for the cells test dense discs were manufactured. The as
prepared powder was mixed with acetone and zirconia balls. The mixture was
ball milled during 12-15 h to decrease and homogenize the particle size. After
milling, the solution was dried in order to eliminate the acetone. Powder was
uniaxially pressed and subsequently calcined for the densification of the
sample. The pressure of the press, the final temperature and time of annealing
was different for each sample, depending on the composition of the powder
and the particle size.
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Figure 4.11: Main steps for rectangular probes and electrolytes densification.

The final dimensions of samples after calcination are temperature and
composition dependent, since the contraction of the initial powder is different
for each material. Additionally, the electrolyte samples were grinded and
polished to obtain a very flat disc and to fit the sample with the measurement
cell set-up (diameter of 15 mm).

The densification of the materials is one of the most important steps for its
final application. For instance, electrolyte should be as dense as possible, since
the leakage of gases from one side to the other in the electrochemical cell
would reduce the performance. In the case of rectangular probes, the
densification is very important for the accuracy of the DC-conductivity results.
The possible porosity in samples should be taken into account for the
correction of the final conductivity values. The firing temperature of the
rectangular probes will be specified in the different chapters.



Methodology 91

A summary of the electrolyte materials used in the thesis, with the pressure of
the press and calcination temperature is shown in the following table:

L. Press Final temperature
Compound Abbreviation L
parameter calcination
CsH,PO, CbP 40 kN (3min) -
Ceo.3Gdg 0.5 + 5%C00, GDC 130 kN (3min) 1560 °C (4h)
LassWO1,.5 LWO 40 kN (3min) 1560 °C (6h)

Table 4.2: Parameters for discs densification.

4.4.2. Electrodes preparation

The preparation of thick porous layers as electrodes was one of the most
critical points in the fabrication steps during the present thesis. Different
factors should be taken into account, and most of them have been described in
the Introduction chapter. As a summary, the most important are: good porosity
for gas diffusion, good attachment with the electrolyte but avoiding the
reactivity between them, homogeneity of electrode and small particle size to
increase the surface area for the electrochemical reactions.

The electrode configuration will depend on the starting materials and the
following section is focused on the electrodes configuration used in the
present thesis: single material electrodes, composite electrodes and backbone
electrodes infiltrated by a catalyst.

Electrodes for high temperature electrochemical cells

The main steps followed for the electrodes fabrication for high temperature
cells, are described in Figure 4.12. The as fabricated powder is ball milled with
acetone and ZrO, balls. With this step is possible to obtain small particles size
and a good homogeneity. After drying and rinsing the powder, this is grinded
and sieved. If the intention is to obtain a composite electrode, both powders
are mixed in a mortar and are sieved as well. Then, powder, an organic binder
(ethyl cellulose) and a plasticizer are blended to make a viscous ink. To refine
the powder and to obtain a uniform ink, a three-roll mill is employed. Later on,
the slurry is deposited on the top of the electrolyte by screen printing. This
technique is one of the most cheap deposition techniques. The procedure
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consists of squeezing the slurry to pass through a 9 mm diameter screen. The
thickness of the electrode will change as function of the number of times that
this step is repeated and the type of screen employed. After drying the layer
(temperature of 80 °C), it is possible to deposit another layer. The thickness of
the layers obtained is = 30 um with an area = 0.64 cm?. After that, the layer is
calcined at high temperature to obtain a good attachment between the
electrode and the electrolyte. The sintering temperature will differ for each
composition. Finally, a gold mesh is applied with the same technique on the
top of the electrode and it is calcined at 900 °C during 2h, the gold mesh will
allow a good contact between the electrode and the set-up current collector.
For some of the electrodes tested, a catalyst was infiltrated in the electrode.
For that purpose, a solution of the precursor, usually nitrates, is dropped in the
electrode and after drying is fired to eliminate the nitrates, obtaining an oxide.
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Figure 4.12: Main steps for high temperature electrodes fabrication.
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Electrodes for low temperature electrochemical cells

Due to the restriction of the temperature for the electrolyte material for low
temperature (CsH,POQ,), different techniques were employed. The electrodes
were obtained by using carbon paper or nickel substrate as scaffolds, or by
preparing composite electrodes. In Figure 4.13 are briefly described the main
steps followed for the low temperature electrodes production. In the first
method, drawn with green arrows, the scaffold of carbon paper or nickel
substrate is immersed in a solution with the electrocatalyst dissolved. Then, an
ultrasound bath is used during 10 minutes to ensure that the solution goes into
the bulk and the precursor is covering the whole material surface. Then, the
support is taken from the solution and is dried. After n-times repetitions
(depending on the precursor) the support is annealed under oxidizing or
reducing conditions. If the final catalyst is a metal, hydrogen will be used
whereas oxides will be obtain by calcining in air.
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or reduction conditions
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the precursors solution
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2 \
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» ' » ST steel
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Figure 4.13: Main steps for low temperature electrode fabrication.
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In the second method, described by purple arrows (Figure 4.13), a composite
electrode is obtained by mixing the electrolyte material (CsH,PQ,),
naphthalene and carbon impregnated with some precursors (previously
calcined). The mixture is homogenized by a mortar and is finally co-pressed
with the powder for the electrolyte and the other electrode. In this type of
cells a steel support is usually used for the mechanical stability of the sample.
Naphthalene is evaporated in the reactor and is used as porous former
additive in the electrode.

During the present thesis the electrodes, for both range of operation
temperature, were tested as symmetrical cells, using the same electrode
material for both sides of the electrolyte or in a fully-assembled cell, with
different electrodes on both sides.

4.5, Electrochemical characterization

After sample preparation, different electrochemical characterization were
performed in order to test the materials synthesized and to be able to optimize
materials by tailoring their properties depending on the test results.

4.5.1. DC total electrical conductivity

Electrical conductivity measurements were carried out by standard four-point
DC technique. For that purpose, rectangular bars were made as was explain in
section 4.4.1 Dense samples. Silver wires and paste were used for the electrical
current contact and lead as shown in the following picture:

I* I
/

i — (0,

Vv* V-

Figure 4.14: Rectangular bar configuration for DC total electrical conductivity.
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Measurements were carried out in different oxygen partial pressure in the
range of 400-800 °C, by cooling down with a slope of 1°C/min. The oxygen
partial pressure was maintained during all range of temperatures and the
samples were maintained at the highest temperature to achieve the
stabilization of the conductivity before cooling down the samples. The oxygen
partial pressure was checked by an oxygen sensor and the gas mixture was
supplied by Linde calibrated gases. The rectangular bars were tested in a set-
up able to measure different samples simultaneously (Figure 4.15 (a) and (b)).

Figure 4.15: (a) Multisample DC conductivity measurement set-up, (b) chamber of the DC
conductivity set-up and (c) furnace controller, programmable current source (Keithley 2601)
and sixteen channel multimeter (Keithley 3706), from top to bottom.

A current DC ramp was applied to the outer wires of the sample with a Keithley
2601 programmable. The voltage difference between the inner wires was
detected with a Keithley 3706 multimeter (Figure 4.15 (c)). In order to avoid
the thermal effect and no-ohmic response, the voltage was measured by
applying the current on both sides. From the slope of the |-V curves, collected
from the equipment, was calculated the resistance exhibited by the sample.
Taking into account the Ohm’s law (Equation (4.2)) and the resistance
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calculated, was possible to determine the total electrical conductivity (7o) Of
the sample:

E=I1-R (4.2)

(4.3)

| -

l
Orotal = — . °
ota a'b

Where a, b and /, are the rectangular bar dimensions; being a and b the width
and thickness of the sample, respectively, whereas I is the distance between
contacts, as is described in Figure 4.14.

The results can be analyzed in terms of the Arrhenius behavior since the
measurements are thermally activated:

A —E
o(T) = TMexp (k : ;) (4.4)

Being E,, the activation energy, k the Boltzmann constant and Ay, is a material
constant. Or can be studied as function of the oxygen partial pressure,
elucidating the conductivity mechanism; electron transport, electron hole
transport, ionic conductivity, mixed conductivity, etc. For that purpose, it
should be taken into account the formulas and the slopes of the o= f(pO,)
dependence shown in the Chapter 3: Introduction, section 3.2.2.

4.5.2. Electrochemical Impedance Spectroscopy (EIS)

In the electrochemical impedance spectroscopy an alternating current or
voltages is applied to a sample, as function of frequency (Figure 4.16 (a)). The
response will give information of the electrochemical processes, since each
process in the cell takes place with a characteristic frequency.

In DC theory, where the resistance is independent of the frequency, AC current
and voltage signals through a resistor are in phase with each other and the
current and voltage follow the Ohm’s law (Equation (4.2)). However, when
these premises are not fulfilled and the behavior of samples is more complex,
it is necessary to use impedance measurements. In EIS measurements the
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dependence of the frequency is not zero, and it can be written an analogous
equation:

E=1-7 (4.5)
The voltage excitation signal can be written as a function of time as follows:
E, = Ey sin(wt) (4.6)

Where E; is the voltage at time t, E; is the amplitude of the signal and w is the
radial frequency. The relation between radial frequency and frequency in
Hertz, is expressed by the next equation:

w = 2nf (4.7)

In a linear system, the current response signal (I;) is shifted in phase ¢ with
different amplitude (/,):

I, = Iy sin(wt + @) (4.8)

Taking into account the Equations (4.5), (4.6) and (4.8 ), the impedance can be

written as:
E, sin(wt) sin(wt)
— =z - 77 .9
Iy sin(wt + @) % sin(wt + @) (“-9)
And the impedance as a complex function:
E
Z(w) = 7= Zyexp(jo) = Z, - exp(cos ¢ + jsin @) (4.10)

As can be ascribed from Equation (4.10), the impedance is described by an
imaginary part and real part. If is plotted the imaginary part on the y-axis and
the real impedance on the x-axis, the result is the Nyquist plot that is shown in
Figure 4.16 (b).
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Figure 4.16: (a) Characteristic signal applied and response in an EIS measurement and (b)
impedance results as function of the imaginary and real impedance. Inset represents the
equivalent electrical circuit fitting for the EIS measurement response.

Usually, the most widespread methodology for the analysis of the EIS results
consists of plotting the results and the subsequent fitting with equivalent
electrical circuits. An example is shown in Figure 4.16 (b). This method allows
distinguishing the different processes in the electrochemical cell. Each process
take place with a characteristic frequency, for instance, electron or electron
holes transport are almost instantaneous and take place at high frequencies.
However, slower processes as the gas diffusion have a low associated
frequency.
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A summary of the most common electrical components employed for the
equivalent electrical circuit fitting is presented below:

Circuit .
Drawing Impedance Parameters
element
L
Inductor (0 (jwl)
R
Resistance — N\ R
¢ 1
C it -
apacitor —_— Gol)
Constant
or: " CPE 1 CPE-T
ase -
P —)>— T(lw)P CPE-P
element
1 [Jo2+K2+K,
Gerischer GE Yov/2 w? + K2 GE-T=Y,
element e [y GE-P=K,
G w?+ K2 —-K,
w? + K2
Ws-R
Finite length Ws R - tanh([l Tw]?) WeT
Warburg e (I Tw)P
Ws-P

Table 4.3: The most common circuit elements used for the equivalent electrical circuit fittings.
Where | is the square root (-1) and w the angular frequency of the AC signal.

Different combinations of the electrical components should be used depending
on the material tested and the mechanisms that are occurring in the cell. Since
the equivalent circuit depends on the material and the limiting processes, a
detailed explanation will be done in each results chapter.

The acquisition data and the sinusoidal voltage/current signal were performed
using the Solartron 1470E, as a source of voltage and current. The response
was analyzed by 1455A frequency response analyzer. The Solartron equipment
has two pair of wires, one for the current transport (+CE, counter electrode
and —WE, working electrode) and the other for the voltage (+Rel, reference
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electrode 1 and —Re2 reference electrode 2). Those wires are connected to
platinum wires, that work as current collector, since are in contact with the
sample as is shown below:

1455A e § . Platinum
! — .
H wires
. 1) 6|8] 7ja
IIIIIIIIII;IIWIhI:I'I;lI- Current
H TN
1470E | jujiyignm s Icionin collector
A +CE
—.
+Rel
-Re2
-WE

Figure 4.17: Connections between the Solartron equipment 1470E and 1455A module, with
the electrochemical cell.

4.5.3. Fuel cell mode

After characterization and test of the material as electrode in single chamber
symmetrical cells, using the same material on both sides of the electrolyte, the
electrode materials were used in fully-assembled fuel cells. Cells, were
composed of two different electrodes materials (in the case of high
temperature fuel cells or some low temperature fuel cells) or the same
material (in some of the low temperature fuel cells), acting each one as
cathode and anode, respectively. The performance of a fuel cell can be
assessed by the current-voltage curves [17]. In this type of measurements, the
voltage response of a given current load is studied. The real performance of
fuel cell is less than the ideal performance given by thermodynamics, due to
the losses. Then, overall cell voltage can be written as follows [18-20]:

Ecen =E—1Ma—nq—1¢ (4.11)
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When there is no current load in the cell, the cell voltage measured is the open
circuit voltage (OCV). In the OCV the overall reaction of the cell is in
equilibrium. However, as the current load is increased, the overall cell voltage

decreases as is described in Equation (4.11) and this is consequence of the

three main polarization losses:

—
[
—

Cell voltage

14, activation polarization. An energetic barrier should be overcome
for the reactive species to be actives for the electrochemical reaction.
In this region there is a big reduction of the overall cell potential
(Figure 4.18a).

Nq, ohmic polarization. These losses are the consequence of the ionic
conductivity of the electrolyte, electronic or/and ionic conductivity of
electrodes, electronic conductivity of current collectors and the
contact between the different cell components. In this region of the i-V
curves, the cell voltage follows a pseudo-linear fall.

1¢, concentration polarization or mass transport. This contribution is
become important when the reaction of the cell is limited by the mass
transport. The mass transport limitations can happen when the rate of
reactants addition or products elimination is lower than the current
demand. In this part of the i-V curves there is a huge decrease of the
overall cell voltage.
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Figure 4.18: (a) Description of the i-V curves of a fuel cell with the different losses and (b)

combined fuel cell i-V and power density curves.

Power density [W/ cm?]
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Usually the i-V curves of a electrochemical cell are accompanied by the power
density curves. The power density (P) can be calculated by the next relation:

(4.12)

Where | is the current load and the S is the active area of the cell.

As happens in the i-V curves, in the Power density curves there are different
regimes [21]. The power density increases with increasing the current, then, P
achieves a maximum and then falls for higher current densities. Fuel cells are
designed to operate at current densities below or at the maximum power
density.

The acquisition of the i-V curves were performed by the Solartron equipment
mentioned in the EIS section. Furthermore, EIS measurements were carried
out in different regions in the i-V curves in order to understand how
mechanisms changes as function of the current applied. For that purpose, a
constant DC current was applied during the EIS measurements.

4.5.4. Electrolyzer mode

Some of the cells tested as fuel cells were tested in electrolysis or co-
electrolysis mode, for that purpose a current load was applied to the cell
(Figure 4.19). As has been explained above for the fuel cell curves, due to the
similarity of processes, three domains can be distinguished in the electrolysis
polarization curves as well. The differences in the curve domains are function
of the losses that are created in the cell. Those losses reduce the efficiency of
the cell, and can be divided in three: activation, ohmic and concentration
losses (Figure 4.19). Furthermore, some samples can achieve almost constant
voltages with a big reduction of the total resistance at high current densities.
That fact can be related with the electroreduction of the electrolyte material
producing the electronic conductivity in the electrolyte [22]. In some cases that
electroreduction of the electrolyte can be recovered by increasing the oxygen
content or reducing the current densities, other times, the change is
irreversible.
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The overall voltage of the electrolyzer can be defined by the Equation (4.11).

Electrolyzer mode * Fuel cell mode

Region of ohmic polarization

/ (Resistance loss)
Region of concentration /
polarization Open circuit voltage
(Gas:r_a.n_Spp.rt_I.O.S.Sl._._.____._._._._._._._._,2!__. __________________________________________________

Region of activation polarization

Region of activation polarization T
(Reaction rate loss)

(Reaction rate loss)
Total loss

g"o Region of concentration
g polarization
g (Gas transport loss)
% Region of ohmic polarization
o (Resistance loss)

- Current density +

Figure 4.19: Description of the i-V curves of an electrochemical cell with the different losses in
the electrolyzer and fuel cell mode.

Usually, the results in the electrolysis mode are studied by mean of the i-V
curves, but the Faraday’s efficiency and the energy efficiency should be
studied as well. The Faraday’s efficiency expresses the quantity of current
applied to the cell which is converted in the desired reaction. In order to
determine this efficiency the experimental amount of hydrogen (steam
electrolysis) or/and CO (co-electrolysis) produced has to be quantified. Then,
the Faraday’s efficiency is written as:

e = 2. (4.13)

F - .
Vtheor

being Veyxp and Vipeor the volume of hydrogen or CO experimentally and

theoretically determined. V.o can be calculated from the experimental data

by using the formula:

1
Viheor = ﬁ (4.14)
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Where [ is the current applied in Amperes, n are the number of electrons
involved in the electrochemical reaction and F is the Faraday’s constant in
Coulombs.

In the case of co-electrolysis the determination of the Faraday’s efficiency is
not as simple as shown before, since more than one electrochemical reaction
is involved. As a result, the energy efficiency of the process (ener) Will be
calculated from current used for the H, (Iy,) and CO (I-) production.

Iz =1 F - Vs exp (4.15)

Ico =n"F - Vegexp (4.16)
Iyz + Ico

Nener = -1 (4.17)

4.5.5. High temperature set-up

For the measurement of high operation temperature samples, the ITQ
designed a set-up that is shown in Figure 4.20. The four flow mass controllers
allow working with different feed compositions, whereas the valves of the set-
up permit to by-pass some streams to the analyzer equipment, or change
between the cathode or anode outlet stream for composition analysis. As is
shown in Figure 4.20, three analytic devices are connected with the
electrochemical set-up; the gas chromatograph, the mass spectrometer and
the Solartron modules. The first two, were used to characterize the outlet
stream in terms of compositions. The gas chromatography can separate and
analyze the compounds of a gas stream without the decomposition of them.
This equipment was used as composition quantitative technique. The mass
spectrometer can also separate the different compounds, but in this case the
chemical species are ionized and are classify as function of their mass to charge
ratio. However, this technique was used predominately as a qualitative
technique, controlling the variation of the different masses as function of time.
Finally, Solartron modules were connected to the cell as has been explained in
the section 4.5.2. This device was used for the different electrochemical
characterization, as the EIS measurements, Voltammetry or i-V curves for the
electrolysis or fuel cell mode.
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The samples were placed in a quartz reactor (detail of the reactor is shown in
Figure 4.21) due to the high operation temperature (400-1000 °C). If the
studied specimen was a symmetrical cell (one common atmosphere and
identical electrode material on both electrolyte sides), the same inlet gas flow
was introduced in the upper and lower part of the reactor. However, in the
fully-assembled cells measured as fuel cells or electrolyzers, the cathode and
anode were fed with different compositions gases. As to achieve a good
chamber separation (cathode and anode) a pure metal or alloy metal sealing
ring was used. The sealing step was the most critical point in the fully-
assembled cells characterization. For the sealing, the temperature is increased
near to the melting point of the metal, the ring is softened and the spring
located in the top of the reactor permits the sealing between the sample and
the quartz reactor. Platinum wires, used as electrical current contacts, passed
through multibore alumina tubes (two wires for the bottom and two for the
top of the cell) and were plugged between the sample and the Solartron
connections. In order to avoid extra resistance in the electrochemical
measurements, both platinum wires were in parallel but without any contact
between them until the current collector, where wires were connected.
Finally, to control the sample temperature, a thermocouple was placed in the
same alumina tube.
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Thermocouple <

«

Quartz reactor

Alumina tube

Cell

Ring sealing

Furnace
Current collector

Figure 4.21: Detail of the reactor for high temperature.

4.5.6. Low temperature set-up

In the case of the samples for low temperature measurements, a similar set-up
(Figure 4.22) was designed by the ITQ. In this case, due to the requirements of
the system to work with high water partial pressure content, all system was
heated to avoid the condensation of water. Furthermore, all parts of the setup
were in steel giving the possibility to work with total pressures up to 20 bar.
The internal pressure was controlled by two BPR valves, allowing to work from
atmospheric pressure to high pressures. Four mass flow controllers were also
used and the internal pressure of the system was checked by two
manometers.

As has been explained in the high temperature set-up, the outlet gases were
studied by a gas chromatograph and mass spectrometer. The Solartron also
was connected with the sample, but by means of thin steel tubes in contact
with the sample. The sealing between both chambers were obtained by a
rubber ring.
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4.5.7. Gas chromatography

Gas chromatography (GC) is an analytical technique that measures the content
of various components in a gas sample. The sample solution is injected into a
column and swept to the detector by a carrier gas [23]. That carrier gas must
have a high purity and be inert with the sample components. The separation of
components will depend on its solubility in the gas phase. The temperature of
the column and the affinity of each solute with the stationary phase will
influence the partition of components. In fact, as molecules are continuously
moving between stationary and mobile phase, the difference in retention time,
will affect the partition. Consequently, components with different chemical
and physical properties will arrive to the detector at different times.

Sample

/ injector f
A

Flow contraller __i

N

<}

*asta

Datecior

Carrier gas Column oven
Figure 4.23: Schematic representation of the GC equipment [24].

To measure a sample with an unknown concentration, a standard sample with
known concentration is injected into the instrument. Thus, the peak area and
retention time of the standard sample is compared with the test sample to
calculate the real concentration.

The gas chromatograph used in the present thesis was a Micro-GC CP-4900
with two columns, a Molsieve 5A and Pora PLOT Q columns.
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4.5.8. Mass spectrometry

Mass spectrometry (MS) is an analytical technique which detects qualitatively
and quantitatively the components in a gas stream. That technique can be
divided in different stages:

1- lonization: the mass spectrometer ionizes chemical species by
knocking one or more electron off to give positive ion.

2- Acceleration: the ions are accelerated.

3- Deflection: the ions are deflected by a magnetic field and can be
separated by their mass-to-charge ratio (m/z) [25].

4- Detection: a beam of ions pass through the electrical detector.

Accelerating
plates

Magnet

Heavy ions are

deflected too little
plate

g / Detector
Electron gun Light ions are
deflected too much

Slit

To mass
analyzer
© Brooks/Cole, Cengage Leaming

Figure 4.24: Schematic representation of the MS equipment [26].

The mass spectrometer selected for the measurements was a Pfeiffer Vacuum
Omni Star GSD 320 O.

4.6. Summary

The cell components materials can be synthesized by three methods; solid
state reaction, Pechini method or by co-precipitation. Depending on the
method selected the final characteristics of powders can be different.
Controlling some of the synthesis parameters, good particle size and
homogeneity of the material with a single phase can be achieved. After
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synthesis, the materials are structural characterized by X-Ray Diffraction and
SEM or FESEM analysis. In some cases, TGA technique can be used to control
the reactivity or decomposition of the sample in some special atmospheres.
For the electrochemical characterization, dense samples and electrodes are
manufacture. Being the temperature and calcination time the most important
methodology parameters for the sample densification. In the case of the
electrodes, a special attention should be paid in the microstructure, allowing
enough porosity, good attachment with the electrolyte and big surface area.
The final characterization of the samples includes the DC total electrical
conductivity, the electrochemical impedance spectroscopy and test of the
fully-assembled cells as fuel cell and/or electrolyzer cell. The DC total electrical
conductivity allows discerning the type of conductivity, whereas the EIS
measurements give information of the electrochemical mechanisms in the cell
performance. Finally, in the fuel cell test the power density at different
temperatures or atmospheres can be checked by means of the i-V curves.
However in the electrolysis and co-electrolysis mode, the Faraday’s efficiency
is also important and can be calculated by measuring the real composition of
the outlet stream.
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5. Improvement of BSCF performance by B site
dopants

5.1. Introduction

In the last years, efforts have been focused on looking for new materials for
intermediate temperature solid oxide fuel cells (IT-SOFC) cathodes, since
traditional cathodes have poor activity for the oxygen reduction reaction
(ORR). Specially, mixed ionic-electronic conducting (MIEC) materials have
attracted great interest due to their excellent properties, as the electronic and
ionic conductivity. Among the MIEC materials the ABO; perovskites-type
materials have been extensively studied for fuel cell or oxygen permeation
applications, due to their composition versatility. For instance, by partial
substitution of trivalent cations in A site by divalent cations can generate
oxygen vacancies increasing the ionic conductivity. On the other hand,
multivalent metal ions in B site can improve the electronic conductivity [1].
SrCopgFep20s-5 (SCF) was one of the first materials suggested as an oxygen
transport membrane. Nevertheless SCF undergoes a phase transition, from
cubic phase to brownmillerite, at low operation temperature and oxygen
partial pressure. This new phase has low oxygen conductivity due to the
ordered arrangement of oxygen vacancies in the structure. The partial
substitution of Sr by Ba in SCF avoided the formation of brownmillerite with
the variation of temperature and oxygen partial pressure, giving higher
stability even improving the permeation rate. BagsSrosCogsFeq .03 5 (BSCF) was
reported as promising MIEC perovskite [2] for oxygen permeation and cathode
for IT-SOFC, due to its high transport rates. However, BSCF has one important
drawback; the formation of carbonates in presence of CO, at intermediates
temperatures (below 800 °C) [3, 4].

The introduction of different cations in A or/and B sites in the perovskite
structure can tailor the properties. In the present study, different dopants (Y,
Zr and Sc) were studied in B site. With the objective of improving the stability
of the compound, cations with a fixed valence and similar ionic radius (Table
5.1) were selected. Furthermore, in the present chapter the influence on the
cell performance will be studied.
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L Oxidation Radius
lon Coordination o
state (A)
Ba 12 +2 1.61
Sr 12 +2 1.44
Co 6 +2 0.65
Co 6 +2 0.745
Co 6 +3 0.545
Co 6 +3 0.61
Co 6 +4 0.53
Fe 6 +2 0.61
Fe 6 +2 0.76
Fe 6 +3 0.55
Fe 6 +3 0.645
Sc 6 +3 0.72
Y 6 +3 0.9
zr 6 +4 0.745
@) 4 -2 1.38

Table 5.1: lon radii in BSCF [5].

Different BagsSros(CogsFeo2)0.97B0.030ss (B= Sc, Zr and Y) compounds were
prepared following the solid state reaction explained in Methodology chapter.
These powders were calcined at different stages and milled in each step in
order to favor the homogenization of the final composition. The final annealing
temperature was 1150 °C.

5.2. Results and discussion
5.2.1. Structural characterization

5.2.1.1. X-Ray diffraction

XRD patterns of the as-prepared BagsSrgs5(Cog.sF€0.2)0.97B0.0303.5 (B= Sc, Zr and Y)
materials are depicted in Figure 5.1. The materials are labeled as follows:
Bao.sSrosCoosFe20s.5 (BSCF), Bao.sSro.5(Coo.sFeo.2)0.97Y0.0303:5 (BSCF_Y),
BapsSro.s(Coo.sF€02)0975€0.0303.5 (BSCF_Sc) and BagsSros(CoosFeo2)0972r00303.6
(BSCF_Zr). The diffraction peaks can be assigned to a cubic perovskite phase [6,
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7] and no traces of other phases can be detected to the limit of the XRD
equipment resolution. Therefore, all dopants are well incorporated in the

structure.
l BSCF
A A A A A ~
— BSCF_Zr
=
L BSCF_Sc
>
-"5 A J J W | ! o A
= BSCF_Y
E A A l l A A
21 N I I A
c 1 1 [ 111 11101

10 20 30 40 50 60 70 80 90
20 (°)
Figure 5.1: XRD pattern of Bag sSrq5(C0oo.sF€0.2)0.97B0.0303.5 (B= Sc, Zr and Y) after calcination at
1150 °C.

It has been widely reported the instability of BSCF when is exposed to
temperatures below 800 °C for long periods of time in air [6, 8-10]. The cubic
phase (C) is not stable in air below 800 °C and hexagonal phases grow with
time. Furthermore, it has been reported that in membranes the new
hexagonal phases (H) appear in the grain boundary and the oxygen permeation
fluxes decrease due to the production of barriers for the oxygen transport [9].

The stability of the different materials was studied by comparing the XRD
patterns before and after a temperature treatment. The stability was
performed with powder of the BagsSros(CopsFen.2)0.97Bo.0303.5s compounds in
synthetic air at 750 °C during two weeks. As can be ascribed from Figure 5.2,
after the temperature treatment new peaks appear and can be assigned to a
hexagonal phase. However, all doped compounds show better stability than
the parent one (BSCF). The number of peaks and intensities corresponding to
the hexagonal phase in the XRD pattern of doped compounds is less than in
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the BSCF. Some authors have studied the effect of B-site dopants in the
electrochemical performance and the oxygen permeation fluxes of BSCF based
compounds, showing the improvement of the stability for long periods of time
at intermediate operation temperatures [11-14]. It seems that introducing
dopants in B site the stability of the cubic phase is improved.

Stability in air two weeks 750 °C

A BSCF
A N A I~
— BSCF _Zr
-
g BSCF
> SCF_Sc
:§ N JL . N A A N
2 BSCF_Y
£ A JL [ U ¢ e ~

A I I O

C 1 1 1 111 1]l

10 20 30 40 50 60 70 80 90
26(°)

Figure 5.2: XRD pattern of Bag 5Srg 5(Cog sFeg.2)0.07B0.0303.5 (B= Sc, Zr and Y) after stability test at
750 °C during two weeks.

5.2.1.2. Thermogravimetric analysis in CO, atmosphere

As has been explained in the introduction, one of the main problems of this
type of perovskites is the stability in presence of CO,. A thermogravimetric
analysis as function of temperature with a containing CO, atmosphere was
performed. The results of the analysis for BagsSr5(Cog.sFep2)0.07B0.0303.5 (B= Sc,
Zr and Y) series are presented in Figure 5.3. As can be ascribed from Figure 5.3,
five different regions can be distinguished:

e Region 1 (RT-275 °C), there is a weight loss which can attributed to the
material dehydration.
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Mass gain (%)

Region 2 (275 °C- 475 °C), the weight is almost constant.

Region 3 (475 °C- 775 °C), the weight of the sample starts to augment
at 475 °C until achieve a maximum. The temperature of the maximum
varies as function of the compounds, being at 775 °C for the undoped
material, whereas the rest of materials have it at 800°C. Carbonates
are generated in this region.

Region 4 (775 °C- 925 °C), carbonates produced in Region 3 are
decomposed when the temperature is increased above 800 °C.
Material transforms back from the carbonate to the perovskite phase,
with a huge mass reduction.

Region 5 (925 °C-1000 °C), the high operation temperature force the
oxygen vacancy formation within the perovskite, small loss of weight is

obtained.
105 T T T T
1 2 3 4 5
»/./‘
100 - ) APt
<< —— e T ./"
+—— BSCF
BSCF_Zr
- .- BSCF_Sc
- - -BSCF Y
95 - . . . . : — :
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Figure 5.3: TG analysis of Bag 5Srg 5(Cog sFep.2)0.97B0.0303.5 (B= Sc, Zr and Y) in presence of CO,.
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5.2.1.3. Total DC electrical conductivity

The electrical conductivity of the different compounds was measured using the
four-point DC method, and the results are presented in Figure 5.4. The BSCF
doped with Sc shown the highest conductivity in air from 500-800 °C (Figure
5.4 (a)), whereas BSCF and BSCF_Y have similar performance at high
temperatures. However, BSCF_Zr exhibits the lowest electrical conductivity at
high temperatures, but below 500 °C the Zirconium doped sample improve the
BSCF parent material conductivity. The lower conductivity of BSCF_Zr can be
related with the Zr oxidation state (+4). It seems that the oxygen vacancies are
reduced and therefore the total DC conductivity is not improving by doping
with Zr.

In addition, the electrical conductivity as function of the oxygen partial
pressure (p0,) at two different temperatures (600 °C and 800 °C) is drawn in
Figure 5.4 (b).

The slope values (n7) of log (o) vs. log (pO,) of the different materials is
displayed in Table 5.2. The dependence of pO, and o is in the range of
1/4<n<1/6, indicating a p-type conductivity. The conductivity increases by
increasing the pO,, since oxygen vacancies are occupied and electron holes are
created as follows [15, 16]:

1/50,(9) + V5 - 0% + 2k (5.1)
Nego °c Nggo °c
BSCF_Y 0.27 0.14
BSCF_Zr 0.26 0.13
BSCF_Sc 0.27 0.14
BSCF 0.28 0.15

Table 5.2: n values of log (o) vs. log (pO,)

At low temperatures, the ionic conductivity is negligible and the p-type
electronic conductivity dominates. However at high temperatures, samples
release oxygen producing oxygen vacancies and producing the concomitant
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reduction of electrons holes and the electronic conductivity. That reduction in
the electronic conductivity reduces the n value (Table 5.2).

T(°C)
(a) ,, 800 700 600 500 (b)
45 : y A
] 1/4 o
//A ///
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i ~ A g
A\ A - | ’
£ = ‘
i 510 * :
Z SsoE % B 600 °C 800 °C
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25] . , BSCF zr s gggi—; vy
" A BSCF_Sc % BSCFsc & 4
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Figure 5.4: Total DC conductivity (a) as function of temperature in dry air and (b) as function of
oxygen partial pressure.

5.2.2. Symmetrical cells characterization

5.2.2.1. Electrode microstructure

It has been widely studied the compatibility of BSCF with different electrolyte
materials. In the case of yttrium stabilized zirconia (YSZ) some reaction is
shown when calcination temperature is above 800 °C, appearing new peaks in
the XRD pattern. In addition, BSCF is totally decomposed when is used with YSZ
electrolyte material at 950 °C [17]. To ensure good attachment between
electrode and electrolyte, annealing temperatures higher than 800 °C are
required. Thus, other electrolyte materials should be selected in order to avoid
the BSCF decomposition. Gadolinium doped ceria (GDC) has been proposed as
an alternative electrolyte for BSCF electrodes, due to its higher compatibility
and ionic conductivity and fast oxygen surface exchange kinetics compared to
YSZ at intermediate temperatures (400-600 °C) [18, 19]. Furthermore, the
thermal and chemical expansion coefficient (TEC) of BSCF is higher than YSZ
and GDC, being nearly twice of both electrolyte materials [19]. This high TEC of
most of the cobalt rich compounds produces mismatch of the electrode and
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electrolyte material, resulting in a BSCF cathode delamination from the
electrolyte. In the present thesis, in order to avoid those TEC problems, the
BSCF-doped materials were mixed with Ceq3Gdg,0,.5 in 50 % of weight. The
composite electrodes were calcined at 950 °C, obtaining a good adhesion to
the electrolyte. SEM micrographs of the cross section of the symmetrical cells
after calcination at 950 °C (2 hours) are shown in Figure 5.5. The four
electrodes have a similar microstructure, with bigger particles related with
BSCF-doped electrodes, whereas GDC particles are smaller. However, the
porosity of the electrodes is good enough for gas diffusion. In the following
parts of the chapter, a deeper analysis of oxygen mechanisms (activation,
reduction, etc.) will be done. On top of all samples it can differentiate a gold
thin layer (~1.5 um) and the thickness of electrodes are =30um. Furthermore,
the electrolyte has high density with close porosity, not affecting the
electrochemical measurements.

10 um
Figure 5.5: SEM micrographs of Bag sSrg 5(C0og.sF€o.2)0.07B0.0303.5/GDC electrodes after calcination
at 950 °C. All composites were supported on GDC+CoO, electrolytes.

The results in all figures from this point were labeled with the single BSCF-
doped compounds name, but results correspond to the composite electrodes.
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5.2.2.2. Polarization resistance
5.2.2.2.1. Operation temperature influence

In order to determine the polarization resistance of the different materials
synthesized working as cathodes in fuel cells, EIS measurements were
performed. For that purpose, symmetrical cells with the same material on both
sides of GDC electrolyte were manufactured. Since all electrodes were calcined
at 950 °C the EIS measurements started at 900 °C, and then the temperature
was decreased in gradients of 50 °C. The lowest temperature measured was
dependent on the cell performance. The same atmosphere was introduced in
both chambers of reactor. The maximum oxygen partial pressure was 0.21 atm
and the lowest was 0.01 atm. The gas rate was kept in 50 ml/min in each
electrode-side.

008 T RscF ' Nvacn .
. -0.061 Air yquist plot | Bode plot
S 0.04] 900°C . ]
N 0.02] ]
0.00 . : Lo —
1.1 12 Z'(Q) 1.3 10?107 10° 10" 10° 10° 10°

f (Hz)
Figure 5.6: Nyquist and Bode plot obtained by means of the EIS measurements, left and right,
respectively.

From the data of EIS measurements a Nyquist and Bode plot can be extracted
(Figure 5.6). In the Nyquist plot the resistance of the electrolyte and electrode
can be distinguished. The ohmic resistance can be determined from the cut in
the x-axis in the left side of the arcs (Nyquist plot), whereas the electrodes
resistance (polarization resistance) is marked by the real impedance (Z’) under
the arcs. In this thesis, polarization resistance (Rp) has been defined as the
specific resistance per unit area. The polarization resistance of the GDC/BSCF
composite and the different doped materials is shown as function of the
operation temperature in Figure 5.7.

The polarization resistance of the different electrodes materials is represented
as function of temperature in an Arrhenius-type plot. As can be inferred from
Figure 5.7, the performance, i.e., Rp, is improved by doping in B site with a 3%.




124 Chapter 5

This effect is more important at high temperatures, at lower temperatures the
resistance of BSCF, BSCF_Zr and BSCF-Y composites converge to the similar
polarization resistance values. Nevertheless, the BSCF doped in B-site by
Scandium reduces the polarization resistance in all range of temperatures
measured, when is compared with the parent GDC/BSCF electrode.
Additionally, the introduction of an ionic phase as GDC can improve the cell
performance when is applied at low temperature [20], since the ionic
conductivity of BSCF with decreasing temperature and the width of the TPB
zone becomes narrower.
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Figure 5.7: Polarization resistance of Bag 5Sro 5(C0g sF€o.2)0.97B0.0303.5/GDC electrodes in air as
function of temperature.

The Arrhenius plot allows the determination of the activation energy (Ea) of
each material in synthetic air. The four samples measured have a variation in
the activation energy with the temperature (Table 5.3), increasing for low
temperatures (750-450 °C). It seems that there are two different regimes in
the polarization resistance, which are temperature dependent, and are
correlated with the change in the activation energy. The electrocatalytic
activity of the perovskite electrodes is usually influenced by the elements in B
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site, since they can participate in the redox cycles [21] by improving the oxygen
reduction reaction (ORR). For instance, Co and Fe in BSCF, can change the
oxidation state; Co™ <> Co™ and Fe™ <> Fe™. By doping with elements with a
fixed oxidation state (Zr, Sc and Y), the activation energy increases (Table 5.3).
When BSCF is doped with Sc and Y with a +3 oxidation state the Ea is smaller
than the Zr doped material with +4. This behavior can be related with the
oxygen vacancies generated (V) by the extrinsic defects created in the BSCF
phase by Sc and Zr (+3 oxidation state). In the case of Zr with a +4 valence, no
additional V,; can be generated, increasing the Ea. The same behavior is
observed for both ranges of temperatures. Additionally, the particle size,
porosity and distribution of both phases can influence the TPB length and
consequently the cell performance and the activation energy variation of the
different compounds. On the other hand, the phase transition of BSCF
material, reported below 800 °C, can cause the Ea variation for low

temperatures.
Ea; [900-750 °C] Ea, [750-450 °C]

Compound
(eV) (eV)
BSCF/GDC 0.50 0.81
BSCF_Sc/GDC 0.66 1.02
BSCF_Zr/GDC 0.82 1.24
BSCF_Y/GDC 0.63 0.96

Table 5.3: Activation energy of Bay 5Sro5(Cog.sF€g.2)0.07B0.0303.5/GDC electrodes in synthetic air.
Ea, related with high operation temperature and Ea, with low temperature.

In order to identify limiting mechanisms in both ranges of temperature, a deep
analysis of the EIS results will be performed. Figure 5.8 presents the EIS spectra
of the different composites at two different temperatures in air ( Nyquist and
Bode plots). The real resistance associated to the ohmic resistance of the
electrolyte has been subtracted with the aim of comparing directly the
electrodes arcs. The ohmic resistance of the electrolyte is temperature
dependent, having a higher resistance at lower temperatures. As can be
ascribed from Figure 5.8, the addition of the different dopants can improve the
performance of the cell, by reducing the resistance at low-medium
frequencies. This effect is more significant at high temperature (900 °C)
whereas this significant reduction is more obvious for the Sc doped BSCF.
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Furthermore, the limiting processes in the cathode performance are shifted to
higher frequencies when temperature is decreased. Nyquist and Bode plots
suggest that the limiting mechanism in the oxygen reduction reaction takes
place at low-medium frequencies. Usually the low-medium frequencies are
related with surface processes, O, incorporation into the bulk and adsorption
and/or partial reduction of oxygen on the MIEC electrode [22].
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Figure 5.8: EIS spectrums of Bag sSr.5(C0g.sF€.2)0.57B0.0303.5/GDC electrodes in synthetic air. (a)
Nyquist and (b)Bode plot at 800 °C. (c) Nyquist and (d) Bode plot at 650 °C.

0.2510210"10° 10" 10° 10° 10*
f (Hz)

As has been explained in the Methodology Chapter, by fitting the EIS spectrum
to an equivalent electrical circuit is possible to distinguish between the
different limiting processes in the cathode and obtain information about
intrinsic properties of materials as the conductivity, dielectric constant,
chemical diffusion coefficient, etc. Two arcs for the parent BSCF composite can
be differentiated from Figure 5.8 (a) at high temperature. However, at lower
temperatures (650 °C), three arcs can be clearly seen, so two different
equivalent circuits have to be used. The equivalent circuits used comprise an
inductance (L) related with the electrical contacts and device. An ohmic
resistance (Rq) associated with the conductivity of the electrolyte and two or
three Constant Phase Element (CPE) in parallel with a resistance. The CPE is not
a real capacitance, and is represented in the Nyquist plot as a depressed arc
and has a characteristic value of n, this value is related with the heterogeneity
of the imaginary part. When n is equal to 1, the CPE is became a real
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R(Q:cm?)

capacitator, this value is limited between 0 and 1. The roughness of the
material, the distribution of the reaction rate on the surface, due to the active
site distribution, variation of the composition along the electrode and a not
good current distribution can be some of the possible causes not to have a real
capacitator. The equivalent circuits employed for the fitting are displayed in
Figure 5.9. In the case of high temperature, two resistances are the limiting:
low (LF) and medium frequency (MF). At lower temperature a third resistance
associated with high frequency (HF) is incorporated.

(a) L Rq RMF RLF
CEO—— AN
CPEMF | CPELF
— >
(b) L Ry RHF RMF RLF
((((0] N\ —
CPEHF |CPEMF | CPELF
— — —

Figure 5.9: Equivalent electrical circuit used for the fitting at high temperature (a) and low
temperature (b).
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Figure 5.10: Results from the fitting with an equivalent electrical circuit for GDC/BSCF
composite as function of temperature. (a) Resistance, (b) capacitance and (c) associated
frequency.

The results obtained from the fitting of the equivalent electrical circuit of GDC/
BSCF as function of temperature are shown in Figure 5.10. Fitting parameters
can be divided in two ranges of temperature; 900 °C to 700 °C and 700 °C to
550 °C. The resistance at high frequency (HF) that is almost negligible at high
temperatures becomes dominant at low temperatures (550 °C). The crossing of
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LF and HF in Figure 5.10 (a) matches with the change in the activation energy
observed in the Arrhenius plot (Figure 5.7). This increase of the HF resistances
fits perfectly with the results observed in the Nyquist plot, where arcs are
shifted to higher frequencies when the temperature is reduced.

The LF contribution remains almost constant from 900 °C to 650 °C, and
becomes the smallest resistance at low operation temperature. The HF
resistance is negligible at high temperatures, but at lower temperatures (700
°C to 550 °C), has the same order of magnitude than MF resistances. The LF
contribution has the particularity that is almost constant in all range of
temperature. Also, the frequency and capacitance associated show small
variations, 1 to 2 Hz and 1 to 4 F/cm®. Setevich et al., [23] reported the same
behavior for the BSCF composite and suggested no dependence between this
resistance and the microstructure of the electrode and the possible second
phases formed due to the heating treatments.

Nevertheless, the contribution of the MF contribution has a huge variation in
terms of resistance, frequency and capacitance in the operation range. The
resistance changes from 0.04 to 0.4 Q/cm’, whereas the frequency has a value
of 6 kHz at 900 °C and the corresponding value at low temperatures (550 °C) is
10 Hz. Additionally, the capacitance change from 0.0006 to 0.04 F/cm?
However, this MF contribution is microstructure and electrode configuration
dependent and is thermally activated [23]. Then, Ryr is electrode
microstructure dependent and therefore will be influenced by the TPB length
[23, 24]. This contribution is usually present in the impedance spectra and is
often found to be the dominant contribution in composite materials, as is the
actual case. It is important to emphasize at this point, that the main objective
of introduce Sc, Zr and Y in the B site is the stability of the material phase.
Moreover, dopants in B site were able to improve the performance.

Finally, the HF contribution is also temperature dependent, with high
frequency related processes from 10 to 2 kHz. The HF capacitance is 0.001
F/cm” at the highest temperature whereas at low temperature is 0.0001 F/cm?.
The HF contribution is originated from the 0% transfer in the
electrode/electrolyte interface [25]. The results obtained in the present thesis
match with the frequency and capacitances associated shown by Dusastre et
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al., [26]. As the temperature is decreased the conductivity of the electrolyte
material is reduced, increasing the Ry, since this HF contribution is affected by
the GB in the GDC electrolyte [27].
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Figure 5.11: Equivalent electrical circuit fitting results; (a) resistance, (b) capacitance and (c)
frequency of different processes at 800 °C in air.
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Figure 5.12: Equivalent electrical circuit fitting results; (a) resistance, (b) capacitance and (c)
frequency of different processes at 650 °C in air.

After identifying the type of limiting steps in the parent composite (GDC/BSCF),
it is important to elucidate which are the changes introduced by doping in B
site. As has been explained before, there is an activation energy change around
700 °C, consequently, it has been selected two temperatures (800 °C and 650
°C) for the fitting of an equivalent circuit.

At 800 °C when 3% of Zr or Y is introduced in the structure in B site, the
resistance at LF is reduced. As it has been measured [28, 29], the oxygen
exchange coefficient (kcem) and chemical diffusion coefficient (Dchem) are
improved with 3% of Zr and Y. Furthermore, the introduction of dopants can



130 Chapter 5

stabilize the Kcem and Deem as function of time of at least for BSCF-Zr [28].
However at 650 °C the material doped with Y increases the resistance at low
frequency, related with surface processes. Consequently, the results suggest
that the reduction of Fe and Co and the subsequently radii enlargement, are
not benefited for the presence of big cations as Y (Table 5.1). Thus, the surface
processes could not be improved by the redox cycles.

The frequency associated with LF processes at high temperatures is almost
constant for all materials, highlighting a common limiting process for all
materials. However, the addition of dopants in the structure reduces the
related resistance. The associated capacitance goes from 0.2 F/cm? to 20 F/cm®
for both ranges of temperature.

The contribution at medium frequencies changes for each compound, being
the highest resistance at 800 °C for Y-doped compounds, but it becomes the
highest at 650 °C for Zr-doped compound (showing the lowest total DC
conductivity). This MF resistance can be related with the length of the TPB. It is
likely that the oxygen vacancies are dominating this resistance at low
temperature. Regarding the oxidation state and the equilibrium of charges in
the compound, when BSCF is doped by Zr with a +4 oxidation state the
capability of compound to form oxygen vacancies is reduced, however with
compounds with +3 as oxidation state, oxygen vacancies are forced to be
produced in order to maintain the cubic structure and the electroneutrality of
the sample. Then, the resistance at MF at 650 °C decreases:
BSCF_Zr>BSCF>BSCF_Y>BSCF_Sc. The medium frequency resistances suffer a
big change in terms of frequency and capacitance, where the values vary from
80 Hz to 1000 Hz and 0.001-0.1 F/cm?, respectively.

The HF resistance can be related with the composite/GDC electrolyte interface
resistance. At high temperature, only BSCF and BSCF_Y show the HF resistance
and is the lowest limiting contribution. However, as the temperature is
reduced and the ionic conductivity of the electrolyte material decreases, the
HF resistance becomes more important even dominating the Sc-doped BSCF
performance. The frequencies associated with HF resistance have the same
range for all materials and temperatures, being around 10.000 Hz, and the
capacitance range is the same for both temperatures (1-10*-1-10 F/cm?).
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5.2.2.2.2. Oxygen partial pressure influence on the cell
performance

The oxygen reduction reaction of a mixed ionic-electronic conductor consists
of (1) gas diffusion of O, molecules inside the electrode, (2) surface reaction,
(3) oxygen ion diffusion trough the electrode bulk, (4) transfer of 0% in the
electrode/electrolyte interface. Separately, the surface reaction can be divided
in the following stages; (1) O, molecule adsorption on the electrode surface (2)
oxygen molecule dissociation into the oxygen ions and (3) oxygen ions
incorporation in the MIEC material. The RLF can be attributed to the surface
reactions [22, 23] and a deeper analysis should be performed in order to
discern which process from the mentioned surface stages is limiting the cell
performance.

Trying to better understand the origin of the arcs in the impedance spectra,
isothermal experiments varying the oxygen partial pressure were performed.
The analysis of the different contributions as a function of the oxygen partial
pressure (pO,) has been widely studied [30-32]:

R; «x p0O, ™ (5.2)

Where m; is an exponent related with the oxygen species involved in the
limiting processes [30-32].

e m=1, molecular oxygen is involved in the limiting step.
O2 (g) x4 OZ,ads (5-3)

e m=1/2, the atomic oxygen is the limiting step.
OZ,ads & 2Oads (5-4)

e m=1/4, the charge transfer is involved in the limiting step.
03,045+ 2€'+Vg" > Op" (5.5)

For that study, two different temperatures were selected in order to check if
the limiting steps in the ORR change as function of the temperature. As has
been discussed above, there is a change in the activation energy around 700
°C, which can be related with the BSCF phase transition from cubic to
hexagonal at low temperatures. The temperatures selected for a deeper
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analysis were 900 and 650 °C. Furthermore, equivalent circuits were employed
to distinguish between the different contributions. Depending on the
temperature two or three constant phase element in parallel with three
resistances (Figure 5.9) were used. The results for the parent electrode (BSCF
composite) and the best performance electrode (BSCF_Sc composite) are
shown in Figure 5.13 and Figure 5.14, respectively.

As can be ascribed from Figure 5.13 and Figure 5.14, RHF is not pO,
dependent. Therefore the HF arc is not related with molecular nor atomic
oxygen, some authors have attributed this resistance with the oxygen transfer
ion from the TPB to the electrolyte [33, 34]. This resistance is consequence of a
reaction between electrode and electrolyte [22] or due to the lower ionic
conductivity of the electrolyte compared with the electrode [35]. The value of
0.18 for BSCF_Sc composite at HF it seems consequence of the error obtained
in the fitting with the equivalent circuit, since both arcs are coupled and the
size of the HF arc is small. So, the theory suggested for the HF resistance as a
function of the temperature is validated in this point. Therefore, the 0%
transfer in the electrode/electrolyte interface is the limiting step at HF.

The polarization resistance corresponding to low frequency arc showed strong
dependence on pO, with an exponent between 0.7-0.87 for both compounds
and temperatures. This high value suggests that the rate-determining step is
the adsorption process of the molecular oxygen in the electrode [23, 36, 37].
This result confirms the assumption suggested above where the low frequency
was assigned to surface processes in the oxygen reduction reaction.

Finally, the contribution at medium frequencies, that is distinguished at low
temperatures, has a smaller oxygen partial pressure dependence, that can be
ascribed to a charge transfer process (m=4), related with the p-type
conductivity of the material (1/6<n<1/4). In the case of the BSCF_Sc composite
the dependence of 0.32 for the resistance as a function of the pO, have been
interpreted as the atomic oxygen diffusion process followed by a charge
transfer [38, 39]. As has been mentioned before, the instability of the BSCF
compound as function of the temperature affects the performance of the
material. When the operation temperature is maintained below 800 °C there is
phase change from a single cubic phase to a mixed hexagonal-cubic phase. This
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change is attributed to the change of the oxidation state of the transition
metal cations (mainly Co) [40]. As it has been reported for dense membranes
[9, 41], the hexagonal phase appears at the grain boundary reducing the
oxygen permeation, this effect can be extrapolated for electrodes, producing
the phase change in the grain surface, reducing and/or changing the TPB and
producing the resistance at this MF at 650 °C.
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Figure 5.13: Equivalent electrical circuit fitting results for BSCF composite electrode; (a)
resistance, (b) capacitance and (c) frequency of different processes at 900 °C in air and (d)
resistance, (e) capacitance and (f) frequency of different processes at 650 °C in air.
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Figure 5.14: Equivalent electrical circuit fitting results for BSCF_Sc composite electrode; (a)
resistance, (b) capacitance and (c) frequency of different processes at 900 °C in air and (d)
resistance, (e) capacitance and (f) frequency of different processes at 650 °C in air.

5.2.2.2.3. CO, containing atmosphere influence on the cell

performance

BSCF compounds suffer carbonation in presence of CO, below 800 °C, as has
been shown in the TG measurements. In order to check the CO, effect on the
electrode performance, the reference and the best electrode, were tested in
CO, containing atmospheres. As can be ascribed from Figure 5.14 (a), when the
CO, is fed in the reactor the polarization resistance increases as a function of
time, but when CO,-free atmosphere is reintroduced in the chamber the
polarization resistance comes again to its initial value. The electrochemical
impedance spectrum allows discerning what is changing in the electrode
performance. As shown in Figure 5.15 (b). It seems that the resistance at high
frequency is maintained whereas the resistance at low and medium frequency
increases with the presence of CO,. Fitting with an equivalent circuit permits to
confirm the results observed in the Bode and Nyquist plots. The resistance at
high frequency (HF) is maintained (Table 5.4), whereas at medium and low
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frequency is increased. Since the LF processes take place at the same
frequency for both conditions, it seems that there is a competitive diffusion of
0, and CO, for the active sites. However for MF the resistance is shifted to
lower frequencies and the resistance value is doubled, indicating a big
influence of the charge transfer at the TPB, probably assigned to the surface
carbonation and reduction of the TPB length. The same effect is observed for
the material doped with Sc indicating that the HF processes (interface
electrode-electrolyte) are maintained for both atmospheres and the surface
and charge transfer processes (LF and MF, respectively) are harmed with the

CO; presence.
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Figure 5.15: Influence of CO, containing atmosphere in the cell performance on BSCF ; (a)
polarization resistance as function of time, (b) Nyquist plot and (b) Bode plot in CO, presence

and free atmosphere.

LF MF HF
Rp
0-cm? R ¢ f R ¢ F Hz R ¢ f Hz
Q-cm? |Ffem? | Hz |Q-cm® |F/em? Q-cm? | F/em?
Air 0.105 | 0.035 2.66 | 1.71 | 0.031 | 0.037 | 136 | 0.039 | 0.001 | 3999
Air+5%C0, | 0.147 | 0.048 1.94 | 1.71 | 0.060 | 0.059 45 | 0.039 | 0.001 | 3999

Table 5.4: Equivalent electrical circuit fitting results for BSCF in air and air and CO,.
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Figure 5.16: Influence of CO, containing atmosphere in the cell performance on BSCF_Sc ; (a)
polarization resistance as function of time, (b) Nyquist plot and (b) Bode plot in CO, presence
and free atmosphere.

5.2.3. Fuel cell characterization

The best material tested as composite electrode (BSCF_Sc/GDC) was used in a
fully-assembled fuel cell (Figure 5.17). For that purpose, an anode supported
fuel cell was used. The anode consisted of a Ni-YSZ anode, a thin YSZ layer as
electrolyte and a GDC layer deposited by screenprinting to avoid the reactivity
between cathode and electrolyte materials. A metal ring was employed to
separate both chambers (anode and cathode) in a quartz reactor. The anode
was fed with pure hydrogen or different concentrations, whereas the cathode
inlet gas was air or different oxygen partial pressure. Furthermore, the
influence of other operation parameters was tested, as the water partial
pressure, the total flow and temperature. Electrochemical measurements
including Current Density-Voltage (i-V), Current Density-Power Density (i-P),
Open Circuit Voltage (OCV) and Electrochemical Impedance Spectroscopy (EIS)
were made using the Solartron Analytical 1470E Cell Test System.
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Figure 5.17: Fuel cell mode system configuration.

5.2.3.1. Influence of the operation temperature

Cell performance in fuel cell mode was evaluated from 700 °C to 400 °C, from
the highest to the lowest temperature. i-V and i-P curves for the Ni-
YSZ/YSZ/GDC/BSFC_Sc-GDC sample are shown in Figure 5.18. The open circuit
voltage (OCV) values are 1.08 V and 1.14 V at 700 °C and 550 °C, respectively,
under fuel cell conditions. The OCV is originated from the oxygen
concentration gradient across the electrolyte and determined by Nernst’s
equation (Equation (3.6), Introduction Chapter). The cell performance
increases with increasing operating temperature, as expected. The sample
presents peak power density of 882, 546, 278, 124, 47, 16 and 5 mW/cm?from
700 °C to 400 °C, with gradient of 50 °C.

As can be ascribed from Figure 5.18, for the highest tested temperatures (700
°C and 650 °C), the three regimes in the i-V curves can be distinguished;
activation, ohmic resistance and polarization for concentration. As the
temperature is reduced, the ohmic regime becomes more dominant with
higher slopes.
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Figure 5.18: i-P and i-V curves of the Ni-YSZ/YSZ/GDC/(BSFC_Sc/GDC) at different
temperatures working with wet H, (2.5 % vol. H,0) and pure air.
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Figure 5.19: Nyquist and Bode plot obtained from the results of the EIS spectra in fuel cell
mode near to the OCV.

EIS for the cell under SOFC mode at 700 °C and 600 °C are given in Figure 5.19.
The ohmic resistances related with the electrolyte are 0.23 and 0.65 Q-cm? at
700 and 600 °C, respectively, and have been subtracted from the EIS spectra
(defined as the intersection of the arc with the x-axis in the left-side). The
resistance associated with the electrolyte has been eliminated in the Nyquist
plot in order to compare directly the electrodes contribution. Here, both
electrodes (anode and cathode) are involved in the total electrode polarization
resistance, thus the adsorption, incorporation and diffusion of hydrogen and
oxygen species over the electrocatalyst anode sites and over the ionic
conducting materials, respectively have to be taken into account. As can be
ascribed from the graphs and the ohmic resistance values, the resistance of the
electrodes is higher than the electrolyte resistance, indicating that the
electrodes are limiting the cell performance. The electrodes resistance
increases by reducing the temperature and the limiting resistance takes place

P (Wicm?)
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at medium frequencies. This frequency range (MF) fits with the results
obtained for the BSCF_Sc/GDC tested as cathode in the symmetrical cell
configuration at intermediate temperature. Thus, the EIS results indicate a
possible phase transition on the BSCF_Sc material electrode surface or a
change in the transport properties of composite phases.

5.2.3.2. Influence of pO,, pH; and pH,0 in the fuel cell performance
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Figure 5.20: i-P and i-V curves of the Ni-YSZ/YSZ/GDC/(BSFC_Sc/GDC) at different oxygen
partial pressure working with wet H, (2.5 % vol. H,0) (a) at 700 °C and (b) 600 °C.

The influence of the oxygen partial pressure (pO,) on the cell performance was
checked at two different temperatures. For the highest temperature (Figure
5.20 (a)) the influence of the oxygen partial is more detrimental, by reducing
the power density more than 75 %, from 890 mW/cm? to 185 mW/cm” with a
pO, of 0.007 atm. However, at 600 °C the power density only decreases 50 %
at the same pO, (0.007 atm), changing from 277 mW/cm? to 130 mW/cm?. This
behavior can be explained by the difference in the i-V curves shape. At the
highest temperature, it can appreciate the polarization for concentration,
indicating the importance of the oxygen concentration in the inlet stream. To
extract some conclusions the oxygen utilization was calculated.

Oxygen utilization was calculated for the different oxygen partial pressures and
temperatures and the results are shown in Table 5.5 and Table 5.6. Where FO,
is the oxygen flow introduced in the cathode and FO,° the oxygen used in the
cathode. The oxygen utilization (Uy,) is calculated from the Faraday’s equation

and taking into account the oxygen reduction reaction as follows:
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0, + 4e~ > 20% (5.6)
ot I 1-22400-60 5

92 T"n.C~  4-96500 '

e
Uo, = 5%+ 100 (5.8)
0>

The oxygen utilization increases as the oxygen content in the cell is reduced.
Furthermore, Up, is reduced at lower temperatures, indicating that the
reduction of the temperature decreases the activity of the cathode and the
oxygen requirements. At low temperatures it is only possible to appreciate the
ohmic resistance in the i-V curves. Additionally, the OCV variation (Equation
(3.6)) is produced by the partial pressures difference in the cell, since the pO, is
reduced and pH, remains constant, the OCV of the fuel cell drops, as expected.

pO; FO, i FO,° Uo,
(atm) (ml/min) | (A/em?) | (ml/min) | (%)
0.210 31.50 2.43 5.38 17
0.140 21.00 2.03 4.50 21
0.070 10.50 1.43 3.17 30
0.035 5.25 0.95 2.10 40
0.007 1.05 0.34 0.75 72

Table 5.5: Oxygen utilization at 700 °C.

pO, FO, i FO,° | Uo,
(atm) | (ml/min) | (A/cm?) | (ml/min) | (%)
0.210 31.50 1.32 2.92 9
0.140 21.00 1.27 2.81 13
0.070 10.50 1.05 2.33 22
0.035 5.25 0.76 1.68 32
0.007 1.05 0.32 0.71 68

Table 5.6: Oxygen utilization at 600 °C.
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Figure 5.21: i-P and i-V curves of the Ni-YSZ/YSZ/GDC/(BSFC_Sc/GDC) at different wet
hydrogen partial pressure (2.5 % vol. H,0) working with air(a) at 700 °C and (b) 600 °C.

The same effect obtained for the oxidant is found by the fuel dilution, being
more important the influence of the fuel fed at high temperatures. Similarly,
the fuel utilization was determined as is described by equation (5.9), (5.10) and
(5.11). Where FH, is the hydrogen flow rate introduced in the anode, FH,° the
hydrogen used in the anode and Uy, is the fuel utilization. In addition, the
hydrogen partial pressure influence seems not to be as limiting as the oxygen
partial pressure. For instance, with a hydrogen partial pressure of 0.04 atm the
power density decreases to 576 mW/cm? whereas for 0.035 atm of O, the
power density is 475 mW/cm’, due to bigger fuel utilization (89%).
Furthermore, the fuel utilization increases by reducing pH,, but drops by
reducing the temperature (Table 5.7 and Table 5.8).

H, + 0%~ - H,0 + 2e~ (5.9)

. I 1-22400-60 .10

He " n.c™  2-96500 '
e

Uy, = —2-.100 (5.11)

P (W/cm?)
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pH, FH, i FH,°® Uiz
(atm) (ml/min) | (A/em?) | (ml/min) | (%)
1.00 150.0 2.43 10.77 7

0.67 100.5 2.42 10.72 11
0.33 49.5 241 10.68 22
0.17 25.5 2.12 9.39 37
0.04 6.0 1.20 5.32 89

Table 5.7: Hydrogen utilization at 700 °C.

pH, FH, i FH,° U,
(atm) (ml/min) | (A/em?) | (ml/min) | (%)
1.00 150.0 1.32 5.85 4

0.67 100.5 1.28 5.67 6

0.33 49.5 1.27 5.63 11
0.17 25.5 1.21 5.36 21
0.04 6.0 0.95 421 70

Table 5.8: Hydrogen utilization at 600 °C.
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Figure 5.22: i-P and i-V curves of the Ni-YSZ/YSZ/GDC/(BSFC_Sc/GDC) at different water partial
pressure working with wet H, and pure air.

The influence of the steam content was also studied. As is shown in the Figure
5.22, the cell power density at 700 °C is maintained and the biggest difference
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is observed in the OCV value. The higher pO, difference between the two
electrodes increases the OCV value of the sample working without steam.

5.2.3.3. Total flow influence on the fuel cell performance

Finally, the effect of the total fuel and oxidant flows rate in the inlet stream
was studied (Figure 5.23). In this case, it is evident that the highest influence of
the total flow takes place at high temperatures, whereas at low temperatures
the total flow in the fuel cell performance is independent. The shape of the i-V
curves is equal for all flows at 700 °C, but for the smallest flows, the
polarization for concentration regime starts before, exhibiting lower power
densities. This effect cannot be ascribed to the presence of a leakage in the
sample, since the OCV remains constant for all total flows studied. The power
density difference between the different flow rates can be ascribed to the
fuel/oxygen utilization. In order to check that fact, the fuel utilization was
determined. The fuel utilization increases (Table 5.9) as the flow rate
decreases, but the power density generation is diminished. Thus, for real
applications, the cost balance should be determined in order to select the best
conditions, high power densities or high fuel utilization. At low temperatures,
the quantity of H, consumed is maintained, whereas the fuel utilization
increases at low flow rates.

200 ml/min—o—150 ml/min 200 ml/min—0—150 ml/min
100 ml/min—v—50 ml/min 100 ml/min—v—50 ml/min
(a) 12 . . . . . . 1.0 (b) 12 T T T T T 0.15
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0.2
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Figure 5.23: i-P and i-V curves of the Ni-YSZ/YSZ/GDC/(BSFC_Sc/GDC) at different total inlet
flows working with wet H, (2.5 % vol. H,0) and pure air (a) at 700 °C and (b) 550 °C.
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pH; FH, i FH,° Uy,
(atm) (ml/min) | (A/em?) | (ml/min) | (%)
1 200 2.60 11.52 6
1 150 2.43 10.77 7
1 100 2.31 10.23 10
1 50 2.08 9.21 18
Table 5.9: Hydrogen utilization at 700 °C with different flow rates.
sz FH, i I:Hzo Uz
(atm) (ml/min) | (A/em?) | (ml/min) | (%)
1 200 0.55 2.44 1
1 150 0.55 2.44 2
1 100 0.55 2.44 2
1 50 0.55 2.44 5
Table 5.10: Hydrogen utilization at 550 °C with different flow rates.
5.2.3.4. Stability on the cell performance

One of the most important parameters of the cells development is the stability
in real operation conditions. For that purpose, the cell stability over time at
600 °C was checked with a current of 0.5 A (0.78 A/cm?). The power density
was measured for 2.5 days. The power density was increasing with time
achieving a constant value of 285 mW/cm? (Figure 5.24 ). This value fits with
power density obtained in the i-P curve at 600 °C.

400 —
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Figure 5.24: Stability of the fully-assembled fuel cell Ni-YSZ/YSZ/GDC/(BSFC_Sc-GDC) working
with wet H, (2.5 % vol. H,0) at 600 °C and pure air at a constant current density of 0.78 A/cmz.
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To compare and explain the difference in the obtained results, EIS
measurements were performed at the beginning and at the end of the stability
test. Two different measurements were recorded, one near the OCV and
another at 0.2 A. For the EIS near the OCV the resistance obtained at medium
frequency decreases with time, there is an activation of the electrode with
time. However, at higher frequencies the EIS spectrum is almost constant,
appearing a small resistance at very low frequencies. This change can be
associated with surface processes, i.e., a small densification of the electrodes
with lower gas diffusion or surface change of BSCF Sc, due to the phase
transformation (from cubic to hexagonal).
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Figure 5.25: Nyquist and Bode plot obtained from the results of the EIS spectra in fuel cell
mode near to (a) the OCV and (b) with a BIAS of 0.2 A at the beginning and the end of the
stability test at 600 °C.

Therefore, it can be concluded that the materials tested as fully-assembled fuel
cell is stable in real operation conditions, and have a good cell performance.
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5.2.4. Electrolyzer characterization

5.2.4.1. Steam electrolysis

o
H,0+Inert 1 CATHODE : Ni -YSZ
—_— N 2.
, 93 (@ H,0 +2¢ — H,(g) +0
— ‘L
Yo o ELECTROLYTE : YSZ
INTERLAYER : GDC
—_—
— 3) 07— 0,(g) + 2e
. —_
Air ANODE: BSCF_SC/GDC

Figure 5.26: Electrolysis mode system.

At the beginning of the present thesis it was not possible to check the cell
performance in electrolysis mode, but after few years two analysis units were
incorporated in the high temperature set-up; a mass spectrometer and a gas
chromatograph. The new equipment allowed checking the stability of the
hydrogen and carbon monoxide production, and the Faradic efficiency of the
cell. Thus, a new sample Ni-YSZ/YSZ/GDC/(BSFC_Sc-GDC) was manufactured
and measured. The sample power density was checked again at different

temperatures:
—o—700°C 0 650 °C
Y, o o
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Figure 5.27: i-P and i-V curves of the Ni-YSZ/YSZ/GDC/BSFC_Sc-GDC at different temperatures
working with wet H, (2.5 % vol. H,0) and pure air.
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After testing the sample in fuel cell mode, the temperature was increased
again until 700 °C. H,0 electrolysis was performed at three different
temperatures 700, 600 and 500 °C. Figure 5.28 represents the H, production
determined by a mass spectrometer in the cathode outlet stream during the
electrolysis experiments. Cathode was fed with 100 ml/min of wet argon with
a 2.5 % vol. of H,0. A constant current density was applied during 30 minutes,
after that, the wet Ar flow was maintained. Hydrogen is produced and
detected from a low imposed current density as 16 mA/cm? or 8 mA/cm?, and
that production increases with the applied current density. An important
aspect is the steady production of hydrogen whatever the imposed current
density (Figure 5.28). The range of the current density applied in the cells was
function of the operation temperature. As the temperature is reduced, the
resistance of electrodes and electrolyte increases producing higher cell
overpotential and not allowing higher current densities.

Relative time (s)

Figure 5.28: Mass spectrometer results of the steam electrolysis at different temperatures; (a)
700 °C (b) 600 °C and (c) 500 °C. Values in the graph are the current densities applied.
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Figure 5.29: i-V curves for the steam electrolysis.

Figure 5.29 represents the overpotential observed for each current density.
The negative sign of the current density indicates that the current is applied
and is not produced by the cell. At 700 °C three different regimes can be
distinguished, at low, medium and high currents. At low currents (near the
OCV) there is a big change in the cell overpotential with the current, after that
the slope of the overpotential voltage decreases and above 200 mA/cm’ the
cell overpotential has a little variation with the current density, indicating small
change in the total resistance. It has been reported a similar behavior for cells
working with YSZ as electrolyte at high current densities, and that effect has
been assigned to the promotion of electronic conductivity in the thin YSZ
electrolyte [42]. This effect is observed in the present cell (at high current
densities) for voltages lower than the electroreduction voltage of 2.3V [43].
Furthermore, this effect is reversible for low levels of electroreduction, and the
material can come back to the original state by applying lower currents or
increasing the oxygen potential. Thus, the criterion in the electrolysis and co-
electrolysis experiment in the present thesis was not increase too much the
cell voltage in order not to achieve an irreversible electroreduction of the YSZ.
With the gas chromatograph was possible to quantify the hydrogen produced
in the steam electrolysis process and the results for three different
temperatures are shown in Figure 5.30.
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The Faradic efficiency (Equation (4.13)) in steam electrolysis was determined
from the expected hydrogen production, calculated according to the Faraday’s
equation (Equation (4.14)) and the experimental hydrogen production
determined during the stationary step of the electrolysis by the gas
chromatograph. At low imposed current densities, the efficiency is higher than
90 %. For higher values of current density, the gap between the experimental
and the theoretical values increases, producing a low Faradic efficiency. Two
can be the explanations. Firstly, the YSZ electrolyte material becomes a mixed
ionic-electronic conductivity under high cell overvoltage, and this could be
detrimental to the cell efficiency. As a result of this electronic conductivity, a
so-called current leakage takes place, i.e., a proportion of the applied current
could by-pass the expected electrolysis process and directly crosses over the
electrolyte, producing this low Faradic efficiency. Secondly, a weak gas leakage
produced between both compartments of the cell could result in the transfer
of hydrogen from cathode to anode. This hydrogen could react with the
oxygen in the anode producing H,0 and reducing the Faradic efficiency. Both
types of leakages could explain the difference between the theoretical and the
experimental hydrogen production. Nevertheless, this gap increases with the
imposed current, it seems that the process related with the electroreduction
of the YSZ (creating a MIEC electrolyte) remains predominant. Moreover, when
the cell voltage is around 2 V (at 700 °C) the efficiency decreases drastically,
this behavior can be assigned to the electronic conductivity of the electrolyte,
as has been described before [42-44].
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Figure 5.30: (a) Hydrogen production and (b) Faradic efficiency (n¢) for the steam electrolysis
working at 700°C, 600°C and 500 °C.
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5.2.4.2. Co-electrolysis

CO-ELECTROLYSIS MODE
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Figure 5.31: Co-electrolysis mode system.

CO can be produced as well by CO, electrochemical reduction (Reaction (5.12))
and/or by the kinetically rapid Reverse Water Gas Shift reaction in the
presence of hydrogen (Reaction (5.13)):

CO,(g)+V,+2e - CO(g)+0f (5.12)

C0,(9)+H,(g) » CO(g) + H,0(g) (5.13)

Being V,; the oxygen vacancies in the YSZ, e~ the electrons involved in the
reaction and 0F an oxygen ion in oxygen position, written by the Kréger-Vink
notation. The same test as for the water electrolysis was performed for co-
electrolysis of water and CO,. To this end, a constant flow rate of 10 ml/min of
CO,, 2.5 % vol. H,0 and argon (100 ml/min as total flow), was introduced in the
fuel side, whereas air was supplied to the oxidant electrode. Four different
temperatures were investigated and the different products obtained by the
electrolysis were quantified and determine by mass spectroscopy and gas
chromatography. The results of the cell voltage for the different currents
applied to the cell are presented in Figure 5.32. As was happening in the H,0
electrolysis, when the temperature is diminished, the cell voltage increases, for
the same value of current. The same explanation could be done in this point,
since the polarization resistance of electrodes and the ohmic resistance of the
electrolyte increases by reducing the temperature. That will increase the cell
voltage determined by the Nernst’s (Equation (4.11)).
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Figure 5.32: i-V curves for the cell working in a co-electrolysis mode.

The results recorded from the mass spectrometer are shown in Figure 5.33.
The values in the graph represent the current density introduced in each step,
in mA/cm?. In this case, three masses were followed by the equipment, being 2
(Hydrogen), 28 (CO or CO,) and 29 (CO). As can be observed from the graphs,
the maximum production comes from the hydrogen, being stable with time
with a quick electrolysis current response. The signal of mass 28 and 29
increases when the current is applied at 700 °C, those change signals can be
attributed to the CO production by the electroreduction of CO, and the
reversible water gas shift reaction. The same behavior was observed in the
case of 600 °C, being more obvious at higher current densities. However, at
500 °C was not possible to discern the CO production by the change in the
signal of mass 28 or/and 29. The thermodynamics of CO, and H,0 reduction
(Figure 5.34) shows that from temperatures below 827 °C it is more favorable
the water reduction reaction than the CO, reduction. Since CO, electrolysis is
less favorable than the H,0 electrolysis [45-48], it should be expected that part
of the CO produced comes from RWGSR or be consumed in the Water Gas
Shift reaction (WGSR) reaction. Then, the thermodynamics, kinetics and the
low current density applied at 500 °C do not allow the CO, electroreduction.
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Figure 5.33: Mass spectrometer results of the co-electrolysis at different temperatures; (a) 700
°C (b) 600 °C and (c) 500 °C.
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Figure 5.34: (a) Thermodynamics of the CO, and H, reduction reactions and (b) water-gas shift
[49].

In addition, the operation temperature of the electrolyzer was decreased until
450°C, and apart from the mass 2, 28 and 29, the signal of mass 15 (CH,) was
followed in the outlet stream by a mass spectrometer. The signal of hydrogen
increases as function of the current density applied (Figure 5.35 (a)).
Furthermore, at 79 mA/cm? the signal of mass 15 increases, indicating the
production of methane. In order to obtain higher signal from the mass
spectrometer and the gas chromatograph, the total flow was decreased by half
(50 ml/min) compared to the initial flow (Figure 5.35 (b)).When the applied
current increases the signal of methane increases but the hydrogen signal is
maintained. It is important to remain that four moles of hydrogen has to be
consumed to produce a mole of methane.
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Figure 5.35: Mass spectrometer results of the co-electrolysis at 450 °C with a total flow of (a)
100 ml/min and (b) 50 ml/min. The percentage of each reactant is maintained.

As to confirm the results obtained by the mass spectrometer equipment, gas
chromatography was used for all temperatures measured. As can be inferred
from Figure 5.36 (b), as the temperature increases the selectivity to CO is
enhanced, since the CO, reduction is thermodynamically activated at high
temperatures [49]. Regarding the hydrogen production, all temperatures show
similar behavior except for 450 °C. At 450 °C there is a big change in the
hydrogen production, current densities higher than 79 mA/cm? does not
produce bigger amounts of hydrogen. These results fit with the production of
methane shown in the Figure 5.36 (c). The quantity of methane is increased by
applying higher currents. The capability of this cell to produce methane and
hydrogen simultaneously and the activity of Ni-YSZ for the methanation
process should be highlighted.
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Figure 5.36: (a) Hydrogen (b) carbon monoxide and (c) methane production working at 700,
600°C, 500 °C and 450 °C.

In order to check if the CO, H, and CH, production follows the thermodynamic
equilibrium, the RWGSR and the methanation equilibrium have been taken

into account:

CO(g)+3H,(g) < CH.(g) + H,0(g)

(5.14)

The results determined by the equilibrium are plotted in Figure 5.37. The CH,
production does not achieve the equilibrium, whereas the CO production
overcomes the equilibrium. Thus, not all CO produced is converted to CHy, the
Ni-YSZ catalyst is not enough active to shift the Equation (5.14) to the

equilibrium.
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Figure 5.37: Results of the flow rate obtained during the Co-electrolysis mode at 450 °C and
the corresponding values in the equilibrium.

Finally, co-electrolysis efficiency (Equation (4.17)) was calculated, for that
purpose the current required for the hydrogen and CO production (Equation
(4.15) and (4.16), respectively) was determined. For the hydrogen
determination the hydrogen used for the CH4 generation at 450 °C was also
included. As can be inferred from Figure 5.38 , for the highest temperatures
the efficiency is around 100%, but when the temperature is reduced, the
efficiency starts to diminish. In the case of 500 °C, it seems that the limit of CO
detection in the gas chromatograph is not enough to measure the CO
produced, thereby lower efficiencies are achieved. However at 450 °C, as the
current density increases the cell efficiency is diminished. The cell voltage at
that conditions, is higher than the electroreduction voltage of YSZ (2.3 V) and
an electrons leakage of through the YSZ electrolyte can be produced, reducing
the cell efficiency.

Iz =1 F - Vyzexp (4.15)
Ico =1 F - Vegexp (4.16)
My + 1o

Nener = i (4.17)
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Figure 5.38: Co-electrolysis efficiency.

5.2.4.3. Electrolysis and co-electrolysis comparison
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Figure 5.39: Comparison between i-V curves of electrolysis and co-electrolysis.

After the analysis of the different processes; electrolysis and co-electrolysis, it
is necessary to compare between the voltages obtained from both modes in all
temperature range. The i-V curves for H,0 and H,0 and CO, co-electrolysis are
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represented in Figure 5.39. For the highest temperatures, the co-electrolysis
process produces lower cell voltages [47, 50] and the efficiency of the cell
increases. Consequently, the experiments performed reveal that co-
electrolysis is kinetically favored rather than H,0 electrolysis at the current
density range tested. Ni was found active for the electrochemical reduction of
CO, at high temperature [46]. Furthermore, in the co-electrolysis mode the
WGSR and RWGSR reaction should also be taken into account in the cell
voltage. At 500 °C the voltage is almost the same for both modes of cell
operation. As was explained above, at that temperature the CO production is
no detected and only hydrogen is obtained. It seems that the cell voltage is
mainly generated for the electroreduction of hydrogen and not for the
presence of CO, in the inlet stream.

5.3. Conclusions

The parent BagsSrosCogsFeq 2035 was doped with 3% of Sc, Zr and Y in B site.
These elements were selected for their constant oxidation state in order to
avoid phase change transition. However, after stability test at 750 °C in air, all
compounds shown secondary phases ascribed to the hexagonal phase, being
the parent BagsSrgsCogsFeq,03-5 the most instable. Furthermore, the influence
of CO, containing atmospheres was checked by TGA measurements. All
compounds exhibited carbonation from 500 °C.

The electrochemical properties were studied for all materials synthesized.
Regarding the total DC conductivity, all compounds shown a p-type
conductivity and BagsSrgs(CogsFeo2)0975C00303.5 exhibited the highest
conductivity. Electrochemical impedance spectroscopy analysis shown one
resistance at high frequencies, related with O® transport in the electrode-
electrolyte, one resistance at medium frequencies, ascribed to the TPB length
(usually present in composite electrodes) and one resistance at low frequency,
due to the influence of the molecular oxygen adsorption. Despite the
production of the hexagonal phase in the stability test, all materials showed
better electrochemical performance than the parent BSCF. BSCF_Sc exhibited
the best electrochemical results, and was tested in a fuel cell and electrolysis
mode. A peak power density of 882 mW/cm? was achieved for the fuel cell
working at 700 °C. The fuel/oxygen utilization suggested a lower utilization at
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high partial pressures of O, and H,, high flow rates and low temperatures.
Finally, the electrolysis results showed a high Faraday’s efficiencies for
electrolysis and co-electrolysis mode. However, at high current densities the
reduction of the electrolyte produces the current leakage and the resulting
reduction of Faraday’s efficiency. At temperatures as low as 450 °C, the
simultaneous production of CO, CH, and H, took place in the Ni-YSZ electrode,
showing catalytic activity of this composite material for the methanation
reaction.

5.4. References

[1] M. Burriel, C. Niedrig, W. Menesklou, S.F. Wagner, J. Santiso, E. lvers-Tiffée,
Solid State lon., 181 (2010) 602-608.

[2] Z. Shao, S.M. Halle, Nature, 431 (2004) 170-173.

[3] A. Yan, M. Cheng, Y. Dong, W. Yang, V. Maragou, S. Song, P. Tsiakaras,
Applied Catalysis B: Environmental, 66 (2006) 64-71.

[4] M.J. Scholten, J. Schoonman, J.C. van Miltenburg, H.A.J. Oonk, Solid State
lon., 61 (1993) 83-91.

[5] R.D. Shannon, Acta Crystallographica Section A, 32 (1976) 751-767.

[6] Z. Shao, W. Yang, Y. Cong, H. Dong, J. Tong, G. Xiong, Journal of Membrane
Science, 172 (2000) 177-188.

[71 W. Zhou, R. Ran, Z. Shao, W. Zhuang, J. Jia, H. Gu, W. Jin, N. Xu, Acta
Materialia, 56 (2008) 2687-2698.

[8] C. Niedrig, S. Taufall, M. Burriel, W. Menesklou, S.F. Wagner, S. Baumann, E.
Ivers-Tiffée, Solid State lon., 197 (2011) 25-31.

[9] K. Efimov, Q. Xu, A. Feldhoff, Chem. Mat., 22 (2010) 5866-5875.

[10] D.N. Mueller, R.A. De Souza, T.E. Weirich, D. Roehrens, J. Mayer, M.
Martin, Physical Chemistry Chemical Physics, 12 (2010) 10320-10328.

[11] F. Wang, K. Igarashi, T. Nakamura, K. Yashiro, J. Mizusaki, K. Amezawa,
Solid State lon.

[12] E.G. Babakhani, J. Towfighi, L. Shirazi, A. Nakhaeipour, A. Zamaniyan, Z.
Shafiei, Journal of Materials Science and Technology, 28 (2012) 177-183.

[13] J.M. Porras-Vazquez, P.R. Slater, J. Power Sources, 209 (2012) 180-183.
[14] C. Kwak, D.W. Jung, D.-H. Yeon, J.S. Kim, H.J. Park, S.-J. Ahn, S. Seo, S.M.
Lee, RSC Advances, 3 (2013) 10669-10672.

[15] J.I. Jung, S.T. Misture, D.D. Edwards, Solid State lon., 181 (2010) 1287-
1293.

[16] J.I. Jung, S.T. Misture, D.D. Edwards, J. Electroceram., 24 (2010) 261-269.



160 Chapter 5

[17] Z. Duan, M. Yang, A. Yan, Z. Hou, Y. Dong, Y. Chong, M. Cheng, W. Yang, J.
Power Sources, 160 (2006) 57-64.

[18] E.P. Murray, S.A. Barnett, Solid State lon., 143 (2001) 265-273.

[19] Z. Qingshan, J. Tongan, W. Yong, Solid State lon., 177 (2006) 1199-1204.
[20] W.G. Wang, M. Mogensen, Solid State lon., 176 (2005) 457-462.

[21] M.A. Pefia, J.L.G. Fierro, Chem. Rev., 101 (2001) 1981-2018.

[22] S.B. Adler, Chem. Rev., 104 (2004) 4791-4843.

[23] C. Setevich, F. Prado, A. Caneiro, J. Solid State Electrochem., (2016) 1-11.
[24] M.). Jorgensen, M. Mogensen, J. Electrochem. Soc., 148 (2001) A433-
A442.

[25] F.S. Baumann, J. Fleig, H.U. Habermeier, J. Maier, Solid State lon., 177
(2006) 3187-3191.

[26] V. Dusastre, J.A. Kilner, Solid State lon., 126 (1999) 163-174.

[27] J. Nielsen, T. Jacobsen, M. Wandel, Electrochim. Acta, 56 (2011) 7963-
7974.

[28] C.-Y. Yoo, University of Twente, 2012.

[29] P.F. Haworth, S. Smart, J.M. Serra, J.C. Diniz Da Costa, Physical Chemistry
Chemical Physics, 14 (2012) 9104-9111.

[30] Y. Takeda, R. Kanno, M. Noda, Y. Tomida, O. Yamamoto, J. Electrochem.
Soc., 134 (1987) 2656-2661.

[31] R. Peng, T. Wu, W. Liu, X. Liu, G. Meng, J. Mater. Chem., 20 (2010) 6218-
6225.

[32] M.J. Escudero, A. Aguadero, J.A. Alonso, L. Daza, J. Electroanal. Chem., 611
(2007) 107-116.

[33] R.R. Peng, T.Z. Wu, W. Liu, X.Q. Liu, G.Y. Meng, J. Mater. Chem., 20 (2010)
6218-6225.

[34] J.-D. Kim, G.-D. Kim, J.-W. Moon, Y.-i. Park, W.-H. Lee, K. Kobayashi, M.
Nagai, C.-E. Kim, Solid State lon., 143 (2001) 379-389.

[35] F. Mauvy, C. Lalanne, J.M. Bassat, J.C. Grenier, H. Zhao, L.H. Huo, P.
Stevens, J. Electrochem. Soc., 153 (2006) A1547-A1553.

[36] E.P. Murray, T. Tsai, S.A. Barnett, Solid State lon., 110 (1998) 235-243.

[37] B. Philippeau, F. Mauvy, C. Nicollet, S. Fourcade, J.C. Grenier, J. Solid State
Electrochem., 19 (2015) 871-882.

[38] D.Y. Wang, A.S. Nowick, J. Electrochem. Soc., 126 (1979) 1155-1165.

[39] S.P.S. Badwal, H.J. de Bruin, A.D. Franklin, Solid State lon., 9 (1983) 973-
977.

[40] Z. Yang, J. Martynczuk, K. Efimov, A.S. Harvey, A. Infortuna, P. Kocher, L.J.
Gauckler, Chem. Mat., 23 (2011) 3169-3175.

[41] P. Mdiller, Karlsruher Instituts fiir Technologie 2013.



Improvement of BSCF performance by B site dopants 161

[42] M.A. Laguna-Bercero, R. Campana, A. Larrea, J.A. Kilner, V.M. Orera, Fuel
Cells, 11 (2011) 116-123.

[43] W. Weppner, J. Electroanal. Chem., 84 (1977) 339-350.

[44] D.A. Wright, J.S. Thorp, A. Aypar, H.P. Buckley, J. Mater. Sci., 8 (1973) 876-
882.

[45] C.M. Stoots, J.E. O'Brien, J.S. Herring, J.J. Hartvigsen, Journal of Fuel Cell
Science and Technology, 6 (2009) 0110141-01101412.

[46] Z. Zhan, L. Zhao, J. Power Sources, 195 (2010) 7250-7254.

[47] Z. Zhan, W. Kobsiriphat, J.R. Wilson, M. Pillai, I. Kim, S.A. Barnett, Energy
and Fuels, 23 (2009) 3089-3096.

[48] C. Gaudillere, L. Navarrete, J.M. Serra, Int. J. Hydrog. Energy, 39 (2014)
3047-3054.

[49] C. Graves, S.D. Ebbesen, M. Mogensen, K.S. Lackner, Renewable and
Sustainable Energy Reviews, 15 (2011) 1-23.

[50] C. Graves, S.D. Ebbesen, M. Mogensen, Solid State lon., 192 (2011) 398-
403.






La 2-xAx Ni 1-y Byo4+6
electrodes for ionic
electrolytes






La,.xAxNi1.,B,04.5 electrodes for ionic electrolytes 165

6. La,.xAxNi;.,B,0,.s electrodes for ionic electrolytes
6.1. Introduction

Ruddlesden-Popper series with the general formula La,;1Ni,Os,.1 (Figure 6.1),
has attracted great interest due to its excellent electrochemical properties [1,
2]. Those properties can be correlated with the anisotropic structure,
consisting of rock-salt and perovskite layers interspersed [3-5]. The value of n
in the general formula is related with the number of perovskite layers between
two rock-salt layers. Due to its layered structure these compounds are able to
accommodate hyperstoichiometric oxygen in the interstitial sites of the rock-
salt layer [6], exhibiting good oxide ion conductivity at intermediate
temperatures [7-10]. The highly anisotropic oxygen diffusion is produced via
the interstitial oxygen defects in the lattice [11] and the cooperative diffusion
in the vacancies in the perovskite layer [7]. Furthermore, the oxygen migration
in the ab-plane is greater than the c-plane [12]. Those qualities make these
compounds suitable as SOFC cathodes.

It has been reported that substituting La by other elements with smaller ionic
radius could increase the quantity of oxygen hyperstoichiometric at the same
oxygen partial pressure and temperature [13] due to the variation in the cell
parameters. In order to improve the electrocatalytic activity [14, 15] of the
cathode as well and due to the similar ionic radius (La= 1.216 A and Pr=
1.179A), Pr was introduced in the La site. As has been reported previously [16,
17], if the amount of Pr in the La site is low, the orthorhombic Fmmm space
group of La;NiOg4s is maintained, however, higher amounts of Pr will shift the
structure to Bmab space group. Furthermore, this aforementioned change in
the structure agrees with the chemical instability of higher Pr content
nickelates compounds. As not to produce any crystal structure symmetry, low
Pr contents have been investigated; 25 % and 50 %.

Regarding Ni position, Co was selected due to its similar ionic radius and the
diffusion coefficient improvement ascribed from its high redox activity [18].
The amount of Co was selected in order to maintain the orthorhombic
structure, since Co contents higher than 60% lead to a Bmab symmetry. In
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addition, it has been widely reported the high influence of the Co increasing
the TEC [19, 20], as a result only 20 % of Co was substituted in the structure.

Furthermore, a double substitution was carried out to check the synergetic
influence of both cations (Pr and Co) in the nickelate behavior.

LaNIO,
Perovskite layer

LaO
Rock-salt layer

5 vacancy A
mechanism

in ¢ direction

0-2
Ni+2
La+3

Oxygen.--""¢
interstitial

interstitial mechanism i?
a-b plan

Figure 6.1: Ruddlesden-Popper structure for La,NiO,,5 [21].

6.2. Results and discussion
6.2.1. Characterization of La, xAxNi;.yByO,4, s compounds

6.2.1.1. Cell parameters and & determination

After the synthesis of the different Ruddlesden-Popper materials by Pechini
method, XRD measurements were performed for the identification of the
crystalline phase. XRD patterns of the different compositions, labeled as in
Table 6.1, are presented in the Figure 6.2. XRD patterns were recorded in the
20 range from 20 to 90 °. The diffraction peaks of all samples can be assigned
to the La;NiOg4,s phase [3, 22] with an orthorhombic structure [22-24].
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Compound Abbreviation name
La;NiOg.s LNO
La; sProsNiOg.s LPNO
La;Nip §C0p 204.5 LNCO
LaPrNiOg.s LPNO11
La;5Pro.sNig.8C00.,04:5 LPNCO
Nd;NiOg.s NdNO

Table 6.1: List of the different synthesized and its abbreviation name used in the text.

In order to investigate the influence of partial substitution of La position
element by Pr on the crystal structure, Pr was introduced with different ratios.
Firstly, 25 % of Pr (LPNO) was substituted in La site obtaining a single phase
(Figure 6.2), i.e., no traces of other oxides can be detected to the limit of X-ray
diffraction equipment. However, the substitution of 50% La by Pr (LPNO11) in
La site produces that some impurities appear. It seems that the transition from
Fmmm space group to Bmab, due to the increasing Pr amount [16, 17], could
produce these impurities. Regarding Co substitution, only 20 % was substituted
in the Ni position, maintaining the orthorhombic structure of the parent
La;NiOg4:5. Finally, a double substitution was carried out in both positions
(LPNCO), as can be ascribed from the Figure 6.2 both cations are well
incorporated, with a very small impurity in compounds with Co, which could
be assigned to LazNi,05.

In addition, the well-studied Nd;NiO,,s was synthesized in order to compare
with the new compositions obtained in the present thesis.
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Figure 6.2: XRD patterns of La,.xAxNi, yByO,, 5 after sintering recorded at room temperature. It
is presented the logarithmic intensity of each compound. Impurities are marked on the graph
(*).

The stability of these synthesized materials have been checked previously [25].
After two weeks of temperature treatment in air the powders do not show

secondary phases over time.

In order to shed further light on the influence of the cations on the structure,
the lattice parameters were obtained by Rietveld refinement [26], from the
measurements obtained by Bruker D8 in Bragg-Brentano geometry. The
Rietveld refinement results are shown in Figure 6.3. This method allows
elucidating the structural changes induced by the introduction of the different
cations. Both, the atomic radii and the bond type influence have been studied
in terms of cell parameters and electrochemical properties for the different
materials. For the cell refinement, the position and occupancies were assumed
from Skinner et al. [27]. The structural parameters values obtained (Table 6.2)
are in agreement with the values calculated by Rabenau et al, [28] and
Jogersen et al, [29]. All materials prepared in this study exhibit an
orthorhombic Fmmm [17, 18, 29-31] space group at room temperature with La
occupying the (0, 0, z) position, Ni occupying (0, 0, 0) and oxygen occupying
four position variable fractional occupancies (Table 6.2).
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The size and nature of the La and Ni site affect the structure and properties of

this K,;NiF, type compounds. The size of the La-site ions with a 9 coordination

state affects predominantly in ¢ distances [32]. Partial substitution in La-site by

smaller cations should decrease the c distance. The results are in agreement

with this statement, since the introduction of Pr, with smaller ionic radius than

La, produces a contraction of the ¢ cell parameter [33] from 12.6842(2) to
12.6274(3) A. Furthermore, Pr increases the Ni-O bond covalency and the
La/Pr-O distance, as can be ascribed from Figure 6.4. On the other hand, a

negligible reduction in the a and b cell parameters are induced when partial

substitution with Pr is done. As a result a huge reduction in the cell volume is

produced (Table 6.2).

100
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Figure 6.4: From top to bottom: oxygen hyperstoichiometry, cell parameters and bond
distance obtained by the Rietveld refinement.

Regarding the Ni position, the partial substitution by Co produces a small
change in the cell volume. In literature it has been discussed the variation of
the covalency/iconicity nature of the Co-O bonds of this type of materials [34],
associated with the transition metal spin state (HS —High Spin or LS- Low Spin)
[31]. Co can be found with an oxidation state of +2 or/and +3 at room
temperature and this Co* can adopt an intermediate spin state, producing a
bond distance between LS and HS [35]. The ionic radius of Co in this case is
close to the Ni radius. The variation of the oxidation state and the spin state
makes difficult to calculate the real ionic radius of Co, consequently the
possible values of the ionic radius of Co according to the spin state and
oxidation state are shown in the Table 6.2. The introduction of Co increases
the covalency of the Ni/Co-O bond and also the La-O bond distance as is shown
in Figure 6.4, producing a cell change from the parent La,NiO4,s material but
with similar cell volume. Both effects produces the reduction in the c cell
parameter but increases slightly the a and b length, as has been previously
reported [36].
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Finally, the synergetic effect of both Pr and Co is reflected in the reduction of
the cell volume in the doubled substituted compound. It should be highlighted
the important contraction in the ¢ distance and the Ni/Co-O bond distance.
Amow et al., [36] suggested the reduction of the c cell parameter can be
related with electronic state of cobalt ions and this change could be induced by
the higher bonds covalency of Ni-site and the smaller La-site radius. On the
other hand, this contraction in ¢ parameter and Ni/Co-O bond length increases
the La/Pr-O bond distance. All these changes produce the cell volume
reduction.

Regardless of the cation introduced, the strength of the Ni/Co-O bond is
enlarged while the La/Pr-O bond distance is increased, improving presumably
the anisotropic diffusion of oxygen and the electrochemical properties as will
be discussed below. Furthermore there is a bigger influence of Pr and Co in the
c cell parameter, a and b are almost maintained.

Besides of X-ray diffraction measurements, the iodometric titration at room
temperature was used to determine the oxygen hyperstoichiometry (8) for
LNO, LPNO, LNCO and LPNCO. Na,S,0; solution was used as reagent for the
iodine titration and N, was flowed into the solution to avoid the reoxidation of
the solution. Each compound can accommodate different quantity of
hyperstoichiometric oxygen. LPNO allows incorporating higher content of
oxygen (6=0.16) [17], since Pr has an oxidation state of +4/+3, smaller radii and
also higher La/Pr-O distance than the pristine La,NiO,,s. In addition, it seems
that the Ni/Co-O bond energy, the oxidation state of Co and the relatively
bigger La-O distance permits to accommodate higher content of oxygen in the
rock-salt layer as interstitial arriving until 6=0.2 for LNCO. Finally LPNCO has
the highest oxygen hyperstoichiometry being 0.21, the contribution of both
cations in the structure can increase the oxygen content at room temperature
(Figure 6.4).
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Figure 6.5: Oxygen hyperstoichiometry as function of temperature in air. Results obtained by
TGA.

Finally, the variation of the oxygen hyperstoichiometry of LNO, LPNO, LNCO
and LPNCO was measured by thermal gravimetric analysis. As can observe in
Figure 6.5, the trend obtained at room temperature is maintained for all range
of measured temperatures; i.e., LPNCO>LNCO>LPNO>LNO. Furthermore, as
the temperature is increased, the oxygen excess is reduced, due to release of
oxygens in the compounds.

6.2.1.2. DC total conductivity measurement

Some authors have reported predominant p-type conductivity [37-40] of
La,NiO4.5 based phases, where the electronic conductivity takes place by
electron holes in the structure. Furthermore, the total ionic conductivity in
oxides with K,NiF, structure consists of two contributions; (a) the interstitial
sites in the rock-salt-type layer, due to the sufficient space to accommodate an
excess of oxygen at expense of the oxidation of the Ni sites cations, and (b)
oxygen vacancies in the perovskite-like layer, both independent. The
preferential oxide ion mechanism for these K,;NiF,-based materials has been
widely studied, being higher in the a-b plane (perovskite-like layer or rock-salt-
layer) than in the c plane (between the different layers) [18, 39].
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The total electrical conductivity of sintered bar-shaped samples at 1430 °C (5h)
was determined under air using the four-probe DC technique in the 450-800 °C
temperature range. The conductivity of each composition under air as a
function of temperature is presented in Figure 6.6.
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Figure 6.6: Total conductivity results in air for the different La, yAxNi;.yByO,, s synthesized
compounds.

Two different behaviors can be ascribed from the Figure 6.6 depending on
whether Co is present in the compound structure or not. Firstly, compounds
with Co undergo a change in the Ni/Co-O bond reduction upon heating, which
can be related with the coordination environment variation. The higher redox
activity of Co than Ni induces a change in the Ni/Co-O covalency and in the
transport properties [31]. In the present thesis, the cobalt-containing
compounds exhibit a continuous increase of conductivity with increasing
temperature (Figure 6.6), that should be ascribed to the introduction of Co in
Ni position, which increases the a distance, enhancing the oxygen mobility in
the ab plane, and changes the Co/Ni-O bond distance (higher covalency),
affecting the electronic behavior. As can be inferred from Figure 6.6, there is a
change in the activation energy above 600 °C for LNCO and LPNCO. It has been
reported [31] a variation in the activation energy for the oxide ion diffusion
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mechanism. In addition, at high temperatures the reduction of the Co* ions
prevailing (Ni/Co)*? ions will slightly diminish the oxygen hyperstoichiometry
(as was determined by TG results (Figure 6.5)) or fraction of oxygen vacancies
in the perovskite layer. This change would be related with the aforementioned
effect on the loss of oxygen hyperstoichiometry, which involves a change from
interstitial to vacancy conduction mechanism [31].

On the other hand, for compounds without Co there is a cation reduction
when increasing the temperature, which results in the concomitant release of
molecular oxygen, confirming the formation of oxygen vacancies at the
expense of p-type electronic carriers [40] (electrons holes). Consequently at
high temperatures the total conductivity decreases for these cobalt-free
compounds (metal-like behavior), since the effect of the reduction of electron
hole concentration prevails over the thermal activation of p-type conduction
and the oxygen vacancies generation, as can be ascribed from Figure 6.6 for
LNO ,NdNO and LPNO.

All synthesized compounds present higher conductivity than the parent
La,NiOg.s, indicating an improvement of the conductivity by partial substitution
in La and Ni site. Changes in the cell parameters (Table 6.2) produce some
improvements in the total conductivity values. The introduction of Co in Ni
position increases the a distance, thus enhancing the oxygen mobility in the ab
plane and changing the Co/Ni-O bond distance (higher covalency). Both
variations in the structure produce higher conductivity for the substituted
material in all the temperature range tested compared to the parent non-
substituted LNO compound. Nevertheless, the replacement by Pr reduces the
cell parameters but increases the conductivity [33]. This can be associated with
the improvement of electronic conductivity when shorter Ni-O bond distances
are observed, since the electronic conductivity prevails to the oxygen
conductivity in the measured temperature range.

As can be ascribed from Figure 6.6 LNCO compounds has the highest
conductivity values at the cell operation temperature (900-600 °C), followed by
NdNO and LPNO. It seems that the reduction in the cell volume, the change in
the cell parameters, as was observed in the section, and some other possible
changes (higher oxygen exchange and diffusion coefficient, higher electron
holes concentration, etc.) lead to an improvement of the total conductivity of
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the material. The total conductivity obtained for these materials makes them
suitable as SOFC electrodes.
6.2.1.3. Electrochemical impedance spectroscopy measurements

6.2.1.3.1. Temperature influence on EIS results

In order to study the performance of the different materials as SOFC
electrodes, powders of the different materials were milled to obtain a
homogenous particle size for the ink preparation. Symmetrical cells were
tested by means of EIS. Inks of different compounds were screen printed on
both sides of GDC and calcined at 1050 °C (2h). SEM cross-section images of
each compound after electrochemical measurements are shown in Figure 6.7.
The porosity of the electrodes was adequate for gas diffusion and their
thickness was around 22-30 um.

Figure 6.7: SEM micrographs of the different electrodes measured as symmetrical cells.

The enhancement of the electrocatalytic properties with the co-doping is
shown in terms of the electrode polarization resistance (Rp) in the Figure 6.8.
Full electrochemical impedance results were processed for obtaining the
resistance assigned to each electrode (Rp). The contributions assigned to
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electrolyte (function of temperature) and contacts related with the real
resistance were not taken into account. The electrode resistance values were
corrected with the area and divided by two to obtain the polarization
resistance (Rp). It has been reported that by increasing the temperature the
dissociation of molecular oxygen into atomic ion oxygen is favored [41], as well
as the oxygen diffusion and surface oxygen coefficients [18, 30, 42]. Thus, as
temperature increases, the overall Rp is decreased. Irrespective of the
dopants, the corresponding polarization resistance for each synthesized
compound is lower than the parent La,NiO4s resistance at the whole
temperature range. This fact confirms that the substitution of La and Ni by Pr
and Co significantly enhances the performance of the electrode. Thus, the
improvement obtained by the variation of the cell parameters and the
influence of the dopants was confirmed. The polarization resistance from the
lowest to highest the value was obtained with NdNO, LPNCO, LPNO, LPNO11,
LNCO and LNO.
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Figure 6.8: Polarization resistance values in an Arrhenius plot of the different MIEC electrodes
in a temperature range from 900 °C to 600 °C. The numbers in parentheses are the activation
energies (E,) of each compound.
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On the other hand, LNCO which exhibits the highest conductivity (900-600 °C)
as shown in Figure 6.6, has the highest polarization resistance when compared
with the other co-doped compounds. It can be concluded that there is not a
direct relationship between total conductivity and polarization resistance
behavior. This behavior can be explained in terms of the different factors that
also affect the value of the polarization resistance, such as interface electrode-
electrolyte, electrode microstructure or the electrocatalytic activity of the
compound for the oxygen reduction reaction (ORR).

In addition, LPNO11 with some impurities in the compound, as was shown in
the X-ray diffraction patterns, reduces the Rp in comparison with the parent
LNO. Paying attention to the conductivity results (Figure 6.6) there is also an
improvement for this compound too. The enhancement of the LPNO11
compound was confirmed despite the small impurities, but any conclusion can
be extracted from the results, since the enhancement could come from the
small impurities (nanoparticles, catalyst, etc.).

In addition, there is not a big difference in terms of the activation energy for all
compounds. The lowest Ea is obtained for the compounds with Pr in the
structure (Figure 6.8). The introduction of Pr improves the electrocatalytic
activity for oxygen reaction reduction and that fact has been reported for
different authors [14, 15, 33, 43]. Indeed, LPNCO electrode shows the best
electrochemical results at lower temperatures with similar performance than
the well-studied Nd,NiO4.s at the highest tested temperatures. The double
substituted compound (LPNCO) has both the electrocatalytic improvement of
Pr[14, 15, 33, 43] and the reduction of Co(Ni)-0-Co(Ni) bond induced by the Co
partial substitution which improves the total conductivity of the compound.

6.2.1.3.2. Co-doped influence on EIS results

The synthesized materials, with the partial substitution in La and Ni positions,
improve the performance as SOFC cathodes of the parent LNO. In order to
understand this enhancement, EIS spectra recorded at 750 °C were fitted using
an equivalent electrical circuit. LPNO11 was no selected in order to focus only
on single phases; LNO, LPNO, LNCO and LPNCO. All compounds were fitted by
LRg-(RLF1-CPELF1)-(RLF2-CPELF2) circuit, where L is the inductance related to
the platinum wires and equipment connections. Ry is a real resistance
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associated with the electrolyte resistance (dependent on the operation
temperature), and CPEs are Constant Phase Elements.
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Figure 6.9: (a) Nyquist and (b) Bode plots at 750 °C for the different electrodes in air(c) Results
of the equivalent electrical circuit fitting at 750 °C (d). Schematic representation of the
equivalent electrical circuit used for the EIS fitting.

Two different contributions can be distinguished in the Nyquist plot for all
compounds at 750 °C (Figure 6.9 (a) and (b)), both related to low frequency
processes (43-657 Hz).The capacitances associated for LF processes are in the
range of 5-:10° and 2-10" F/cm® and are in accordance with the values
obtained by Mauvy et al., [41]. According to these capacitances, obtained from
the equivalent electrical circuit fitting, and the results reported from some
authors [41, 44-46], the arc at the lowest resistance (LF1) could be originated
from molecular oxygen dissociation in the electrode surface, whereas LF2
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could be related with the charge-transfer reaction occurring on the
electrode/gas interface. As can be inferred from the graph (Figure 6.9 (c)), the
incorporation of a dopant in La or Ni sites improves the performance of the
electrode, obtaining lower polarization resistance values and enhancing LF1
and LF2 processes.

The reduction of RLF1 due to Pr incorporation could be ascribed to the
enhancement of the catalytic properties [14, 15] associated with Pr mixed
inherent valence (+3/+4) and the reduction in the activation energy of both the
oxygen surface exchange coefficient (knem) and the oxygen diffusion coefficient
(Dehem) [47]. Consequently, the oxygen dissociation reaction could be
improved. Additionally, the partial substitution of La by Pr in the La;NiOg.s
structure, leads to a higher hyperstoichiometry (6=0.16) [48]. Furthermore, the
mixed valence of Pr (+3/+4) can play an important role in the electronic
conductivity promotion [49, 50] at the surface. As a result of both
contributions a huge reduction in the RLF2 is obtained.

On the other hand, the introduction of Co in the Ni-site can slightly improve
the polarization resistance related with LF1. As a general rule, the addition of
Co in the parent La,NiO,4 structure produces an enhancement in the oxygen
surface exchange coefficient (kgem) and the reduction of the activation
enthalpy for this process [51-53]. Then, these kinds of materials have higher
electrocatalytic activity than non-substituted compounds, and low frequency
processes (molecular oxygen dissociation) are improved.

Moreover, the presence of both Co and Pr (LPNCO) in the structure can
improve the performance of the symmetrical cell, obtaining the lowest
polarization resistance, due to the accumulative properties effect of both
dopants.

In addition, a stability test of LPNCO electrode was performed at high
temperature (900 °C) by means of EIS measurements (Figure 6.10) recorded
with time, obtaining a degradation slope as low as 1-10® Q-cm?/min, and it
seems that this value can be related with the Solartron equipment error.
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Figure 6.10: LPNCO electrode polarization resistance values as function of time in air at 900 °C.

6.2.1.3.3. LPNCO temperature influence on EIS results

Since LPNCO is the best electrode material synthesized, a deep study will be
performed in order to distinguish the different processes that take place in the
electrode. Firstly, the operation temperature influence was checked, thus, the
EIS spectra as function of temperature were fitted by using an equivalent
electrical circuit. Even though it seems that there is only one arc in the
electrochemical impedance spectra (e.g., the EIS spectrum of LPNCO at 750 °C,
Figure 6.9 (a)), with a more in-depth analysis, two arcs can be distinguished.
Both arcs are coupled and appear at the same frequency range (low frequency)
making difficult to differentiate them. Then, the electrochemical impedance
spectra were fitted by LRq-(RLF1-CPELF1)-(RLF2-CPELF2) or LRq(RLF1-CPELF1)-
(RLF2-CPELF2)-(RHF-CPEHF) depending on the operation temperature, since at
low temperatures another process takes place and it has been labeled at RHF.

Results obtained from the fitting of the different equivalent electrical circuits
are shown in Figure 6.11. The low frequency processes (LF1 and LF2) have an
associated capacitance that goes from 1-102 to 8107 F-cm™, whereas the
frequency range falls between 7-10% and 5-10° Hz. Capacitance remains almost
constant for LF1 and LF2, but the frequency has a different trend and
decreases by decreasing the temperature. Predictably, lower temperatures
make processes slow; consequently lower frequencies should be expected.

On the other hand, an additional resistance with higher frequencies (1-10°-
6-10° Hz) and lower capacitances (1-:107-8-10" F-cm™) appears at temperatures
below 550 °C. This resistance appears at 550 °C with negligible effect but
becomes more important at temperatures below 450 °C. As many authors
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(a)

have been reported previously [41, 45, 54, 55], the HF contribution can be
assigned to the electrolyte material due to the bulk and gran boundary
conductivity contribution. The difference between GDC and LPNCO materials,
in terms of the ionic conductivity, acquires greater relevance at low
temperatures. Since the conductivity of LPNCO is higher than the GDC
electrolyte, ions are blocked in the electrode-electrolyte interface.

As can be inferred from the Figure 6.11, the low frequency processes (LF1 and
LF2) are overlapped below 600 °C. Usually, LF processes can involve different
stages in the ORR as; the molecular oxygen dissociation, oxygen adsorption,
chemical diffusion through the bulk and charge transfer on the electrode
surface (interface gas-electrode) [41, 45, 56, 57]. The capacitance values of low
frequency contributions (CLF1 and CLF2) are non-dependent on the
temperature (Figure 6.11). Not changes in the microstructure [58] and/or in
the electrocatalytic activity of the electrode for the ORR could be assumed
from this behavior. According to the capacitances obtained with the fitting and
the results reported from some authors [41, 44-46], the arc with the lowest
resistance (LF1) could be originated from molecular oxygen dissociation in the
electrode, whereas LF2 could be related with the charge-transfer reaction
occurring on the electrode/gas interface.
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Figure 6.11: (a) Overall polarization resistance (Rp) and the different contributions, (b)
capacitances associated and (c) frequencies after equivalent electrical circuit fitting of LPNCO
as function of temperature in air.



La,.xAxNi1.,B,04.5 electrodes for ionic electrolytes 183

6.2.1.3.4. LPNCO pO,influence on EIS results

As to check the pO, influence on the electrode performance, the different
contributions at different oxygen partial pressures were studied by fitting the
EIS spectra with an equivalent electrical circuit (Figure 6.12). The results
obtained from the fitting of the equivalent circuits for two different
temperatures (900 and 750 °C) are presented in Figure 6.12. Two arcs can be
distinguished in the Nyquist plot (Figure 6.12) for all oxygen partial pressure
tested at 900 °C, one related with a process at low frequencies (LF) and
another with low-low frequencies (LLF). Thus, the following equivalent
electrical circuit was employed; LRq-(RLLF-CPELLF)-(RLF-CPELF). The resistance
of the LF and LLF processes increases when the oxygen partial pressure
decreases. However at 750 °C was necessary to use two different equivalent
electrical circuits. One of them was composed of two resistances in parallel
with two CPE whereas the second one was composed of three resistances
(LRq(RLLF-CPELLF)-(RLF1-CPELF1)-(RLF2-CPELF2)), two related with LF and
another one with LLF.
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Figure 6.12: Equivalent electrical circuit fittings results: (a) resistance at low frequencies (LF)
and medium frequencies (MF), (b) capacitance and (c) frequency at 750 °C and 900 °C at
different pO,. (d) EIS measurements at 900 °C with different pO, for LPNCO.
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At low oxygen partial pressure (<0.02 atm) the highest contributions are LF1
and LLF for 750 °C and 900 °C, respectively (Figure 6.12). However, at higher
oxygen partial pressures the resistance with higher frequencies becomes
predominant, being LF2 at 750°C and LF at 900 °C. In short, the arc at the much
lower frequency side becomes dominant at low oxygen partial pressure,
whereas at higher oxygen partial pressure the arc with higher frequency is
more important (Figure 6.12 (d)). This behavior indicates a change in the rate-
limiting process with the oxygen partial pressure. Mauvy et al., [41] studied
this phenomenon for Nd; 9sNiO4,5, where the limiting process change with the
oxygen partial pressure. They could check this trend working until a much
lower oxygen partial pressure (9.5-:10* atm). As have been explained above,
low frequency resistances are usually related with the mechanisms in the
oxygen reduction reaction on the electrode surface, as the molecular oxygen
dissociation, oxygen adsorption and charge transfer reaction occurring on the
electrode/gas interface [41, 56]. RLF, RLF1 and RLF2 resistances have a
capacitance [59] around 8-10° and 2:10 F/cm? for all oxygen partial pressure
range and at both temperatures. This capacitance does not vary significantly
with the oxygen partial pressure, indicating that the surface properties of the
electrode related with this LF range are maintained. Nevertheless, the LLF
resistance has a capacitance much higher for both operation temperatures
(Figure 6.12 (b)).

It is well known that the oxygen reduction in the cathodes of SOFC happens by
different steps: (1) diffusion of O, molecules into the electrode, (2) adsorption-
desorption of O, on the surface of the electrode, (3) dissociation of O,
molecule into O species, (4) charge transfer from the electrode to O species,
(5) incorporation of O%in the crystal lattice of the electrode, and (6) transport
of 0% ions from the electrode to the electrode/electrolyte interface [11].

In order to discern and confirm the nature of the limiting steps in this material
and the species involved, the different resistances calculated were fitted with
the pO, by means of the m parameter [1, 42, 56, 60-64]. As was described in
the Improvement of BSCF performance by B site dopants (Chapter 5.2.2.2.2),
this value can be correlated with the different species involved in the oxygen
reduction reaction. When the molecular oxygen is involved, m=1, if the atomic
oxygen is limiting the reaction, m=1/2 and if the charge transfer is the limiting
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step, m=1/4. Furthermore, some authors have developed a dependence of
m=3/8, being the atomic oxygen diffusion and charge transfer the limiting
steps (O g+e €5074).

The m values of the dependence between the oxygen partial pressure and the
resistances for 900 and 750 °C are presented in the Figure 6.12 (a). The lowest
frequency resistances at both temperatures (LLF) can be correlated with the
process where the molecular oxygen is involved. Higher frequencies for 900 °C
(LF) and 750 °C (LF1) with a m value = 3/8 can be related with the atomic
oxygen diffusion and charge transfer on the electrode surface. Finally the
highest frequency (LF2) that appears at 750 °C, with a value of %, can be
correlated with the charge transfer as was listened before (Equation (5.5)).
Additionally, the interstitial oxygen mechanism should be kept in mind for
these type of compounds, since the charge transfer is also involved (O’ 4 + € +
Vi, & 0+ 2h’). Furthermore this value of m = % shows an adsorption
mechanism that follows the Langmuir’s isotherm [65].

It seems that at 750 °C the charge transfer process (LF2) prevails, appearing
and being the limiting step in the ORR at high oxygen partial pressure. In
addition, the oxygen dissociation mechanism (LLF) seems to be the lowest
resistance at both temperatures at high pO,. However at 900 °C, LLF resistance
becomes predominant at low oxygen partial pressure.

6.2.2. Fully-assembled cell

6.2.2.1. SEM micrographs characterization

Finally, the LPNCO material was tested as cathode in a fully-assembled solid
oxide cell. The different layers of the fully-assembled fuel cell can be observed
in Figure 6.13. LPNCO electrode is finely deposited on top of the screen-printed
porous gadolinium doped ceria layer, no reaction between both materials can
be noticed in the image at operation conditions [66]. This GDC interlayer was
selected in order to avoid the reactivity with the YSZ electrolyte material. As
can be ascribed from Figure 6.13 (a), there is a good attachment between all
layers. As it is shown in the electrodes magnification image at the (Figure 6.13
(b)), the grain size of both electrode layers (LPNCO and Ni-YSZ) is very similar
giving adequate porosity for gas diffusion. Furthermore, YSZ electrolyte layer,
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with a thickness of ~7 um, is fully dense, with some close porosity, whereas the
GDC interlayer has ~4 um of thickness and is well connected with electrode
and electrolyte (Figure 6.13 (a)).

Figure 6.13: SEM micrographs of the fully-assembled fuel cell; Ni-YSZ/YSZ/GDC/LPNCO.

6.2.2.2. Fuel cell mode performance

The LPNCO/GDC/YSZ/Ni-YSZ fully-assembled fuel cell performance at different
temperatures and working with humidified hydrogen and dry air in the anode
and cathode, respectively, is shown in Figure 6.14. Maximum power densities
achieved with these operating conditions are 385, 258 and 126 mW-cm™ at
700, 650 and 600 °C, respectively. A high OCV value is maintained at all tested
temperatures, indicating the goodness of the sample sealing. i-V curves for all
range of temperatures measured shows predominantly the regime associated
with the resistance of electrodes and electrocatalyst. However, the
concentration polarization at the highest current densities can be inferred for
the highest temperature.
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Figure 6.14: i-V and i-P curves for the fully assembled fuel cell at different temperatures,
working with air in the cathode and wet hydrogen in the anode.

These results confirm that LPNCO electrode seems a suitable cathode for IT-
SOFC applications. An et al., [67] obtained power densities of 76 mW-cm™ at
600 °C using a pure electronic conductor cathode (LSM) on Ni-YSZ/YSZ tape
casted anodes, without any active layer. Nevertheless, Tsai et al., [68] studied
a composite cathode (LSM/YSZ) on a YSZ/Ni-YSZ anode cell with a
(Ce0,)0.24(Y203)0.16 as interfacial layer, with a cell performance of ~250 mW-cm’
23t 0.7 V and 700 °C. However, the LPNCO-based SOFC, tested in the present
thesis, shows a power density of 308 mW-cm™ at the same voltage. On the
other hand, a Ni-YSZ/YSZ/GDC anode supported fuel cell was measured by
Serra et al., [69], using a LagsgSro4FesCop ;035 (LSFC) cathode instead. They
obtained a power density of 293 mW-cm? at 0.7 V, showing a similar
performance than the LPNCO-based cell tested in this work. However, authors
were aware that further improvement had to be done in the SOFC cathode
microstructure in order to improve the overall cell performance.
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6.2.2.3. Electrolysis mode

The same fully-assembled cell (LPNCO/GDC/YSZ/Ni-YSZ) was tested as steam
electrolysis cell. The hydrogen flows produced in the steam electrolysis at 700
°C are shown in Figure 6.15 (b). The produced hydrogen flow was stable during
the time that a constant current was applied to the cell. The theoretical value
of hydrogen production was calculated according to the Faraday’s equation
and is plotted in Figure 6.15 (a). As can be ascribed from the Figure 6.15 (b)
hydrogen is generated even at very low current densities, following the trend
of the calculated by Faraday’s. When the current density increases the
efficiency of the steam electrolysis is reduced, increasing the gap between
calculated and measured values (Figure 6.15 (b)). This reduction in the
hydrogen production agrees with the change in the cell voltage trend. Current
densities above of 80 mA-cm™ produce a huge cell voltage rise and as a result
the cell voltage surpasses the thermoneutral voltage (V) (1.28 V in these cell
conditions) [70].
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Figure 6.15: (a) i-V curves and (b) measured and theoretical hydrogen production in steam
electrolysis mode.

As can be discerned form Figure 6.15 (a), when the cell overtakes the
thermoneutral potential, the hydrogen production efficiency is reduced and
the cell potential drastically increases. The first explanation might be
attributed to the fact that the electrolysis is an endothermic process, and when
the cell operates above thermoneutral voltage (exothermic mode) the
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temperature increases and the electrical efficiency obtained is below 100 %
[71-73]. The presence of electronic conductivity in YSZ in the electrolysis mode
[74] could be another reason for the lower cell efficiency. Mogensen et al., [75]
calculated the electronic leak current densities as function of some parameters
as voltage, temperature and electrolyte thickness. They found that higher
electronic leakages are produced at higher temperatures, or/and higher
voltages and/or thinner YSZ electrolytes. Taking into account the thickness of
the electrolyte in the present work (= 7 um) and the high voltages obtained
above 80 mA/cm?, it seems appropriate to assign the low faradic efficiency
(difference between the hydrogen obtained and the hydrogen calculated by
the Faraday’s law) to this electronic leakage and heating of the sample (since
Vi, was overtaken).

6.2.2.4. Co-electrolysis mode

For the co-electrolysis test 180 mL-min™ of Ar and 20 mL-min™ of CO, were
introduced in the Ni-YSZ cathode side. Different constant current densities
were applied for 20 minutes.

The CO and H, flows obtained by co-electrolysis of CO, and water are
presented in Figure 6.16 (b). As can be ascribed from the Figure 6.16 (b), the
CO flow produced is higher than the hydrogen, under these experimental fed
conditions. In contrast to water steam electrolysis, three reactions are involved
in the H,0/CO, co-electrolysis mode:

H,O + 2e=> H, (g)+ O* (6.1)
CO, +2e> CO (g)+ O (6.2)
H,0 + CO <> H, + CO, (6.3)

Due to the higher amount of CO, fed in the cathode chamber, it seems that the
equilibrium of the WGSR reaction is shifted to the CO formation. As was
described in the above section the water electrolysis takes place with high
efficiency at low current densities, but in the co-electrolysis mode, part of the
hydrogen produced is quickly recombined with CO, (Equation (6.3) producing
additional CO to the amount obtained by electroreduction.
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Figure 6.16: a) i-V curves for steam electrolysis and co-electrolysis and (b) measured hydrogen
and carbon monoxide production in co-electrolysis mode.

The i-V curves for the LPNCO/GDC/YSZ/Ni-YSZ cell under electrolysis and co-
electrolysis modes are shown in Figure 6.16 (a). Since the hydrogen generation
is related with the current density by the Faraday’s law [76, 77]. Lower
voltages at high current densities will allow the production of higher amounts
of hydrogen (and/or CO), increasing the efficiency. With this premise, the co-
electrolysis mode exhibits better performance than steam electrolysis mode.
For instance, at ~120 mA-cm™ there is a difference of 0.4 V between single
water and H,0/CO, co-electrolysis (Figure 6.16 (a)). The optimal operation
potential for water steam electrolysis and co-electrolysis should be close but
below the thermoneutral potential, where cells operate without losing or
requiring energy (adiabatically) [78-80]. When the cell is operated above the
Vi, the efficiency of the cell for the conversion of electricity into chemical
energy decreases [81]. The thermoneutral potential of the water electrolysis at
700 °C is 1.28 V whereas for “single” CO, electrolysis is 1.47 V [82]. Under co-
electrolysis mode V;, value should be appear in between both values.

In addition, the co-electrolysis mode efficiency was calculated with Equation
(4.15), (4.16) and (4.17) and is presented in Figure 6.16 (b). At high current
densities (126 mA/cm?), the total efficiency of the process is around 96 %, all
current applied produces hydrogen or carbon monoxide. However, at low
current densities the efficiency decreases, indicating that the equilibrium of
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the reactions does not turn to the H, and CO production, obtaining high CO, or
H,O content in the outlet stream.

6.2.2.5. Thermodynamic simulation of co-electrolysis

In order to corroborate the results obtained of the CO and H, produced under
co-electrolysis mode, a thermodynamic simulation was done. The three
reactions described above (Equation (6.1), (6.2) and (6.3)) were taken into
account for the simulation. For this purpose ASPEN PLUS v8.0 software was
employed. The operation conditions for the co-electrolysis mode were the
same as used experimentally: temperature of 700 °C, system pressure of 1
atm, 20 mL-min™ of CO, and 2.5% vol. of H,0. The final composition of the
thermodynamic equilibrium was obtained by using a Gibbs reactor. The effect
of current density applied on the equilibrium for the co-electrolysis mode at
the operation condition is shown in the Figure 6.17, as the gas flow rate versus
the current density.
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Figure 6.17: Thermodynamic results for the co-electrolysis simulation at 700 °C.

Higher current densities produces bigger difference between H, and CO flow
rates, as can be inferred from the Figure 6.17. Indeed, the trend obtained by
the experimental data (Figure 6.17) is maintained for the equilibrium results,
where the CO production is higher than the H, and the difference increases
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with the current density applied. Thus, it is demonstrated the effect of the
WGSR reaction mentioned above, where the introduction of CO, shift the
equilibrium to the CO production at 700 °C.

6.3. Conclusions

This chapter summarizes the study of La, xAxNi.yByO,.s cathodes for IT-SOFC.
The substitution of Pr in the La site and Co in Ni site induces the reduction of
the length of c cell parameter, even though the orthorhombic Fmmm structure
is maintained. Additionally, Ni/Co-O bond distance is reduced and the
electronic conductivity is improved whereas the enlargement of La/Pr-O bond
and the higher hyperstoichiometry lead to a higher ionic conductivity,
compared to the non-substituted parent material. On the other hand, all
studied materials showed a p-type conductivity and the total conductivity
behavior depended on the dopant. For instance, the Co substitution in the
materials gives a non-metallic-like behavior (in the measured temperature
range) whereas the cobalt-free compounds maintain the metal-like behavior of
the parent La;NiOg;s.

These structural changes and the electrocatalytic properties of the selected
dopants cations, play an important role in the improvement of the low
frequency processes for the oxygen reduction reaction. This fact makes that
these materials improve the fuel cell performance by reducing Rp for all
compounds. The best cathode performance was obtained for
La;sProsNigsC0g,04.5 compound at tested temperatures, with similar recorded
values than the well-studied Nd,;NiO,.s SOFC cathode.

On the other hand, temperature influence and oxygen partial pressure was
studied by means of EIS and fitting with an equivalent electrical circuit.
La;sProsNipsC00,04+5 changed the limiting mechanism when the oxygen partial
pressure (p0O,) was decreased below 0.02 atm. Finally, the resistances at the
different frequencies were fitted as function of pO,. The relation between the
resistance and pO, showed that the limiting steps, in the La; 5ProsNipgC00 2045
electrode, were the molecular oxygen dissociation and charge transfer in the
electrode surface.
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The fuel cell performance with this La; sPrgsNigsCog,04:5 material as a cathode
was similar to other state-of-the-art MIEC cathodes, obtaining values of 385
W-cm™ at 700°C for the Ni-YSZ/YSZ/GDC fully-assembled fuel cell.

Moreover, La; sPrgsNigsCo0,04:5 tested as anode for electrolysis seems to be
active for the oxygen oxidation during the electrolysis and co-electrolysis
mode. Better performance in the co-electrolysis mode was obtained with
lower cell voltages than the steam electrolysis. The produced ratio of H, and
CO measured in the co-electrolysis mode test was demonstrated by a
theoretical thermodynamic equilibrium simulation. Under co-electrolysis mode
the CO amount produced was higher than the H, production, due to the WGSR
reaction involved.
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7. LSM electrode improvement strategies

7.1. Introduction

The reduction of the operation temperature of conventional SOFCs is very
challenging but will be very beneficial to avoid the use of expensive building
materials and to enlarge the stack lifetime. LSM (LaggSro,MnO0s) is still the
material of choice for cathodes due to its stability, electronic conductivity and
compatibility with different materials such as yttria stabilized zirconia (YSZ),
doped ceria or perovskites. However, the optimal operation of this cathode is
reached at high temperatures (above 800 °C) [1]. In order to reduce the
operation temperature it is necessary to enlarge the three phase boundary
(TPB) length, since LSM is an electronic conductor and the TPB is limited to the
electrode-electrolyte region exposed to the gas [2]. In this way, a second phase
can be used and mixed with LSM to enlarge the TPB length. For this purpose,
YSZ is industrially preferred at high temperature since is compatible and one of
the state-art materials. However, GDC (CepgGd,0,.5) is a superior ionic
conductor at intermediate temperatures (< 700 °C). Furthermore, GDC is
compatible with LSM and mixed with LSM can promote the presence of
percolative pathways for both electrons and ions [3-5]. This strategy will
increase the TPB to the whole electrode thickness and improve the cathode
performance at lower temperatures.

However, the performance of these composite cathodes is limited by surface
related processes, such as oxygen dissociation and adsorption O,—>20,4 and
O.qte >0y [3, 6, 7]. Thus, the use of a suitable catalyst is decisive for an
efficient SOFC cathode development. In this chapter, Pr, Sm, Ce, Zr, Ba and Co
oxides are brought onto the cathode and act as oxygen reduction catalysts due
to their redox character and particular adsorption properties. In order to
preserve the nanoscale of catalyst and good dispersion [8], the infiltration was
performed on sintered and well-consolidated LSM-GDC electrodes, instead of
incorporating it in the LSM-GDC cathode inks prior to electrode firing [9, 10].

7.2. Results and discussion

In order to improve the cell performance of the LSM state-of-the-art material,
different strategies were followed (Figure 7.1). First, a composite electrode
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was manufactured by mixing an electronic phase (LSM) and ionic phase (GDC).
After that, different oxides were infiltrated in the LSM-GDC electrodes.

(a) Addition of an (b)

ionic phase
LSM LSM GDC
Electrolyte v 0 40% VO~ ‘ v 0¥ 40% y O Electrolyte
GDC GDC
Pure electronic Composite cathode
conductor cathode
Addition of a
(c)

) nanocatalyst
Nanoparticles _

LM SE@EPYR ey GDC
y 0% 4 0 {O% Electrolyte
GDC
Composite + nanocatalyst

cathode

Figure 7.1: Improvement strategy for electrodes; (a) electronic conductor electrode, (b)
composite electrode and (c) composite electrode and catalyst nanoparticles.

7.2.1. Symmetrical cells characterization

7.2.1.1. Phases compatibility

Firstly, in order to check the compatibility between LSM and GDC phases after
electrode sinterization, powders of both phases were mixed by the agate
mortar and calcined at 1150 °C during 2 hours. The Figure 7.2 shows the XRD
pattern of the composite powder after calcination. As can be ascribed from the
graph, both phases are compatible and no extra peaks from secondary phases

are observed.
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Figure 7.2: LSM and GDC compatibility test at 1150 °C (2h). * XRD holder.

7.2.1.2. XRD and FE-SEM characterization

Symmetrical cells were prepared by using cathodes based on LSM and LSM-
GDC backbones. The ratio (in weight) LSM to ceria-based chosen for the
composite electrode was 50/50 because it has been reported as the optimum
for SOFC LSM-based cathodes purposes [11]. GDC powder was synthesized by
co-precipitation method, whereas LSM powder was purchased from Fuel Cell
Materials (USA). The inks obtained were applied on both sides of fully-dense
GDC electrolytes. Porous electrodes (9 mm of diameter) were obtained after
calcining screen-printed layers at 1150 °C for 2 hours. A top screen-printed
gold mesh was further applied on LSM-GDC electrode in order to ensure
proper current collection.

Different 2M solutions (ethanol-water) with adjusted surface tension were
prepared with the different Co, Ba, Ce, Pr, Sm and Zr precursors for the
electrodes infiltration. The solution was dropped on the electrode, and
infiltration was carried out by capillarity.

The microstructure of the symmetrical cells manufactured is shown in the
cross-section FE-SEM analysis (Figure 7.3) after EIS test, the back scattered
electron analysis of the backbone, reveals that both phases are well distributed
around the whole electrode. Thus, the TPB of the electrode should be enlarged
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improving the cell performance. Furthermore, the electrode porosity appears
to be adequate for gas diffusion, as will be assessed in the electrochemical
testing.

As can be seen in the infiltrated electrodes, the whole electrode surface was

covered (Figure 7.3) with different oxide catalysts, and the particles sizes range
from 20 to 40 nm. The infiltrated particles are spherical, except for Pr which
presents needle-like morphology.

Figure 7.3: From left to right; back SEM backscattering electrons of the LSM-GDC backbone, Co
backbone infiltrated. Infiltrated oxide SEM maghnification; Pr, Zr, Co, Ce, Ba and Sm.
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In order to check if there is a morphology change in the nanocatalyst
infiltrated, FE-SEM images of a fresh electrode (after sintering 2 hours the
nanocatalyst, in order to obtain the morphology at the beginning of the EIS
measurements) and the electrode after EIS measurements are shown Figure
7.4. No coarsening is visible in the electrodes, which is an important factor in
the stability of the electrode operation. Furthermore, the nanocatalyst size and
morphology is retained after EIS test.

‘.‘
», j oy 100 nm

100 nm §

(c)

Figure 7.4: LSM-GDC infiltrated by Pr, calcined at 700 °C 2h (a) 100K X (c) 10 K X, LSM-GDC
infiltrated by Pr, after EIS measurements (b) 100K X (d) 10 K X.

Additionally, electrodes were characterized by means of XRD and patterns are
shown in Figure 7.5 (note the log scale in y-axis). The magnification of the
patterns is necessary in order to discern the different oxides, due to the low
intensity of the peaks. The patterns make possible to discern the different
oxides obtained after the precursors calcination. Peaks that are not pointed in
the figure were ascribed to LSM or GDC phases.
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Figure 7.5: XRD of the electrodes after infiltration and calcination. Peaks of different oxides
infiltrated are marked by symbols.
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7.2.1.3. Polarization resistance determination

The electrochemical performance of the different promoted electrodes was
studied by means of EIS on corresponding infiltrated symmetrical cells, which
were compared with the LSM-GDC (blank) and LSM electrodes. LSM was
measured at higher temperatures due to the worst performance. Comparing
the polarization resistance (Rp) between LSM and LSM-GDC composite, the
value decreases more than one order of magnitude by introducing the ionic
phase. It seems that the TPB was enlarged along the whole electrode thickness

improving the cell performance.
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Figure 7.6: Arrhenius plot of the Rp obtained from the EIS measurements for the symmetrical
cells in air. The composites infiltrated are labeled by the nanocatalyst infiltrated. Blank is the
LSM-GDC composite and LSM is the parent electrode.

Furthermore, as can be inferred from the Figure 7.6 every nanocatalyst
enhances the cell performance of the pristine sample, excepting Co and Ba. Pr
exhibits exceptional promotion behavior, i.e.,, the electrode polarization
resistance diminishes two orders of magnitude with regard to the blank
electrode. Other metal oxides show beneficial effects, namely, Ce, Zr and Sm
infiltration leads to Rp 10, 5 and 2 times smaller, respectively. The derived
activation energy (Ea) for all samples (Table 7.1) is very similar (1.14-1.22 eV),
except for Co, which exhibits significantly higher Ea. Besides, Pr electrode
shows a two-fold Arrhenius behavior: higher Ea value at high temperatures
(700-550 °C); and at low temperature (550-450 °C) an Ea value within the
guoted range observed for most infiltrated electrodes. Assuming that the
backbone is identical for all samples, the changes in Rp are uniquely ascribed
to the catalytic promotion. The particular Ea observed for the Pr electrode at
higher temperatures evidences a change in its rate limiting step. Due to the
high catalytic activity, the nature of the limiting step is presumably not related
to surface oxygen reduction process. In addition, controlled phase transition of
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this oxide has been widely investigated [12, 13]. Pr oxide undergoes a phase
transition from the ordered PrO g33 at room temperature to disordered PrO g3
at increasing temperatures, which is reflected in the electrical conductivity
behavior [14-16]. It seems that the variation of the Ea in the Rp coincides with
this phase transition.

Infiltrated | Ea (eV)

Blank 1.18
Ce 1.14

Co 1.79

Pr 1.86
1.20

Zr 1.20

Sm 1.22

Ba 1.14

Table 7.1: Ea (eV) of the cathodes in air.

Furthermore, the reproducibility of the results obtained by the infiltration was
assessed by measuring three different cells infiltrated with Pr, obtaining
practically the same electrochemical results (Figure 7.7).

T(°C)
0 700650 600 550 500 450 400
o
10 Q 3
Q

5§ 1, o) ]

<} First sample

£ 8 O Second sample
0.14 O Thrid sample 9
Q

a8 LSM-GDC infiltrated by Pr

001 3 T T T T T .
1.0 1.1 1.2 1.3 14 1.5 1.6
1000/T (K™)

Figure 7.7: Reproducibility of the LSM-GDC electrodes infiltrated with Pr measured by
symmetrical cells configuration.
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7.2.1.3.1. LSM and LSM-GDC cathode electrochemical performance

In order to discern the different contributions of the resistance, EIS
measurements were fitted to a double R||CPE equivalent circuit (Figure 7.8
(a)) for LSM-GDC electrode whereas four R||CPE elements were required
(Figure 7.8 (b)) for the LSM electrode.

(a) L Rqo RHF RMF
Q@ A \N —
CPEHF CPEMF
b — —
(b) L Rq RMF1 RMF2 RLF1 RLF1
(0] VaVa _
CPEMF1 | CPEMF2 | CPELF1 | CPELF2

Figure 7.8: Equivalent circuits used for impedance spectra results fitting.

The electrochemical results of the symmetrical cell performance demonstrated
the enhancement of the cell performance by reducing the Rp in more than one
order of magnitude. The composite should improve the polarization resistance
at medium and low frequencies, since the ionic phase can enlarge the TPB to
the whole electrode thickness. EIS spectrum of the single phase material and
composite electrode working at 700 °C in air are presented in Figure 7.9. As
can be observed from the graph, LSM electrode shows four arcs in the EIS
spectrum. The higher resistances are obtained at low (LF) and medium
frequencies (MF) (Figure 7.9). Nevertheless, the LSM-GDC electrode exhibits
only arcs at medium at high frequencies.

The fitting of the EIS spectra is presented in the Table 7.2. The dual phase
composite reduces the resistances at medium and low frequencies. The low
frequency processes are related with surface processes, and the incorporation
of the ionic phase can improve the oxygen reduction reaction. Furthermore,
the reduction at MF can be ascribed to the TPB length enlargement, since that
resistance has been previously assigned with the TPB length [6]. Thus, the
active area for the oxygen reduction is no limited to the electrode-electrolyte
interface.
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Figure 7.9: Electrochemical impedance spectra for LSM and LSM-GDC electrodes.
LSM LSM-GDC
Frequency R C f R C f
range | (Q-em) | (Ffem)) | (H2) | (@.em)) | (F/em’) | (H2)
HF - - - 0.91 2.1-10° | 8396
MF1 2.35 7.7:10° 878 1.07 2.0-10™ 741
MF2 2.76 | 3.3-10" 174 - - -
LF1 6.57 | 9.4-10" 25.9 - - -
LF2 31.67 9.7-10° 0.52 - - -

Table 7.2: Fitting results for the EIS spectrums for the symmetrical cells; LSM and LSM-GDC.

7.2.1.3.2. Stability of the infiltrated cathodes
Infiltrated | Degradation rate 700°C (Q-cm™>h™)

Blank 5.87-10"
Ce 2.00-10°
Co 7.68-10°

or 1.95-10™ (0-100 h)

-5.29-10°° (100-270 h)

Zr -3.42-10™
Sm 1.41-10°
Ba 1.38-10°

Table 7.3: Degradation rate of electrodes (Q-cm”-h™).

The stability of the infiltrated cathodes was tested at 700 °C for 1200 minutes,
and the degradation rate is listed in Table 7.3. A very slight change in the Rp is
obtained for all samples, which corroborates the stability of the infiltrated
catalyst in the measured time. Exceptionally, Zr improves the cell performance
with time, i.e., Rp decreases, which is assigned to transient activation or
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equilibration of the catalyst. A longer stability test was performed for the Pr
electrode and it is also shown in the Table 7.3. Two different behaviors can be
distinguished in Figure 7.10 (f). First there is an initial degradation or
equilibration, but after 100 hours of operation, it disappears, as can be
deduced from the almost constant Rp up to 275 h. In general, as concluded
from the degradation rate values, all the catalysts show a first equilibration
(activation and/or degradation) period until they reach their final state under
the operation conditions (Figure 7.10), after which Rp remains constant.
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Figure 7.10: Polarization resistance of LSM-GDC infiltrated in the stability test.
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Figure 7.11: Electrochemical impedance spectra from the symmetrical cell analysis.

Regarding the electrodes infiltrated, the main changes in the cell performance
should be attributed to the nanocatalyst incorporated in the electrode.
Consequently, the fitting of the EIS spectrums by equivalent electrical circuit
will shed light on the influence of the different catalysts. As was described
above, the pristine (blank) electrode shows two contributions, i.e., the highest
one at medium frequencies (MF, 0.7-7 kHz), which limits the performance, and
another one at high frequencies (HF, 8-220 kHz). MF contribution has been
associated to the coupled dissociative adsorption, transfer of species at TPB
and surface diffusion processes [6, 17, 18]. MF contributions are diminished
through the infiltration with Pr, Ce, Zr and Sm catalysts, in this order from the
highest to the lowest reached Rp magnitude. This effect is unambiguously
assigned to the enhancement of the aforementioned surface related
processes. On the other hand, HF processes become limiting in the electrode
performance as the MF processes are progressively ameliorated thanks to the
catalytic promotion. However, Ba and Co infiltrated electrodes present MF
contributions bigger than that of the blank electrode that is directly attributed
to the inhibition of surface related processes.

In addition, the stability of the different contributions was checked (Table 7.4).
The MF resistance increases with operation time (t,=1200 min), except for Zr
that diminishes. Moreover, the frequency range associated with these surface
processes is shifted towards lower values whereas the HF range remains more
or less unaltered for all samples. Finally, after 1200 min the dominant
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mechanism is still associated to HF processes, for Pr, Ce, Zr and Sm which
agrees with the absence of catalytic surface deterioration (catalyst coarsening)
revealed by SEM (Figure 7.4 (b) and (d)).

Infiltration| t | RHF | RMF RLF fHF fMF fLF
oxide | |(@-cm) (@cm) | (@cm) | (H) | (H2) | (H2)
Blank 1| 0.91 | 1.07 - 8.40-102 742

2| 090 | 1.08 - 8.61-10 740
1| 0.36 | 0.12 - 3.23-10 | 1814
Ce 2| 041 | 0.16 - 2.82:10" | 1307
1| 0.53 | 1.05 - 1.44-10° | 266
co 2| 056 | 1.37 - 1.31-10° | 185
or 1| 0.05 -~ |4.45-107| 3.84-10*
2| 0.07 -~ |5.58-10*| 3.07-10" 2
- 1| 0.41 | 0.31 - 2.61-10" | 1050
2| 040 | 0.28 - 2.21-10* | 1011
1| 0.75 | 0.35 - 9.69-10° | 1623
>m 2| 0.70 | 0.46 - 9.64-10° | 1230
. 1| 043 | 1.43 |3.38:10"|1.78:10° | 6494 17
2| 060 | 1.54 |7.80-10"|2.21-10°| 5857 15

Table 7.4: Fitting results at t1= 30 min and t2 after 1200 min for the pristine and infiltrated

samples.

7.2.1.3.3. Influence of oxygen partial pressure

To shed further light into the nature of the limiting steps in the oxygen
reduction reaction (ORR), the best electrode (Pr infiltrated) and the blank
sample were tested at different pO,. The blank sample presents three arc
contributions at 600 °C, HF, MF and LF, while the Pr sample has only two
contributions, HF and M-LF (medium-low frequency, 300-1500 Hz). Each
contribution can be related with the oxygen partial pressure by the equation
R; x PO_Zmi and m clarifies the limiting step in the ORR [19, 20]. Figure 7.12
depicts the modelled resistances, capacitances and frequencies for the
different contributions.

The non-infiltrated electrode shows a pO, independent (m=0) HF contribution,
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which can be assigned to the ionic transport of the composite. The limiting
processes associated to MF and LF slightly increase when decreasing the pO,
with m =0.12 and 3/8, respectively. The value of 3/8 is related with the partial
reduction of the atomic oxygen (Oyq + €~ = Ogy). However the m value 0.12
observed for MF processes origins from the combination of two different
mechanisms, the transport of the partial reduced atomic oxygen to the TPB
(054 = O7pg) m=1/4, and the total reduction of oxygen (O7pg + €~ = 0%pp)
with m=0.

The Pr infiltration decreases mainly the resistance at L-M frequencies and
slightly the HF associated resistance, which in this case limits cathode
performance. This HF contribution is also pO, independent as corresponds to
the limiting ionic conductivity. The slight decrease of the resistance can be
assigned to Pr oxide properties that promot the surface diffusion of oxygen
species to be transported in contrast to the parent sample. Further, LF
processes can be assigned to the transport of partial reduced atomic oxygen to
the TPB (m=1/4) [20, 21].

The capacitances associated with the limiting processes can be divided in three
groups depending on the range of frequencies for both materials. L and L-M
frequencies processes, related with the transport of the partial reduced atomic
oxygen to the TPB and the partial reduction of the atomic oxygen, have a
capacitances in the range of 3-10° -1-10 F/cm® On the other hand, the HF
processes have the lowest capacitances; 1.4-2.4-10* F/cm?. Finally, the
medium frequencies; where the transport of the partial reduced atomic
oxygen to TPB and the total reduction of oxygen is involved have a value of
capacitance ~ 5-8-10° F/cm’.
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Figure 7.12: Fitting results of the (a) resistances (b) capacitances and (c) frequencies for High
(HF), Medium (MF), Medium-Low (M-LF) and Low frequencies (LF) at 600°C for different pO,
and m value for the different frequencies.

7.2.2.

7.2.2.1.

Fully-assembled cell performance

Fuel cell mode performance

To confirm the results obtained by symmetrical cells the best cathode and the
blank were tested as fully-assembled fuel cell. For this purpose, an anode-
supported cell based on Ni-YSZ anode and 8um-thick YSZ electrolyte was used.
The results of the fully-assembles fuel cells are drawn in Figure 7.13. In the
case of the infiltrated sample is possible to observe the polarization for
concentration in the last part of the i-V curves, whereas the blank composite i-
V curve is limited by the ohmic resistance polarization. As the temperature is
decreased, the cell performance is dominated by the resistance of the
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electrodes and electrolyte material in all range of currents densities. No
leakage of hydrogen was observed for both samples, achieving high OCV. The
maximum power density obtained at 700 °C, by using air as oxidant feed and
wet hydrogen as fuel, is five times bigger for the Pr-infiltrated cathode,
reaching a peak value of 567 W/cm? at 700 °C.
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Figure 7.13: i-V and i-P curves for LSM-GDC/YSZ/Ni-YSZ and LSM-GDC+Pr/YSZ/Ni-YSZ.

As both samples were identical, excluding for the infiltration, an EIS
measurement was performed in complete fuel cell mode near to the OCV at
700 °C. Table 3 shows the results of the fitting with the equivalent electrical
circuit mentioned above (three R||CPE elements). All resistances decrease
with the Pr infiltration; all processes increase the capacitance and change the
characteristic frequency to slower values. Assuming that the contributions
related with the electrolyte and electrode remained constant for both
measurements, the cell improvement due to the Pr infiltration can only be
related to the enhancement of the ORR. As explained for the symmetrical cells
measurements, the blank cell is limited by MF surface related processes, and
this behavior is maintained for the fully-assembled fuel cell. MF resistance
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decreases more than 80% with the Pr infiltration, where dissociation and
oxygen adsorption processes are improved. This reduction of the different
contributions is responsible for the enhancement of the power density
reached for the infiltrated SOFC.

LSM-GDC/YSZ/Ni-YSZ LSM-GDC+Pr/YSZ/Ni-YSZ

Frequency R C f R C f
range | (Q-cm’) | (F/em’) (Hz) (Qcm’) | (F/em’) (Hz)
HF 0.17 |2.24.10°| 4.31-10° | 0.07 | 2.89:10" | 7.59-10°
MF 2.57 |3.10-10° | 2005 047 |8.7510%| 384
LF 0.57 |1.09-10° | 256 0.07 |3.75-10" 6

Table 7.5: Fitting results for the EIS spectrums recorded at the OCV in fully-assembled fuel cell
at 700 °C.

7.2.2.2. Electrolysis mode performance
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Figure 7.14: i-V curves of the steam electrolysis for the pristine and the Pr infiltrated anode.

After testing the samples in fuel cell mode, the temperature was increased
until 700 °C. Steam electrolysis was performed at 700 °C for both samples. In
Figure 7.14 is represented the voltage observed for each current density. The
negative sign of the current density indicates that the current is applied and is
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not produced by the cell. When small current densities are applied there is big
increase of the overpotential. However, for higher currents densities but below
1.3 V the slope of the i-V curves are reduced. But for higher voltages (> 1.3 V)
there is a huge augment of the cell voltage with the current density. In addition
the sample with the praseodymium oxide infiltrated in the anode shows a
better performance for the same range of current densities operation, i.e., the
cell voltage is smaller. This reduction in the cell voltage allows applying higher
current densities, therefore higher quantities of hydrogen could be produced.

Figure 7.15 represents the H, production detected by a mass spectrometer in
the cathode outlet stream during the electrolysis experiments. During the
electrolysis tests constant current densities were applied during 30 minutes,
and the cathode was feed with wet argon (2.5 % vol. H,0). As shown in the
Figure 7.15, hydrogen could be detected from low imposed current densities
and the production was stable during the electrolysis time. In addition, there
was a quick signal response as can appreciate from the graphs, with a huge
augment or diminution depending if the current is applied or removed.
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Figure 7.15: Mass spectrometer results of the steam electrolysis at 700 °C (a) for the LSM-GDC
composite and (b) LSM-GDC infiltrated by praseodymium oxide.

In order to determine the Faradic efficiency of the steam electrolysis process,
the hydrogen production was quantified by a gas chromatograph. Figure 7.16
shows the hydrogen production and Faradic efficiency for both cell (LSM-
GDC/YSZ/Ni-YSZ and LSM-GDC+Pr/YSZ/Ni-YSZ) working as steam electrolyzer.
The Faradic efficiency (ng, in Methodology chapter) in the water electrolysis
was determined from the expected hydrogen production calculated according
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to the Faraday’s equation (Equation (4.14)) and the experimental hydrogen
production measured by the gas chromatograph during the stationary step of
the steam electrolysis. Tested cells have high Faraday’s efficiency, achieving
values around 100 %, the variation of the efficiency can be caused by the
experimental error, since no hydrogen leakage was detected. However, at 157
mA/cm?, the efficiency of the not infiltrated sample is reduced. This point fits
with the highest increase in terms of cell overpotential (1.63 V). This behavior
can be assigned to the electronic conductivity in the thin YSZ electrolyte, even
though the present cell voltage is lower than the usual electroreduction
voltage of YSZ (2.3 V) [22]., but the same effect was recorded for similar cells
[22-24]. This effect is reversible for low levels of electroreduction.
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Figure 7.16: Faradic efficiency and hydrogen production in the steam electrolysis for LSM-
GDC/YSZ/Ni-YSZ and LSM-GDC+Pr/YSZ/Ni-YSZ.

7.3. Conclusions

The performance of the LSM state-of-the-art was improved by introducing an
ionic phase (GDC). The processes at low and medium frequencies could be
enhanced by enlarging the TPB in the electrode. This robust LSM-GDC
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composite was used as backbone electrode for the infiltration of different
catalysts, Sm, Zr, Ce, Ba, Co and Pr, dispersed as oxide nanoparticles after
firing. Catalysts candidates were screened using symmetric cells supported on
GDC electrolyte. Sm, Zr, Ce and Pr catalysts improved the electrode
performance by the reduction of the resistance at medium frequency,
associated to surface processes. In contrast Co and Ba catalyst worsen the cell
performance increasing the resistance at medium frequencies in the
temperature operation range.

The stability of the operation with time for different activated cathodes was
systematically studied. At first, a slight increase in the polarization resistance
with time until was obtained, reaching a constant value. However, Zr catalyst
showed a particular case, since the polarization resistance decreased with
time. The modelling results as function of pO, revealed that the rate-limiting
mechanism in the ORR was the surface transport of oxygen species towards
the TPB.

Finally, the best infiltrated composite was tested in a fully assembled Ni-YSZ-
supported cell. Firstly, the cell was tested in a fuel cell mode achieving a 5-fold
improvement of the power density. Then, the cell was used as steam
electrolyzer reducing the cell potential in 0.53 V for a current density of 157
mA/cm?.

These results demonstrate the applicability of the infiltration for the fully-
assembled cell working as a fuel cell or electrolyzer with the resulting
improvement of the power density and reduction of the cell voltage,
respectively.
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8. La,.xAxNi;.,B,0, s electrodes for protonic
electrolytes

8.1. Introduction

The growing interest in proton conducting solid oxide fuel cells (PC-SOFC) [1-4]
research is principally due to their advantages compared to conventional
oxygen-ion conducting solid oxide fuel cells (SOFCs): (1) their higher efficiency
and fuel utilization, since protons react with oxygen in the cathode to form
water diluting the air stream; and (2) the lower activation energy of proton
transport together with the higher mobility of protons, which makes possible
to reduce the operation temperature (500 - 700 °C) and permits the utilization
of less expensive system components and increases their lifetime [5, 6].

Nowadays, different proton conducting materials, as doped SrCeO;, BaCeO;
and BaZrO; perovskites [2, 7, 8], LaNbQ, scheelite [9] and LassW0O;,.5 defective
fluorite [10], are being investigated as promising electrolytes for PC-SOFCs.
Among these, Las sWO1,5 (LWO) compound combines essential properties for a
final application, as it exhibits reasonable high values of predominant protonic
conductivity below 800 °C, low grain boundary resistance and high stability in
operation conditions for long times under CO, and H,S containing atmospheres
[11-13].

In the present chapter, cathodes based on the mixed ionic-electronic (MIEC)
conductor La,NiO4,s are investigated. The use of MIEC materials as cathodes in
PC-SOFC introduce pathways to transfer part of the dissociated oxygen ions
through the bulk of the cathode to the TPBs to react with the protons (Figure
8.1). Thus, although the reacting areas are limited to the TPBs, the oxygen
pathways to the TPBs are greatly enlarged, and this reduces the polarization
resistance [14, 15].
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Figure 8.1: Schematic diagram of MIEC cathode reaction mechanisms for a LWO proton
conducting electrolyte.

This chapter focuses on the nickelates studied used as cathodes in SOFC for its
application as cathodes on LWO based PC-SOFCs. The materials selected were
the pristine La;NiO4.s (LNO), the Pr doped compounds: La;sProsNiOg.s (LPN)
and LaisProsNigsCog ;045 (LPNCO) and Nd,NiO4,s (NANO). Additionally,
La;NipgC00,04:5 (LNCO) used as cathode for SOFC was selected, but the
difference in terms of thermal expansion coefficient (TEC) between LNCO and
LWO, made the electrode detachment and EIS measurements were no
possible.

After characterizing the powder and checking the compatibility with the LWO
electrolyte, different symmetrical cells were prepared in order to study the
electrochemical properties. Cathodes performance was studied by checking
the influence of different parameters as the electrode sintering temperature,
the use of dry and humidified conditions, or by preparing composite
electrodes.

8.2. Results and discussion
8.2.1. Electrodes characterization

8.2.1.1. Reactivity test

Before the symmetrical cells processing and testing, the compatibility of LNO
with the LWO electrolyte phase was checked. Figure 8.2 shows XRD patterns of
a mixture of LNO and LWO 50 vol.% before and after being fired together at
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1150 °C for 5 h. It can be observed that all the peaks correspond to the LNO
and the LWO phases. XRD patterns of both materials are also plotted in Figure
8.2, where it can be observed that LWO powder presents a very small peak at
28.784° that corresponds to small traces of LagW,015 phase [16]. The absence
of reaction between LNO and LWO phases up to the highest temperature used
for cathode preparation is confirmed by this lack of new peaks after the
treatment at high temperature.

| LWO+La,NiO,,5
“ }‘ | | 1150 °C, 5h
\UUUUL J\UJ\ J‘w‘\ UPNE U PN

LWO+La,NiO,, 5 RT

I (a.u)

b

N J

10 20 30 40 50 60 70 80 90
20 (°)

Figure 8.2: XRD patterns of LWO, La,;NiO,.s and a 50% mixture of both phases at room
temperature and after being calcined at 1150 °C for 5 h.

8.2.1.2. Electrochemical characterization

Symmetrical cells of the different powders were prepared on dense LWO
electrolytes. Porous ~30 um electrodes were obtained by screen-printing the
inks on both sides of the LWO electrolytes. Firing temperatures of the screen-
printed cathode cells were 1150 °C, 1100 °C and 1050 °C in some cases, during
2 hours.

8.2.1.2.1. Influence of operation temperature

The cathode porosity and the electrolyte density was studied by SEM. As can
be observed from cross-section image of the LPNCO cathode sintered at 1150
°C in Figure 8.3, the cathode looks very porous with relatively large surface
area and shows a similar morphology as state-of-the-art SOFC cathodes.
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Furthermore, the interface with the electrolyte is clean, with no visible
reaction layers, as was checked by XRD (Figure 8.2) for LWO and LNO mixture.

Figure 8.3: SEM analysis of the fracture cross-section of a cell (after electrochemical testing)
consisting of a LWO dense electrolyte coated with LPNCO cathode at 1150 °C.

Electrochemical properties of the different cathodes, calcined at 1150 °C, can
be analyzed from the polarization resistances (Rp) recorded in wet (2.5% H,0)
air as a function of temperature (Figure 8.4). The electrochemical behavior is
notably improved by the incorporation of Pr and Co. For instance, a Rp value of
5.03 Q-cm? is achieved at 750 °C for LNO while the doped compounds show
values of 1.03 Q-cm? and 0.93 Q-cm? for LPNO and LPNCO, respectively. On the
other hand, the total substitution of Nd in the La position can reduce the
polarization resistance until 2.65 Q-cm” The activation energy (E,) of the
NdNO is diminished to 1.3 V whereas the Ea remains constant (1.47 eV) when
the Pr dopant is introduced in the La site (LPNO sample). However, when the
Co dopant is also introduced in the Ni site together with the Pr, Ea is reduced
slightly (1.44 eV). The best electrochemical properties are achieved for the
LPNCO cathode in the range of operation conditions, which behaves somewhat
better at low temperatures than the LPNO electrode.

The results obtained in the polarization resistance fits with the values obtained
regarding the total conductivity (Figure 6.6). The doped compounds showed
higher total conductivity in the measured temperature range than LNO. This
improvement in the transport properties is reflected in lower polarization
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resistance. Additionally, this effect can be ascribed to the reported catalytic
effect of Co and Pr on the oxygen reduction reaction [17, 18].

However, NdNO with a similar total conductivity to LPNO (Figure 6.6) and a
good electrochemistry performance as cathode in SOFCs [19, 20], does not
show the same behavior as cathode for proton conductors. On the other hand,
the activation energy is the lowest one and halves the polarization resistance
of LNO.
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{o LaNiO," ' 136V
] . 0
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Figure 8.4: Polarization resistance as a function of 1000/T in wet synthetic air for LNO, LPNO,
LPNCO and NdNO. Electrodes sintered at 1150 °C (2h).

The impedance spectra recorded at 750 °C in wet air for all cathodes sintered
at 1150 °C are represented in Figure 8.5 (a) and (b) (Nyquist and Bode plots,
respectively). One, two or three different arcs can be distinguished depending
on the material. Thus, electrochemical impedance data were modeled
following an equivalent electrical circuit composed of one, two or three
parallel R||CPE elements, in series. Figure 8.6 (a) depict the modeled
resistances (R) obtained from the EIS spectra of LNO, LPNO, LPNCO and NdNO
cathodes measured in wet air. The results of capacitance and frequency are
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shown in Figure 8.6 (b) and (c). All resistances can be divided in two groups
depending on the range of frequency: medium frequencies (MF) from 0.1 to
10000 Hz and high frequencies (HF) with values higher than 10 kHz. LNO
cathode shows one contribution at high frequencies and another at medium
frequencies, being this last one the highest and limiting the cathode
performance [21]. When the cathode composition is doped (with Pr and with
Pr and Co), the HF contribution disappears while the MF contribution becomes
smaller, giving rise to a better performance of the cathode. As mentioned
above, this behavior is associated with the better transport properties of the
doped compounds, which drastically reduces the HF contributions, typically
associated with the total transport of the cathode materials. The cathode
material doped with both Pr and Co (LPNCO) shows an additional but less
pronounced improvement in the MF contribution, with respect to LPN
cathode. Regarding the NdNO, it shows a resistance at high frequencies but
smaller than LNO high frequency resistance. The total conductivity results of
NdNO (Figure 6.6) shown higher values than LNO. Additionally, two different
contributions appear at similar frequencies (at MF) for NdNO (Figure 8.5 (b)). It
seems that the MF processes are not improved as for the Pr and Pr and Co
doped compounds, showing a lower catalytic activity of NdNO.

The related capacitances associated with the limiting processes in the tested
cathodes are summarized in Figure 8.6 (b). All processes that take place at
medium frequencies have a capacitance between 1-10°-0.1 F/cm’. However
the medium frequency process of LNO electrode has a smaller value of
capacitance, and it is almost constant for all temperature range measured,
with a value of 1-10” F/cm® The high frequency processes of LNO and NdNO
show smaller capacitance with a value between 1-10°-1-10" F/cm?.
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Figure 8.5: Impedance spectra, (a) Nyquist and (b) Bode plots, of LNO, LPNO, LPNCO and
NdNO measured at 750 °C in wet synthetic air.
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Figure 8.6: Modeled results of LNO, LPNO, LPNCO and NdNO (a) resistances, (b)capacitances
(c) and frequencies as a function of the 1000/T in humidified air.
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As it has been shown in Figure 8.1, there are many elementary reactions that
take place in the cathode on a proton conductor electrolyte and these are
going to be summarized in the following table:

Elementary reactions steps
O2(9) 2 O2(aa) Oxygen adsorption
032(aa) = 20(qa) Oxygen dissociation
Oa) te - 0(_ad)

= - Oxygen reduction
O(ad) +2e” > O(Zad)

O@a) = Oqres)
Owa) = Ocrep)
Owuik) = O(zps) Bulk diffusion

Surface diffusion

Orppy + €~ = 0(2’['_PB)

= o= Oxygen reduction at the TPB
O(rpp) t+ 2~ = Otrpp)

ZH(-;)ulk) - 2H€;~p3) Proton migration
H(+TPB) + O(ZT_PB) — OH(7pp)

OH(rpp) + H{rpgy = H20(rpp)
H,0rpgy = Hy0(y) Water evaporation

Water formation

Table 8.1: Elementary reaction steps in the cathode working with a protonic electrolyte [22].

The electrochemical impedance spectroscopy is a good tool to determine the
limiting steps in the cathode performance. For fuel cells working with ion
oxygen conducting electrolytes, the resistance (R) is proportional to the oxygen
partial pressure (pO,) by the m parameter [14, 23] by the following relation:

R, oc pO,™ (8.1)

However, in the case of cathodes for proton conductor electrolytes, oxygen
and water are also involved in the cathode reactions. Then, in the correlation
the oxygen partial pressure (pO,) and water partial pressure (pH,0) have to be
involved:

R, oc pO,™-pH,O™" (8.2)

And the values of m and n determine the elementary reactions as follows:
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Elementary reactions steps m; n;
Step 1 029y 2 Oz2(aa) 1 0
Step 2 Oaa) + €~ = O(aq) 3/8 0
Step 3 Otaay = O(rpa) 1/4 0
Step 4 0(_TPB) +e > O(ZT_PB) 0 0
Step 5 H{yuiiey = Hirpp) 0 1/2
Step6 | Hirpgy + Ofpgy = OH{rpp 0 1/2
Step 7 OH(rpp) + Hirpgy = H2O0(rpp) 0 1/2
Step 8 H;0rpgy = Hy0(g) 0 1/2

Table 8.2: Elementary reactions in the cathode and their order reaction respect to oxygen
partial pressure (m;) and water partial pressure(n;).

In order to further analyze the different elementary cathode reaction steps,
the calculated resistances as function of the oxygen partial pressure are
depicted in Figure 8.7 (a), capacitances and frequencies are plotted in Figure
8.7 (b) and (c), respectively. All results of the electrodes calcined at 1150 °C
and measured at 750 °C are presented in Figure 8.7. Generally, in protonic
materials the overall total conductivity is dominated by proton transport in
water vapour or/and hydrogen atmospheres below 600 °C [24]. However, at
higher temperature the water desorption occurs increasing the concentration
of oxygen vacancies and decreasing the proton defects. Thus, at this
temperature range, oxygen ions conduction will take place via oxygen
vacancies and interstitial oxygens. Then, this phenomenon will reduce the
water formation and the oxygen surface reactions will dominate the
elementary steps for temperatures above 600 °C [22]. Then, as the operation
temperature selected for measurements was 750 °C, the relationship selected
for the understanding of the limiting steps will be the Equation (8.1) and the
results of the fitting of R; a pOz"mi are shown in Table 8.3.

The increasing or unchanged resistance values for all materials tested at lower
oxygen partial pressure indicates that there is not limitation of the oxygen bulk
diffusion [22], then, other processes should be the limiting mechanisms. The
HF associated processes only appear in the LNO and NdNO cathodes with very
low associated capacitances (below 1-10* F/cm?). The m value close to % for
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LNO at HF can be associated specifically to the bulk transport of LNO, which
has the pO, dependency -1/4 as corresponds to a p-type electronic conductor
[14, 15]. However, NdNO with a value of 0.11 seems to be related with the
charge transfer as it is shown in Table 8.2 (Ogzppy + €~ = Ofpp)). The MF
associated processes, limiting the LNO, LPN and LPNCO measured cathodes,
have m values close to 1/4 (0.28, 0.26 and 0.20, respectively). This pO,
dependency and capacities of around 10“-107 F/cm? can be related to ionic
transport from TPB interface towards the electrolyte and not to electrode-
electrolyte interfacial processes, since no pO, dependence would be expected
in that case [21, 25, 26]. Additionally, the dependence of the oxygen partial
pressure and the resistance at MF for NANO has values of 0.41 and 0.34 that
can be correlated with the oxygen reduction (step 2 in Table 8.2).

100
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Figure 8.7: Modeled results of LNO, LPNO, LPNCO and NdNO electrodes sintered at 1150 °C; (a)
resistances, (b) capacitances (c) and frequencies as a function of the pO2 in humidified
conditions.
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Electrode material
LNO LPNO LPNCO NdNO
Mmye 0.24 - - 0.11
my,; 0.28 0.26 0.20 0.41/0.34

Table 8.3: m; values from the fitting of R; a pOz'"'i.
8.2.1.3. Influence of electrode sintering temperature

In order to further optimize cathodes performance, different sintering
temperatures were analyzed. Figure 8.8 summarizes Rp of LPNCO cathode
sintered at 1150°C, 1100°C and 1050 °C. The best performance is obtained for
cathode sintered at 1050 °C (Rp=0.62 Q-cm?” at 750 °C in wet air) while the
other two different temperatures result in similar performances (around 0.93
Q-cm?). Additionally, when the sintering temperature of the electrode is
reduced the activation energy decreases from 1.47 to 1.36 and 1.37 eV, that
change can be ascribed to the higher active area for the oxygen reduction
reaction. As similar impedance spectrum was obtained despite the sintering
temperature, and taking into account that the total transport of the material
not change, the electrode improvement can be ascribed to the higher porosity
and lower grain sizes of the cathode sintered at lower temperature. Thus, the
electrocatalytic surface area available for surface reactions is enlarged while
the bounding among grains is preserved.

The results of EIS spectra fitting with an equivalent electrical circuit composed
of L-Ra-R||CPE are plotted In Figure 8.9. The frequency at 1100 °C and 1050 °C
are similar, however at 1150 °C the frequency is reduced. The same
phenomenon was observed for LSM/YSZ with increasing the sintering
temperature, the summit frequency of the arc decreases [27]. Furthermore,
the decrease of sintering temperature reflects in the reduction of the
associated capacity [27].
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Figure 8.8: Rp as a function of 1000/T of La; sPry sNig sC0g,0..5 sintered at 1050 °C, 1100 °C and

1150°C.
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Figure 8.9: Modeled results of LPNCO electrode sintered at 1050, 1100 and 1150 °; (a)
capacitances and (b) frequencies as a function of the 1000/T in humidified air.



La,.xAxNi1.,B,04 5 electrodes for protonic electrolytes 235

T (°C)
950900 850 800 750 700 650 600
{NaNO, ' o
O 1150°C
® 1100°C o”"'
104 ;
] 1.41 eV
= e ©P13ev
e o ©°
i ol

080 088 096 104 112 120
1000/T (K™)

Figure 8.10: Rp as a function of 1000/T of Nd,NiO,,5 sintered at 1100°C and 1150 °C

The cell performance is strongly affected by the electrode microstructure [28,
29]. Decreasing the sintering temperatures the TPB length can be enlarged
since small grains are obtained, resulting in a lower polarization resistance. The
best sintering temperature is a tradeoff between a long TPB and good
electrical and optimal physical contact between electrode and electrolyte.

8.2.1.3.1. Influence of composite electrodes

In order to improve the cell performance, a composite electrode was
manufactured. The cathode consisted of a mixture of the MIEC LPNO material
and the electrolyte material (LWO). The volumetric ratio selected was 60:40 of
LPNO:LWO [30]. With the incorporation of the protonic phase in the cathode
the formation of water should not be limited to the electrode-electrolyte
interface. The surface between the MIEC and LWO phases should be also
active for the water formation (Figure 8.11).
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Figure 8.11: Schematic diagram of mechanisms in a MIEC/proton conductor composite
cathode on a LWO proton conducting electrolyte.
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Figure 8.12: Rp as a function of 1000/T of LPNO sintered at 1150 and LPNO:LWO composite
electrodes sintered at 1150 °C and 1050 °C.

The polarization resistance of the MIEC, and composite electrodes sintered at
two different sintering temperatures in a symmetrical cell configuration are
plotted as function of the operation temperature in Figure 8.12. When the
protonic phase is incorporated in the electrode microstructure, the activation
energy is reduced, indicating a change in mechanism. However, the
polarization resistance increases for both sintering temperatures. As to shed
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further light on the influence of the protonic phase incorporation, a fitting with
an equivalent circuit was performed, and the results are presented in Table
8.4.

When the proton conductor is incorporated in the cathode microstructure an
additional resistance appears at medium frequencies (846 Hz). As was
mentioned before, above 600 °C the oxygen reduction reaction limits the
cathode performance. By introducing the protonic phase, the oxygen ion and
electrons conduction is restricted to the LPNO phase. Then, proton conducting
phase incorporation will produce the dilution of LPNO and the reduction of the
TPB, for the oxygen reduction reaction. Furthermore, the reduction of sintering
temperature does not allow the improvement of the cell, probably due to the
lower interaction of phases in the cathode and the worse electrode-electrolyte

bonding.
Ts | LPNO:LWO | RMF1 CMF1 fMF1 RMF2 CMF2 fMF2 Rp
(°c) vol. (W-em?) | (F/em?) (Hz) (W-em?) | (F/em?) (Hz) (W-ecm?)
1150 100:0 1.12 7.94-10° 17 - - - 1.12
1150 60:40 1.44 3.25-10° 3 1.11 1.68-10" 846 2.55

Table 8.4: Modeled results of LPNO sintered at 1150 and LPNO:LWO composite electrode
sintered at 1150 °C at 750 °C in humidified air.

Further studies should be performed in order to change the volumetric ratio
and lower operation temperatures (below 600 °C) should be used to check the
influence of the protonic material incorporation.

8.2.1.3.2. Dry conditions and isotopic effect influence

The influence of operation conditions were tested for all MIEC materials. All
symmetrical cells were measured in wet and dry conditions. Furthermore, the
isotopic effect was checked by measuring the samples in normal water (H,0)
and in heavy water (D,0). The results will be presented separately for all
materials.

8.2.1.3.2.1. La;NiOy.s

Firstly, LNO was measured in dry and humidified conditions (H,0 and D,0). The
polarization results obtained from the EIS spectra are plotted in the Figure
8.13. When the cathode works in dry conditions the electrode performance
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increases. This can be consequence of the presence of water in the TPB,
affecting the oxygen reduction reaction or the water formation.
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Figure 8.13: Polarization resistance of LNO as function of p0O, in different humidified (H,0 and
D,0) and dry conditions.

The EIS spectra in the Nyquist and Bode type plots are drawn in Figure 8.14.
The real resistance ascribed to the electrolyte and wires was subtracted for the
direct comparison of electrodes. The shape of the EIS spectra for the three
conditions is the same but the resistance that takes place at medium
frequencies increases. In order to clarify the assumptions above mentioned, an
equivalent electrical circuit composed of two resistances in parallel with two
CPE was employed and the results are presented in Figure 8.15.
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Figure 8.14: Impedance spectra, (a) Nyquist and (b) Bode plots, of La,NiO,,s measured at 750°C
in air in different humidified (H,0 and D,0) and dry conditions.
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The resistance at high frequencies, related with the transport properties of the
bulk, changes for all conditions, indicating that HF process is affected by the
presence of the H,0 or D,0. If H,0 is supposed to be incorporated in the
structure, electron holes are consumed and the transport properties are
worsened:

1
H,0 + 2h + 20f & 502+ 2(0H), (8.3)

Regarding the MF, there is a reduction in the resistance when the symmetrical
cell works in dry conditions (Figure 8.15 (a)) shifting to higher values the
associated frequencies.

The m; values of HF resistance obtained from the relationship of R; a pOz'mi are
0.24, 0.38 and 0.44 for H,0, D,0 and dry conditions, respectively. It seems that
the m value with H,0 fits % related with the electronic conductivity. In the case
of D,0, the limiting step at HF is related with the oxygen reduction (m=3/8). In
that reaction (O(gq) + €~ = Oqq)) electrons are involved as well. Thus,

possible water incorporation could reduce the electron holes concentration.

Regarding MF processes, the m value is almost maintained (0.28, 0.28 and 0.30
for H,0, D,0 and dry conditions, respectively), indicating that the same process
takes place, but this is harmed by the presence of water or heavy water. This
process is related with the ionic transport from TPB to the electrolyte, since
water competes with oxygen in the TPB.
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Figure 8.15: Modeled results of LNO electrode sintered at 1150 °C; (a) resistances,
(b)capacitances (c) and frequencies as a function of the p0O, in different humidified (H,0 and
D,0) and dry conditions.

8.2.1.3.2.2. La1,5Pro,5Nio,8C00,204+5

The same influence was tested for the double substituted nickelate. Figure
8.16 shows the results of the EIS spectra for the three conditions working in air
at 750 °C. The resistance of the electrolyte was also subtracted in the
electrochemical impedance spectra. In this case, the influence of the different
operation conditions is totally different. When the electrode is working in
humidified conditions the polarization resistance decreases. Additionally,
regarding the isotopic effect, cell performance worsens when D,0 is used. As
was done for the parent material (LNO), the results were fitted with an
equivalent circuit, but only one resistance in parallel with a CPE was used. As
the medium resistance increases, (H,0<D,0<dry), the frequency shifts to lower
values and the capacity decreases in all tested oxygen partial pressure range.
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These results could indicate that LPNCO exhibits some protonic conductivity,
since there is an isotopic effect and the cell performance is diminished in dry
conditions. Further investigation at lower temperatures should be performed

in order to confirm the theory.
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Figure 8.16: Impedance spectra, Nyquist (a) and bode (b) plots, of LPNCO measured at 750 °C
in air in different humidified (H,0 and D,0) and dry conditions.

Furthermore, the values obtained from the R; a pOz'mi dependence are 0.20,
0.22 and 0.21 for H,0, D,0 and dry conditions, respectively (Figure 8.17 (a)).
Thus, the limiting mechanism is the same but depending on the operation
conditions the magnitude of the resistance varies. As the resistance is
increasing (H,0<D,0<dry) the process is slower and the associated capacitance

is higher.
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Figure 8.17: Modeled results of LPNCO electrode sintered at 1150 °C; (a) resistances,
(b)capacitances (c) and frequencies as a function of the pO, in different humidified (H,0 and
D,0) and dry conditions.

8.2.1.3.2.3. La1.5Pro.5Ni04+5

The isotopic effect was also studied for the sample only doped with Prin the La
site. The results of the EIS measurements are plotted in Figure 8.18 (Nyquist
and Bode plot), as can be seen, a slightly increase in the polarization resistance
is produced when the symmetrical cell is operated with D,0. The same
phenomenon was shown in the double substituted compound (LPNCO). In
order to confirm the theory, the EIS spectra were fitted to an equivalent
electrical circuit with a resistance in parallel with a CPE. The resistance
increases and the capacity and frequency are almost constant; indicating that
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the limiting process is the same but is worsened. A small protonic conductivity
can be suspected in the material doped with Pr in the La site.
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Figure 8.18: Impedance spectra, (a) Nyquist and (b) Bode plots, of LPNO electrode sintered at
1150 °C and measured at 750 °C in air in different humidified (H,0 and D,0).
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Table 8.5: Modeled results of LPNO sintered at 1150 °C measured in humidified air (H,0 and
D,0) at 750 °C.

8.2.1.3.2.4. Nd;NiOg.s

NdNO electrode calcined at 1150 °C was tested at 750 °C in air in order to
check the isotopic effect. As for LNO, the polarization resistance decreases
when D,0 is used instead of H,0, as it is observed in Figure 8.19.
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Figure 8.19: Impedance spectra, (a) Nyquist and (b) Bode plots, of NdNO electrode sintered at
1150 °C and measured at 750 °C in air in different humidified (H,0 and D,0).

As was done in the case of the other symmetrical cells, the EIS spectra were
fitted to an equivalent electrical circuit composed of three resistance in
parallel with 3 CPE (Figure 8.20).
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Figure 8.20: Equivalent electrical circuit used for the fitting of the NdNO EIS spectra.

Three different contributions were obtained, two at medium frequencies and
another at HF. The HF and MF; resistances remain almost constant regardless
of the humidification state, however the MF, resistance increases in 0.21
Q-cm? with the presence of H,0. The same effect was obtained for LNO. The
surface reactions are negatively affected by the H,0 presence. Water
competes with the oxygen molecules in the TPB and act as blocking molecules

for the oxygen reduction reaction.

RHF CHF fHF RMF, CMF, | fMF, | RMF, CMF, | fMF,

(W-em?) | (F/em?) (Hz) | (W-em?) | (F/em?) | (Hz) | (W-em?) | (F/fem?) | (H2)

H,0 | 028 | 4.3910” | 13192 | 0.43 0.021 | 18 2.26 0.015 | 4.76
D,0 | 0.24 |6.0310° | 10909 | 0.49 0.017 | 19 2.05 0.011 | 7.19

Figure 8.21: Modeled results of NdNO sintered at 1150 °C measured in humidified air (H,0 and
D,0) at 750 °C.

8.2.1.3.2.5.
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Figure 8.22: Summary of Rp in different humidified conditions at 750 °C in air.
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Two different behaviors were obtained for the electrode materials working in
wet and dry conditions. LPNO and LPNCO apparently show a protonic effect,
increasing the resistance in dry conditions. However, LNO and NdNO exhibit
the opposite performance, in dry conditions or in D,0 the polarization
resistance is decreased. Further studies were carried out as to shed further
light.

Firstly, a thermogravimetric analysis was performed in dry conditions in order
to check if the electrode materials were able to incorporate water in their
structure. The experiment was done in dry air. The mass evolution was
recorded with time as a function of temperature. The TGA measurements
consisted of a first heating in dry air, then, the samples were cooled down in
dry air and finally was heated again in the same conditions. The slope of
cooling and heating was maintained in all experiment in 2 K/min. The results
obtained are presented below.

The results obtained for the fresh samples show a mass reduction from 200 °C
to 400 °C. However, that change cannot be observed for the samples heated
again the second time. The loss in weight in the samples can be related with
the presence of water in the sample, while at higher temperatures, it is related
to O, release. In addition, that water seems to be incorporated in the
structure, since if the water was outside the structure, lower temperatures
(between 100 °C-200 °C) should be expected for the water evaporation. The
same effect was obtained for other materials that pertain to the Ruddlesden-
Popper series [31, 32].
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Figure 8.23: TGA results recorded in dry air when the samples were heated up, with the fresh
samples (1% time) and heated again after cooled down the samples in dry conditions (2nd
time).

Conductivity measurements were also carried on electrodes materials in order
to understand better the results obtained in the EIS spectra. Total DC

conductivity was checked for the materials in dry and wet conditions.

Two different behaviors were obtained from the conductivity measurements
that fit with Rp results. NANO shows higher conductivity in wet atmospheres at
low temperatures whereas LPNO and LPNCO reduce slightly the conductivity
when water is incorporated in the inlet gas. This effect suggests that water, is
incorporated in the structure, and reduces the p-type conductivity:

H,0 + 21 + 20§ © >0, + 2(0H) (8.3)

The above results can suggest the proton conductivity of LPNO and LPNCO, as
others Ruddlesden-Popper series compounds [33] and the detrimental effect
of water in the NdNO and LNO performance.
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8.3. Conclusions

La,NiO4.5 was investigated as potential cathode for PC-SOFC based on
LassWO1,.5 electrolyte. Once probed the chemical compatibility between
cathode and electrolyte phases (La,NiO45 and LassWOi,.5 respectively) the
electrochemical properties of the cathode were improved by partially or totally
substituting La and/or Ni. Specifically La;sProsNiOs.s and La;sProsNiggC00204qs
materials were considered and showed improved total conductivity and
reduced polarization resistance, when they were tested as cathode in
symmetrical cells. The microstructure optimization of La;sProsNipgC00204:s
was completed by varying the firing temperature of the cathode. Additionally,
a composite electrode was obtained by mixing La;1sProsNiO4.s with LassWO1;.s.
The performance of the cell increases and this was probably attributed to a
non-optimal volume ratio between phases. Finally, all cathodes were tested in
different conditions in order to study the H/D isotopic effect and this revealed
that the incorporation of Pr in the La position gives rise to a small protonic
conductivity. However, La,NiO4s and Nd,;NiO45 electrodes improve their
performance in dry condition, indicating that there is not a protonic
conductivity.

The cathode performance of these mixed conductors was found to be limited
by medium frequencies associated processes. La;sProsNiggC0g,04.5 cathode
sintered at 1050 °C exhibited the best electrochemical performance on a
LassWO,.5-based PC-SOFC, achieving Rp=0.62 Q-cm? at 750 °C in wet air.
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9. Cer-cer cathodes for PC-SOFC

9.1. Introduction

Different proton conduction materials have been investigated as promising
electrolytes for PC-SOFCs [1-4], and depending on the selected electrolyte
material, compatible cathodes have to be developed. Recent works on PC-
SOFC cathode performance have shown that the addition of a protonic
conducting phase, normally the same material used as electrolyte, to a mostly
electronic conducting cathode enables an important improvement of the
electrochemical performance. This positive effect is ascribed to the fact that
the protonic phase allows extending the three phase boundary (TPB) area from
the electrode—electrolyte interface to the whole thickness of the cathode [5-
11]. Furthermore, as the electrolyte material is part of the composite cathode,
the electrode adhesion is improved and the thermal expansion coefficient
(TEC) between the electrode and electrolyte is better adjusted and, therefore,
improved mechanical properties and resistance to thermal cycling are
generally attained.

Ceramic-ceramic (cer-cer) composites based on mixtures of different kinds of
conducting materials, as, for instance, an electronic and a protonic conductor,
have shown improved performances in proton conducting solid oxide fuel cells
(PC-SOFC) cathodes operating at intermediate temperatures (500 °C-700 °C)
[5-7, 9, 11, 12]. The present chapter aims to develop active cathodes for PC-
SOFCs based on LWO electrolytes.

The electronic material LSM has been widely studied as cathode in Solid Oxide
Fuel Cells. LSM exhibits a high electronic conductivity at high temperatures
[13], conferring a good performance. However as has been explained in the
first chapters of the present thesis, this type of material limits the TPB to the
electrode-electrolyte interface. It seems that a second phase (LWO)
incorporation will improve the cell performance, since the TPB length will be
enlarged along the electrode (Figure 9.1). The studied cathodes in the present
thesis comprise mixtures of two phases, i.e., LSM as the main electronic
conducting phase and electrocatalyst, and LWO as a proton conducting phase.
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The electrochemical performance was optimized by studying the effect of the
LSM—-LWO ratio and sintering temperatures.
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Figure 9.1: Scheme of the electrode mechanisms in (a) a pure electronic electrode and (b) in an
electronic and protonic conductor cer-cer electrode.

However, the operation of this composite cathode is limited by surface
processes. Reaction rate of surface steps can be significantly enhanced by
tailoring their catalytic activity through the electrode surface impregnation
with intrinsically catalytic nanoparticles, as was observed for LSM-GDC
electrode.

The catalytic activity of different SOFC cathodes has been significantly
improved by introducing catalytic nanoparticles such as Ag [14], PrysSre4CoO3
[15], CepsY0.2019 [16] and CeO, and Cos30,4 [17]. Furthermore, cathodes for PC-
SOFCs based on doped barium cerate (BaZry1Ceq;Y0.,03.5) backbones have also
been infiltrated with catalytic SmgsSrgsCo0Os5 showing improved and stable
performances, that enables lowering the operating temperatures [18]. 20%
samarium-doped ceria (SDC) was selected as nanocatalyst. When this sintered
cathode is infiltrated with SDC catalytic particles, two major effects are
expected, i.e., (1) new oxide-ion conduction pathways are generated on the
electrode surface and (2) the overall catalytic processes are improved due to
the high dispersion and the intrinsically higher catalytic redox activity of the
SDC particles, compared with LSM and LWO. Indeed, ceria sites are known to
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be active for oxygen reduction reaction and to boost molecular oxygen
adsorption/desorption process [19].

9.2. Results and discussion
9.2.1. Compatibility test

The state-of-the-art cathode material (LSM) in SOFC was selected as starting
point for the manufacture of PC-SOFC cathode. Firstly, the compatibility with
the electrolyte material selected (LWO) was checked by XRD upon a heat
treatment. For that purpose bot powders: LSM and LWO were physically
mixed, and XRD measurements were performed before calcination (at room
temperature (RT)) and after 5 hours at 1150 °C. Figure 9.2 shows the XRD
spectra of LSM/LWO 50% vol. at room temperature and after calcination at
1150 °C for 5 hours. XRD patterns of the single LWO sintered at 1300 °C and
LSM sintered at 900 °C are also included. As can be ascribed from Figure 9.2
the cubic (LSM) and fluorite phase (LWO) are maintained after the annealing
time. Furthermore, not extra peaks ascribed to secondary phase were
detected in the limit of the XRD equipment detection. Thus, the compatibility
is proved for the LSM and LWO mixture.
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Figure 9.2: XRD pattern of LWO and LSM phases, mixture of LSM and LWO at room
temperature and after calcination at 1150 °C for 5h.

9.2.2. Electrochemical characterization

9.2.2.1. Cathode sintering temperature influence
9.2.2.1.1. Microstructure characterization

First, LSM was tested as cathode on LWO and the calcining temperature
selected was 1050 °C. Then, the second phase LWO was added, for that
purpose both powders were mixed in 50 % in volume. The electrode ink was
prepared by mixing terpineol, ethyl cellulose and LSM and LWO powders.
Homogenization of ink was done by a three roll milling. Finally, LSM/LWO ink
was screenpinted on both sides of a fully dense LWO electrolyte and calcined
at 1050 °C.
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Figure 9.3: SEM images of LSM and LWO powders (top of the image) and LSM/LWO cer-cer
cathode 50/50 vol. % (bottom of the image) sintered at 1050 °C and 1150 °C.

As the microstructure of the cathodes constitutes a key factor for the correct
fuel cell performance, the sintering temperature was varied in order to analyze
resulting differences. The sintering temperature should be enough to achieve a
good adhesion between electrode and electrolyte, but not too high to ensure a
sufficient porosity for gas diffusion. Hence, the sintering temperatures tested
were 1050 °C and 1150 °C. Figure 9.3 presents the SEM micrographs
corresponding to the initial powders for the cathode preparation, LSM and
LWO, and the 50 vol. % LSM/LWO cer-cer cathodes sintered at 1050 and 1150
°C. LSM and LWO powders present similar grain size suitable for mixing them
for the composite manufacture. From the cross-section image of the
symmetrical cells, similar porosity of both electrodes can be observed, being
enough for the gas diffusion. Furthermore, the high density of the electrolyte is
also confirmed from the SEM images.

In addition, TEM images of the electrode calcined at the highest temperature
were done in order to check the electrode-electrolyte interface. TEM images of
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the cross section of LSM calcined at 1150 °C on LWO with the combination of
three Energy Disperse X-Ray spectroscopy (EDX) spectra acquired in different
sample regions are shown in Figure 9.4. On the left-hand side a part of the FIB-
lamella shows the interface of LWO and LSM. A magnification of the interface
is shown on the right-hand side. For both images, LWO is on left-hand side,
whereas the LSM is on right-hand side. The EDX spectra were taken at three
different positions and are indicated by numbers in the image. Spectrum 1
corresponds to the LWO region whereas the spectrum 2 was taken in the
interface and spectrum 3 was acquired in the LSM side. Spectrum 1 and 3 show
only the composition of LWO and LSM, respectively. However, spectrum 2
indicates that these particles mainly consist of LWO and only a small amount of
Mn (2-3 at. %) is found. Some Mn cations might have diffused into the first
grain of LWO layer or this can be result of the measuring inaccuracy or
scattered radiation from the LSM phase. Thus, TEM analyses suggest good
compatibility and adhesion between both phases.



Cer-cer cathodes for PC-SOFC 259

0.5 pm

1500 1M

1000

Energy (kev) Energy (kev) Energy (kev)

Figure 9.4: TEM images and EDX spectra of a FIB-lamella showing the cross section of a LSM
cathode on the electrolyte calcined at 1150 °C.

9.2.2.1.2. Electrochemical analysis of cer-cer cathodes sintering
temperature

After the compatibility study of phases, the electrochemical properties of the
different firing temperatures of the cer-cer cathode were studied by using
symmetrical cell configuration. Figure 9.5 shows the polarization resistance
(Rp) recorded in wet (2.5% vol.) air as a function of temperature in an
Arrhenius arrangement plot. The addition of the proton conductor material
can reduce the polarization resistance in all range of temperatures (LSM/LWO
50/50 vol. 1050 °C). As was suggested above, the introduction of the proton
conducting material can enlarge the TPB to the electrode thickness (Figure 9.1)
and increase the performance of the electrode, as is shown in Figure 9.5 for all
temperatures tested. Additionally, the electrode sintering temperature was
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increased in order to check the influence on the polarization resistance of the
cathode. Then, the same electrode mixture (50% in volume of each phase) was
calcined at higher temperature; 1150 °C. It seems that higher temperature
allows a better contact between phases in the electrode and also with the
electrolyte material, keeping the microstructure for a good gas diffusion
(Figure 9.3). In all cases, the activation energy is close to the parent LSM

electrode [20].
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Activation energy values are written on the right.

In order to check which processes were improved by the introduction of the
proton conductor material, the EIS spectra results were fitted by an equivalent
circuit. The best electrode and the reference electrode (LSM) fitting results are
shown in Figure 9.7. The circuit was composed by three resistances in series in

parallel with three constant phase elements:
L Ry RHF

RLF

(O V\N
CPEHF CPELF
— K>—

Figure 9.6: Equivalent electrical circuit used for the fitting of the EIS spectra.
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Figure 9.5: Polarization resistance as function of the temperature in wet air (2.5% vol. H,0).
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Where L is the inductance ascribed to the wires and EIS device, Rq is the
resistance associated with the real resistance of the electrolyte and wires and
the three R||CPE related with the limiting steps in the cathode; low (LF), low-

low (LLF) and high frequencies (HF).
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Figure 9.7: Results of the equivalent electrical circuit (a) resistances, (b) capacitances and (c)
the related frequencies of the LSM and LSM/LWO composite in wet air as function of the
temperature.

Figure 9.7 presents the obtained circuit parameters: (a) the modelled
resistance (b) the pseudo-capacitance and (c) the frequency. Although there

are significant dissimilarities between LSM and the composite cathode, the
highest resistance values are found for LF processes in both electrodes in all
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range of temperatures. However, the introduction of the proton conductor in
the cathode originates the reduction in terms of resistance at LF. Furthermore,
the LLF resistance is also reduced with the composite electrode in all range of
operation temperature tested. In addition, the capacities of the low and low-
low frequencies for both samples are very similar and the activation energy are
almost the same, indicating that the limiting processes are equal for both
samples, but can be improved by the proton conductor phase incorporation.
The capacitance of LLF has a value associated between 0.5 to 2 F/cm?.
Whereas the LF capacitance is in between of 0.03 and 0.07 F/cm?® Similar
resistances and capacitances have been observed in other composite cathodes
for conventional SOFCs and they have been assigned to adsorption and
dissociation of oxygen molecules on the surface of the electrode [21].

Finally, the resistance at high frequencies (>7000 Hz) increases by introducing
proton pathways . This phenomenon can be consequence of the dilution of the
electronic phase, since the electronic conductivity of LWO is negligible, then
the electrons paths are reduced. Usually, the quickest process as electrons
transport takes place at high frequencies.

Sunde et al., [22] studied the influence of different parameters in the
impedance spectra of composite materials by computer modeling, having in
mind the different types of interfaces created in composite electrodes. These
calculations were carried out for anode composites, but the general remarks
can be extrapolated to any electronic/ionic or protonic composite electrode,
like the LSM/LWO cathode in this work.

Different types of interface can appear when electronic and protonic phases
are mixed in the same electrode since each well dispersed phase can form a
cluster (Figure 9.8): Type | is an interface formed between two clusters both
ends of them are connected to both ends of the composite, ie.,, current
collector and electrolyte. In Type Il interface, clusters are connected to their
corresponding bulk phase but not to the other. Type lll interface presents at
least one of the phases not connected to the corresponding bulk phase [23].
Types | and Il will reduce the overall electrode resistance [22], but Type Il will
increase the polarization resistance of the electrode. The lack of percolation in
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the electrode can affect the impedance and most likely appears at high
frequency in the impedance spectra [22, 23].

It can be expected that the main interfaces found in electrodes with high
distribution of both phases, as the LSM and LWO in the present thesis, should
be like Type Ill or Il. Thus, the HF contribution that appears for he composite
electrode, suggests the presence of Type lll interfaces.

Additionally, Jorgensen et al.,, [21] discussed the possible reasons of the
different arcs in a composite material electrode. They suggested that the arcs
at high frequency can be originated for the transport of ions and intermediates
in composite interfaces and can be minimized by ensuring the good
percolation of both phases in the electrode. With this purpose different
LSM/LWO ratios were studied and will be presented in the following section.

b %gn

Electronic
cluster
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PHe AH AR
Figure 9.8: Type of clusters that can be originated in a composite electrode.

9.2.2.2. Influence of volume ratio on the electrode performance

Different LSM and LWO ratios were studied by calcining the electrode at 1150
°C. The polarization resistance results of the different electrodes working on
LWO in a symmetrical cell configuration are plotted in Figure 9.9. As can be
ascribed from the graph, the best electrode is the composite LSM/LWO 60/40
in volume, but exhibits the highest activation energy. Additionally, at low
temperatures (750 °C) the polarization resistance value obtained for the
composites with a ratio of 60/40 and 40/60 in volumes are very similar.
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Figure 9.9: Polarization resistance as function of the LSM and LWO ratio in wet air (a) as
function of the temperature and (b)as function of the phase’s ratio.

On the other hand, when the addition of the protonic phase is higher than 50
vol. % (LSM/LWO 40/60) the polarization resistance is worsened with regard to
the LSM electrode. This drop in the cathode electrochemical performance has
been attributed for other cer-cer protonic cathodes to: (1) a restriction in the
active electrode thickness due to the limited protonic conductivity of LWO
particles, (2) the lower TPB length of this composition compared to that of the
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optimum LSM/LWO ratio, and (3) a possible limitation of the electronic
conductivity due to the lack of sufficient connectivity among LSM particles, due
to the negligible electronic conductivity of LWO [11]. Thus, the limitations can
be ascribed to the reduction of the TPB length and the threshold is not
achieved with 40 % vol. of LSM.

In order to compare how the addition of the different phases affects the
performance of the cell, the electrochemical impedance spectra of the
different LSM/LWO volumetric ratios is plotted in Figure 9.10 (Nyquist and
Bode plots). The spectra were recorded at two temperatures in wet air (2.5
vol. %).
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Figure 9.10: Nyquist and bode plot, left and right, respectively, of the different composites
electrodes tested at (a)900 °C and (b)750 °C in wet air.

From these graphs at least two different contributions (two separated arcs)
can be distinguished, one at LF and the other at HF. The behavior of the high
frequency arc is maintained for both temperatures. As higher the proton phase
volume, higher the resistance at high frequencies. Thus, at HF and from the
lowest to highest contribution; LSM<LSM/LWO 60/40< LSM/LWO 50/50<
LSM/LWO 40/60. As was suggested before, the HF resistance is originated from
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charge carrier transport and ions and/or proton between the interfaces of

different phases, and more likely to the transport of electrons in the electrode.

Regarding LF contributions, all electrodes seem to be principally limited by LF

surface-associated processes as can be inferred from the higher magnitude of

this arc. Additionally, the incorporation of the proton phase mainly affects the

low frequency arcs. For instance, when LWO is introduced with a volume ratio
higher than 50 % the LF arc increases, being higher than the pure electronic
material. However, the LF LSM electrode resistance can be halved when 50 %

or 40 % in volume of LWO is mixed in the electrode. The LF arc decreases as

consequence of the higher available TPB length in the thickness of the

cathode, due to the protonic phase incorporation, and thanks to the newly

introduced protonic pathways. As a consequence, the LSM electrode is limited

by LF processes and nearly no HF contribution is observed at some

temperatures (Figure 9.7 and Figure 9.10). This behavior is associated with the

lower TPB available for the surface reactions.

9.2.2.3.

LSM/LWO 60/40 % v/v electrode limiting mechanisms
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<
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Figure 9.11: Nyquist and bode plot, left and right, respectively of LSM/LWO 60/40 composite
cathode as function of the temperature in wet air.
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After the different tests, it was found that the best electrode in the operation

temperature range was LSM/LWO 60/40. Then, in the next section is going to

explain the nature of the limiting steps in the electrode performance and the

optimization of the electrode will be carry out by tailoring some of its

properties.
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Figure 9.12: Results of the equivalent electrical circuit fitting of LSM/LWO 60/40 electrode as
function of the temperature in wet air; (a) resistances, (b) capacitances and (c) associated
frequencies.

The impedance spectra (Figure 9.11) were fitted with an equivalent electrical
circuit composed of an inductance in series with a real resistance and two
R|[CPE (Figure 9.12 (d)) and results are plotted in Figure 9.12. In all range of
temperatures the LF resistance is limiting the electrode performance, with a
small capacitance between 1-10* to 1-10° F/cm’ and associated frequency
below 10 Hz. Since the activation energy of the LF is higher than the HF, at low
temperatures the gap between both contributions is bigger.
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As was explained in La,,ANiB,04s electrodes for protonic electrolytes
chapter, three different elementary cathode reaction steps take place in PC-
SOFC: (1) surface dissociative adsorption and diffusion of oxygen along with
charge transfer, (2) proton migration from electrolyte to TPBs and (3)
formation and desorption of H,0 [8, 24]. The dependence between the
resistance and the oxygen partial pressure, keeping constant the pH,0 can
provide information about the nature of the species involved in the limiting
steps. The relation between resistance and oxygen partial pressure depends on
the parameter m:

Riap0, ™ (9.1)
The results of the fitting by two R||CPE are shown in Figure 9.13. The numbers
above the dot lines are the m parameters values. As was described by Peng et
al., [25], different elementary reactions can limit the electrode performance
but two of them seem to be present in this electrode composite study here:

Ogq +e~ > 0y4y  (m=3/8) (9.2)
Oaaq = Orpp (m=1/4) (9.3)

Thus, the LF processes with a power dependence of 0.29 is associated with the
transfer of the adsorbed oxygen to the TPB (Reaction (9.3)), whereas the HF
dependence of 0.32 is related with the reduction of oxygen adsorbed (Reaction
(9.2)). As was mentioned before, by the proton phase introduction the HF arc
is increased, then it can suppose that the negligible electronic conductivity of
LWO block the electrons and affect the reduction of adsorbed oxygen.
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Figure 9.13: Results of the equivalent electrical circuit fitting of LSM/LWO 60/40 electrode as
function of oxygen partial pressure in wet conditions; (a) resistances, (b) capacitances and (c)
associated frequencies.

9.2.2.4. Infiltration of the electrode composite

As demonstrated in this section, the main limiting steps in the electrode
performance are the surface processes. These surface processes take place at
low frequencies. As was investigated in this thesis for LSM/GDC composite
cathode on GDC the infiltration of different oxides precursor can enhance the
cell performance, by reducing the low frequency resistance. The introduction
of different nanocatalyst can help the dissociative adsorption of oxygen to O:

Oz(g) = 2044 (9.4)
Oga + e~ = 04y (9.2)
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or/and the diffusion of species to the TPB:

Oqa = Orpp (9.5)

LSM: e conductor LWO: protonic conductor @nanoparticles

Figure 9.14: Scheme of the cathode composite and cathode composite infiltrated by
nanoparticles.

Then, the composite can be used as backbone and be infiltrated with different
oxide precursors. The main reason of infiltration is to obtain small particles on
the surface of the cathode composite (Figure 9.14). The nanoparticles are
infiltrated by dropping the solution on the surface of the calcined electrode. By
capillarity, the solution fills all porous and after calcination, the nanoparticles
are formed. Since the electrode is calcined before, the temperature of the
precursor calcination can be as lower as the maximum operation temperature.
By firing the nanoparticles at lower temperatures, the particles are smaller and
it can achieve higher active surface area.

Then, the LSM/LWO 60/40 composite cathode calcined at 1150 °C was
infiltrated with a solution of 20% samarium doped ceria (SDC). Indeed, ceria
sites are known to be active for oxygen reduction reaction and to boost
molecular oxygen adsorption/desorption process [19, 26]. Two different firing
temperatures were used in order to compare how the surface area of the
nanocatalyst affects the cell performance. The two temperatures selected
were 900 °C and 750 °C.
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9.2.2.4.1. XRD and FESEM characterization

XRD of SDC powder sintered up to 900 °C and 750 °C was measured and it is
shown in Figure 9.15. The SDC was produced by dipping and drying a solid
solution of Ce and Sm nitrates on silicon single crystal and subsequent thermal
treatment in air. XRD peaks can be assigned to the cubic fluorite and grain size
calculation reveals the powder sintered at 750 °C are around 2114 nm while
those heated up to 900 °C reach particles sizes of 7515 nm
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Figure 9.15: XRD patterns of SDC powders sintered up to 900 and 750 °C.
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After EIS measurements the samples were analyzed by field emission scanning
electron microscopy. The cross-section micrographs of the symmetrical cell are
shown in Figure 9.16. As can be observed from the image, the electrode is well
attached to the electrolyte. Furthermore, the nanoparticles were covering the
entire backbone surface with a good distribution around the whole electrode.
In the right side of the picture, two TEM micrographs of the nanoparticles fired
at two different temperatures are presented. It can be observed the big
difference in the particle size when the oxide is fired a two different
temperatures. At 900 °C the average of the particle size is around 75 nm
whereas the same material calcined at lower temperature has a particle size
around 21 nm.
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Figure 9.16: FESEM images of the electrode infiltrated with SDC and TEM images of the
nanoparticles fired at two temperatures.

9.2.2.4.2. Electrochemical characterization

The polarization resistance of the different cathodes, the pure electronic
conductor electrode, the pristine sample (LSM/LWO 60/40) and the two
infiltrated electrodes (nanoparticles treated at 900 °C and 750 °C) is plotted in
Figure 9.17 as a function of temperature in wet air (2.5 vol. % H,0).

As can be ascribed from the graph, the different strategies followed in the
present chapter can improve the cathode performance in proton conductor
cells, i.e., the addition of proton conductor phase in the electrode, and the
addition of nanocatalyst reduces the Rp. The worst performance is obtained
with LSM electrode, but Rp decreases with the introduction of the protonic
phase. The performance is further improved through the SDC nanoparticles
infiltration, in all range of the tested temperatures. Since the nanoparticles
were fired at two different temperatures (900 °C and 750 °C), the tested
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temperatures were different. Furthermore, as the firing temperature of
nanocatalyst is reduced the efficiency of the cell increases, i.e., lower Rp is
obtained. In figure Figure 9.17, it can be appreciated the high influence of the
nanocatalyst active area in the processes at low temperature, indicating a
higher activity as lower particle size.
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Figure 9.17: Polarization resistance as function of the temperature in wet air (2.5% vol. H,0).

In this point, it is important to study more in detail the effect in the cell
performance of the samarium doped ceria nanoparticles. For that purpose, the
EIS spectra of the backbone and the infiltrated electrodes are shown in Figure
9.18. From these graphs at least two different contributions (two separated
arcs) can be distinguished. One corresponds to LF and the other one appears at
HF. The non-infiltrated composite is strongly limited by LF processes, since the
LF arc is much larger than the one shown at HF. It is clear that the addition of
the samarium doped ceria in the LSM/LWO composite can improve mainly the
resistance at low frequency. The infiltrated cathode treated at 750 °C presents
a very important improvement of LF processes with respect to the cathode
sintered at 900 °C. It should be emphasized again, that regardless of post-
sintering temperature, HF contributions remain constant, as for the non-
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infiltrated composite, indicating that HF processes are not directly related to
the electrode surface.
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Figure 9.18: Nyquist and bode plot, left and right, respectively, of LSM/LWO 60/40 composite
cathode blank and infiltrated with SDC fired a two temperatures (750 °C and 900 °C).

The best electrode (LSM/LWO+SDC 750 °C) and the parent backbone electrode
will be studied by equivalent electrical circuit modelling, two R||CPE in series
were used. The results of fitting as function of the temperature and oxygen
partial pressure are presented in Figure 9.19 and Figure 9.20.

In general, the resistance related with HF processes for both composites are
essentially identical irrespective of the temperature and the pO,, whereas the
LF resistance values are drastically reduced thanks to the nanoparticle
infiltration. The similar HF resistances for both samples, indicates that the
transport properties of the backbone are maintained whereas the
nanoparticles only affect the surface processes. Furthermore, when SDC is
infiltrated in the sample the cathode limiting contribution changes from LF to
HF. The LF resistance for the sample infiltrated has lower activation energy.
Additionally, the capacitance of the different processes is almost maintained in
all range of temperature, indicating the same limiting elementary reactions in
the electrode. Associated capacitances are around 1-107 to 1-:10™* F-cm™ for HF
processes and 0.1 to 1 F-cm™ for LF processes.



Cer-cer cathodes for PC-SOFC 275

T(°C) T(°C)
950 900 850 800 750 700 650 950 900 850 800 750 700 650
o — -
@ 17 T Lswwo 7] (b) S g °
e o LSMLWO+SDC = 156V : o o
HF LF
104 Cl
14eVy 0014 = o LSMLWO
<< . g © <€ e o LSMILWO+SDC
S : Y S
¢ 23eV o L 1E-3+ . " o °
x 14 o B q4ey o . .
P 1E-4 - " .
".-13eV .
R Air + H,0 Air + H,0
0.1 —————————— 1E-5 ———————————
0.80 0.85 0.90 0.95 1.00 1.05 1.10 0.80 0.85 0.90 095 1.00 1.05 1.10
-1 1
1000/T (K™ T¢0) 1000/T (K™
10000 9?0 9(?0 8?0 8(?0 7!:30 7(?0 6?0
() .
1000 } .
] ® [ | ]
100¢ HF LF °
= o LSM/LWO
N 10{ e o LSM/LWO+SDC
== o
Y 1- o [e)
o o
0.1 Ar+H0 o °
[u]
0.01 —————————
0.80 0.85 090 095 1.00 1.05 1.10
1000/T (K™

Figure 9.19: Results of the equivalent electrical circuit fitting of LSM/LWO 60/40 and
LSM/LWO 60/40 infiltrated with SDC (750 °C) electrode as function of temperature in wet
conditions; (a) resistances, (b) capacitances and (c) associated frequencies.

The isothermal analysis of the resistance at HF and LF as a function of the pO,
at 750 °C is shown in Figure 9.20. The pO, dependence of the resistance (R; a
pOZ_mi) sheds further light on the nature of the limiting mechanisms in the
electrode operation. The values inside the Figure 9.20 (a) are the m parameter
calculated. At HF the m value is maintained for the pristine and the infiltrated
sample, indicating that the bulk properties are maintained and only the low
frequency processes change with the nanoparticles infiltration. Additionally,
the HF cannot be related with the ionic transport from the electrode to
electrolyte since not dependence of pO, should be expected in the resistance
(Figure 9.19 a) and the associated capacitances should be smaller (10°-107
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F-cm™). Thus, the m value at HF could be associated with the charge transfer
limitation (Ogq + e~ = 0,4, mM=3/8). The pO, dependence of pristine
composite electrode is m=0.29 at LF, whereas the sample with SDC particles
has a value of m= 0.41. m values at LF with an associated capacitances of ~10™
F-cm™ can be assigned to surface dissociative adsorption and surface diffusion

of oxygen [8, 24].
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Figure 9.20: Results of the equivalent electrical circuit fitting of LSM/LWO 60/40 and
LSM/LWO 60/40 infiltrated with SDC (750 °C) electrode as function of oxygen partial pressure
in wet conditions; (a) resistances, (b) capacitances and (c) associated frequencies.

9.2.2.4.3. Stability of SDC infiltrated sample

One of the most important parameters in real operation conditions is the cell
performance stability. Thus, the stability of the polarization resistance of the
cathode infiltrated was checked as function of time. For that purpose EIS
measurements were carried out during more than 1200 minutes. As can be
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ascribed from the graph, the cathode polarization resistance increases with
time. Even there is an increase from 0.75 Q-cm?® to 1 Q-cm? at the beginning of
the cell operation, after 1000 minutes the cathode performance is getting
stable. The same behavior was observed for the LSM/GDC cathodes infiltrated
(LSM electrode improvement strategies chapter). There is a small degradation
or equilibration of the sample until it reaches its final state under the
operation conditions. After that the Rp value remains constant.
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Figure 9.21: Rp of the LSM/LWO 60/40 infiltrated with SDC fired at 750 °C as function of time.

-0.3 - T -0.37
LSM/LWO 60/40+ SDC (750 °C i
AAAA(AAA)AAA A First

o~ -0.24 N ADBANAAAAAA A last 4 -0.2
§ Adasaa, YW
o Aa, A%
S 0.1 “‘“‘6\ " 1 011
S A

0.0 ' ' 0.0 2 0 400 4T 42 43 L4 L5

0.0 0.5 1.0 1.5 10°10° 10" 100 10° 10° 10" 10

Z (@-om) Freq (Hz)

Figure 9.22: Nyquist and bode plot, left and right, respectively, of LSM/LWO 60/40 composite
infiltrated with SDC fired at 750 °C for the first measurement and after the stability test.

The fitting of the EIS spectra (Figure 9.22) was performed in order to clarify
how the resistance changes and results are presented in the Table 9.1. Both,
HF and LF resistances increase with operation time (t=1200 min). Moreover,
the frequency range associated with these surface processes is shifted towards
lower values, whereas the capacitances associated increase with time. Thus,
there is an initial equilibration of the nanoparticles in the operation conditions.



278

Chapter 9

Finally, after 1200 minutes the dominant mechanism is still associated with HF

processes.
t Rir Cir fie Rur Chr fur
min Q-cm? F/cm’ Hz Q-cm? F/cm’ Hz
30 0,26 0,24 3 0,56 6,58E-04 432
1228 0,54 0,28 1 0,91 0,00131 135

Table 9.1: Results of the equivalent electrical circuit fitting of LSM/LWO 60/40 infiltrated with
SDC (750 °C) electrode, for the first measurement (t= 30 min) and after the stability test (t=
1228 min).

The LF resistance change could be associated with small particle enlargement,
reducing the active area. However, the HF resistance worsening could be
results of lower dissociative adsorption involved in the oxygen reduction
reaction (Ogq + e~ = Ogy).

9.2.2.5. Fully-assembled fuel cell

Finally, in order to check the influence of the SDC infiltrated on the cathode in
real operation conditions, two samples supported on the electrolyte were
tested as fully-assembled fuel cells. LWO was used as electrolyte material and
support of the cell, thus the electrolyte was thick. The studied LSM/LWO
composite electrode was used as cathode, whereas the anode selected was
LaggsSro.15CrogNig203.s (LSCNi) [27], a highly active anode material for LWO-
based proton conducting fuel cells. The surface catalytic properties of the
anode can be also improved by Ni metallic precursor infiltration. Both
electrodes, anode (LSCNi) and cathode (LSM/LWO 60/40), were screenpinted
on the surface of the electrolyte. After sintering, a gold screenpinted layer was
used on top of electrodes to ensure the proper current collection. One of the
samples was measured as a parent and any catalyst was infiltrated. The other
sample was infiltrated with Ni in the anode electrode (LSCNi), whereas SDC
was introduced in the cathode composite (LSM/LWO), as it is shown in Figure
9.23.
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Figure 9.23: Scheme of the protonic fully-assembled fuel cells, and FE-SEM micrographs of the
different electrodes: LSM/LWO 60/40, LSCNi, LSM/LWO 60/40 +SDC and LSCNi+Ni (from top to
bottom).



280 Chapter 9

The samples were tested in wet air (2.5 % vol.) and wet hydrogen (2.5 % vol.)
as fuel cells and the i-V and i-P results are shown in Figure 9.24. The cell is
dominated for the ohmic resistance, as can be inferred from the i-V curves,
since a straight line is obtained, being not possible to observe the polarization
for activation or polarization for concentration. One of the most limiting
parameters in the cells performance is the electrolyte thickness, and dramatic
improvements in power density can be achieved in SOFCs systems through
reduction of the electrolyte thickness [28]. Anyway, by the infiltration of SDC
and Ni on the sintered cathode and anode, respectively, the cell performance
can be improved by doubling the power density in the same cell conditions. In
order to check if the infiltrated particles are the main reason of the
enhancement of the infiltrated cell performance, EIS measurements near the
OCV were carried out for both samples. The Nyquist and Bode plots are shown
in Figure 9.25.
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Figure 9.24: i-V and i-P curves of fully-assembled fuel cells supported on the electrolyte; anode
LSCNi, electrolyte LWO and cathode LSM/LWO. The infiltrated sample was infiltrated with Ni
in the anode and SDC in the cathode.

In order to compare directly the polarization resistance of the electrodes, the
real resistance, associated mainly to the electrolyte, was subtracted in the
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Nyquist plot. The values of the real resistance related with the thickness of the
electrolytes and extracted from the plot were 20 and 29 Q-cm? for the non-
infiltrated and infiltrated sample, respectively. While the resistance of the non-
infiltrated sample is dominated by the LF arc, the infiltrated sample shows a
small arc at medium frequency. That fact confirms the hypothesis of the
catalytic promotion of the infiltrated particles in the fuel cell performance.
Additionally, as can be inferred from the graph, the sample infiltrated with SDC
and Ni is limited by the electrolyte, since the resistance of the electrolyte is
three times bigger than the electrodes contribution. However, in the case of
the non-infiltrated sample the electrodes contribution remains bigger than the

electrolyte contribution.
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Figure 9.25: EIS spectra of the full assembled fuel cells.
9.3. Conclusions

LassWO1,.5 (LWO) material presents the necessary properties to consider it as
a cathode component and exhibits a good compatibility with LaggSrg,;MnOs.s
(LSM). Different cer—cer composites based on LSM and LWO have been studied
and analyzed as cathodes for LWO PC-SOFCs. The improvement of the cathode
performance was obtained by the addition of the LWO protonic phase to the
pure electronic LSM cathode material. When the amount of LWO was 40 vol.%,
the polarization resistance was halved with respect to LSM for the whole
temperature range. The electrochemical results showed that the limiting
resistances at LF and LLF processes, associated with surface and TPB area,
were reduced due to the addition of the LWO protonic phase. This fact is
ascribed to the increase of TPB area into a certain cathode thickness with the

introduction of the LWO protonic pathways.

Additionally, the surface processes associated with LF were tailored by the
incorporation of catalytic active particles. An outstanding improvement of the
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electrochemical performance was reached by coating the electrode backbone
structure with nanosized catalytic SDC particles. This enhancement was
originated from the promotion of surface processes (LF) by the catalyst
incorporation. While high frequency resistive contributions were not altered
by the nanocatalyst infiltration. Furthermore, the cathode optimized for LWO
PC-SOFCs was tested in a fully-assembled fuel cell. The cell infiltrated with SDC
and Ni nanoparticles (in cathode and anode, respectively) doubled the power
density of the pristine sample. This fact was ascribed to the enhancement of
the surface processes in the cell operation conditions. However, the operation
performance was limited by the thickness of the electrolyte, indicating that
new cell configurations should be taken into account.
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10. CsH,PO,-based electrochemical cell
10.1. Introduction

Solid acid proton conductors, based on tetrahedral oxyanions, have attracted
interest in the last years because of their potential applications as electrolytes
in fuel cells [1], hydrogen pumping [2] or electrochemically promoted water
gas shift reactions [3]. Solids acids of interest are those whose chemistry is
based on oxyanions groups, linked together by hydrogens bonds and charge
balanced by large cations as K', Cs*, Rb" and NH,". Cesium dihydrogen
phosphate, CsH,PO, (CDP), is one of the compounds more studied that belong
to this group, since has a good compatibility with catalysts and stability [2, 4-
6]. Furthermore, H,-air cells based on CDP electrolytes are able to process
streams containing 20 % of CO [7].

CDP exhibits three different crystallographic phases depending on the
surrounding temperature. At temperatures below -120 °C, it exhibits a
ferroelectric phase with a monoclinic structure in space group of P2;. At
temperatures above -120 °C the phase changes to paraelectric with a space
group P2;/m. CDP undergoes superprotonic conductivity due to a phase
transition to cubic phase with a space group of Pm3m at high-temperature
(above 230 £ 2 °C). This structure presents cesium cations located at every
corner of the cubic cell (Figure 10.1) and the PO, group is orientationally
disordered about the center of the cell [1]. The dynamically disordered
hydrogen bonds and the PO, disordered groups are the responsible for the
high proton conductivity.
(a) Y

Figure 10.1: Crystal structure of CDP (a) the monoclinic paraelectric and (b) the cubic phases

[8].
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This solid acid compound facilitates anhydrous proton transport with high

proton conductivity. The phase transition (Figure 10.1, Figure 10.2 and Figure

10.3) gives rise to an outstanding protonic conductivity increase by several

orders of magnitude.
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Figure 10.2: Phase transition of the CDP material.
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Figure 10.3: XRD patterns of the CDP as function of temperature [9].
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The operation temperature of the CDP allows improving some problems

obtained in PEMFC operation, as the water humidification control, or the

poisoning of the Pt for the presence of CO in the fuel stream. Furthermore, the

reduction of precious metal catalyst load or even the entirely elimination of

precious metals can be achieved due to the CDP operation temperature.
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Haile et al., [1] obtained a power density peak of 415 mW/cm? at 240 °C with
hydrogen and oxygen humidified, demonstrating the applicability of CDP as
electrolyte for low-medium temperatures.

In this chapter, CDP is studied as electrolyte for operation as fuel cell and
electrolyzer at different pressures. The main objective was to tailor the
electrodes and electrolyte properties, conferring high stability to the
electrolyte and avoiding precious metals for the electrodes catalyst, with the
purpose to achieve high performance.

10.2. Results and discussion
10.2.1. Structural characterization

10.2.1.1. XRD characterization

The CDP material was synthesized by precipitation method as was explained in
the (4. Methodology chapter) and after that, a XRD measurements was carried
out at room temperature. As can be ascribed from Figure 10.2, CDP material
exhibits a monoclinic structure at room temperature, as described by Louie et
al., [9] and no extra peaks were observed in the limits detection of the XRD

equipment.
CsH,PO,
5
s
Mﬁw bbb i
10 20 30 40 50 60 70 80 9

26(°)
Figure 10.4: XRD pattern of CDP sintered at room temperature.
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10.2.1.2. Conductivity characterization
10.2.1.2.1. Influence of temperature

The total conductivity of CDP salt was measured as function of temperature in
a mixture of N, and water in a 30% of content. As shown in Figure 10.5, there
are three different regimes in the total DC conductivity. The first with a low
conductivity (~2-:10° S-cm™) related with the monoclinic phase, the second one
with a huge increase in terms of conductivity values, that can be ascribed to
the phase transition (from monoclinic to cubic) and the third one where the
conductivity is kept around ~3-10% S-cm™. An increase of four orders of
magnitude in the conductivity of polycrystalline CDP is observed and ascribed
to the phase transition from low conductivity phase to a high conductivity
phase (superionic conduction phase) in agreement with the results observed
by Otomo et al, [10]. Furthermore, the conductivity suffers a hysteresis
behavior, revealing a reverse transformation by cooling the sample, but lower
temperatures should be achieved (200 °C) [1].
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Figure 10.5: DC conductivity measurements of CDP as function of temperature, with a content
of 30% of water in N,.
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10.2.1.2.2. Influence of water partial pressure

As described in the introduction, this type of salt suffers a superprotonic phase
transition at temperatures above 232 °C. However, in this type of materials
where protons are incorporated in the structure, high temperatures promote
the dehydration [11, 12] and CDP can suffer the reaction as follows:

Since the high temperatures force the dehydration of the material, and taking
into account that high temperatures (>232 °C) are required to reach
superprotonic phase, the optimum operation conditions should be selected. In
that way, a complete study of temperature and water partial pressure was
performed by Chisholm et al., [7], and it is shown below.
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Figure 10.6: Phase stability diagram for solid acid fuel cells based on CDP [7].

Therefore, the operation conditions are limited for the stability of CDP, fixing
the range of water content and temperature operation. That range of
temperature (230 °C- 280 °C) and water content (of 30 % and 40 % of volume)
will be employed for all measurements in the present chapter.



292 Chapter 10

Additionally, the conductivity of the CDP was investigated as function of the
water partial pressure. For that purpose a CDP pellet was measured by using
two carbon papers as electrodes. The sample was heated up to 242 °C, above
the phase transition, then, the conductivity was measured as function of the
water partial pressure. The sample was heated up with steam in the Ar flow, in
order to avoid the sample dehydration.

As can be ascribed from Figure 10.7, the conductivity of CDP with a partial
pressure of 0.04 atm exhibits a value of 1.1:10° S-cm™. When the water partial
pressure is increased up to 0.31 atm, the conductivity augments in almost one
order of magnitude. After the water partial pressure reaches the value of 0.3
atm the conductivity is almost maintained with small improvement with higher
pH,0.
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Figure 10.7: DC conductivity measurements of CDP as function of water partial pressure with a
mixture of argon.
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10.2.2. Electrochemical characterization of symmetrical cells

10.2.2.1. Symmetrical cell configuration

CDP material was tested in a fully-assembled fuel cell as electrolyte. The same
material was used for both electrodes, cathode and anode, and the cell was
supported on the electrolyte (Figure 10.9 (a)). A commercial gas diffusion layer
(GDL), employed for PEMFC to facilitate the diffusion of reactants across the
catalyst layered membrane [13], was used as electrode. That GDL (Figure 10.8),
composed of carbon fibers, was chosen as backbone for the catalyst
infiltration. Usually, platinum is employed as catalyst for electrodes that work
at low temperature, but due to its high cost some alternatives should be
selected. The range of operation temperature of the CDP allows the utilization
of different metals as catalyst. A combination of Cu and Zn was selected as
alternative catalyst for the electrodes infiltration. In addition, Pt was used also
used for comparison purposes.

Figure 10.8: GDL SEM image.

SEM micrographs of the different electrodes employed are presented in Figure
10.9 (b) and (c). Cu and Zn oxide particles have a particle size in the range of
nanometers, whereas Pt shows a bigger size, both catalysts are supported on =
10 um diameter carbon fibers. Furthermore, the porosity for the gas diffusion
in both electrodes is enough and the catalysts are well dispersed around the
whole electrode, but in the case of Pt, the content is lower with higher particle
size, reducing the active area.
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Figure 10.9: (a) symmetrical cell configuration, FESEM micrographs of both electrodes (b)
GDL+ZnO+Cu and (c) GDL+Pt.
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10.2.2.1.1. Influence of system pressure on the cell operation

Firstly, a sample composed of a thick electrolyte and two electrodes infiltrated
with CuO and ZnO (Figure 10.9 (a)) was measured in wet hydrogen and air in a
fully-assembled fuel cell mode. The water partial pressure on both chambers
was maintained in 0.4 bar during the measurements time. Furthermore, the
whole setup was heat-up in order to avoid the water condensation in any part
of system, any drop of liquid water could damage the electrolyte.

The influence of the total pressure in the fuel cell was studied (Figure 10.10),
and higher pressure lead to improve electrochemical performance.
Furthermore, working with a total pressure of 4.5 bar in the cell, the power
density peak reaches values around 1.15 m/W-cm?, four times higher than the
same sample at atmospheric pressure. This improvement can be attributed to
the higher activity of the Cu-ZnO electrodes under higher pressures. As has
been reported previously, Cu and Zn catalysts improve the rate of several
reactions by increasing the operation pressures [14, 15]. Furthermore, the
same effect was observed for a similar cell by Hallinder et al., working up to 40
bar [16].
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Figure 10.10: i-V and i-P curves of the Cu-ZnO on GDL/CDP/Cu-ZnO on GDL in wet H, and air as
function of the total pressure of the system.
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In addition, as can be inferred from the graph, when the pressure of the
system is increased the OCV is not reduced, indicating that there is not leakage
between both reaction chambers. That fact confirms the density of the sample,
and allows the cell to work at higher pressures. As to confirm how the OCV
changes as function of the total pressure in the operation conditions, the
equilibrium potential (OCV) was calculated for the range of the tested
conditions. The Nernst equation (3.6) was employed and the results are shown
in Figure 10.11. The OCV increases by decreasing temperature or/and
increasing the pressure in the system. That behavior can be observed for the
fuel cell tested in this thesis, i.e., higher pressures produce higher OCV.
However, the difference between the real and the theoretical values should be
explained according to the cell performance. As the cell performance
decreases, the OCV decreases as well. In the OCV data collection the Solartron
equipment applies a small current density, but that current density is enough
to reduce the OCV, and the same current density has higher effect in the low
performance conditions.
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S 1.18 1 1
5 1.16—- 1
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Figure 10.11: Theoretical results of OCV as function of the total pressure determined by
equation (3.6) for the fuel cell working with a pH,O of 0.4 bar in both chambers and pure
hydrogen and air in the anode and cathode, respectively.
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The same cell configuration was selected to test the influence of Pt as catalyst
in the fuel cell. For that purpose, the GDL was submerged in a solution of
chloroplatinic acid, and after calcination and reduction, the electrodes were
attached to the electrolyte by co-pressing the electrodes and electrolyte
powder material. Results of the cell working under different pressures are
shown in Figure 10.12. When Pt is employed as catalyst, the cell performance
is also improved by using higher pressures in the system. However, the
increase is not as high as the one observed for the electrode infiltrated with Cu
and Zn oxides. Thus, Pt seems to be activated at low pH,. Furthermore, the
effect of the pressure in the OCV is also observed in the i-V curves, higher OCV
is obtained at higher pressures.
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Figure 10.12: i-V and i-P curves of the Pt on GDL/CDP/Pt on GDL in wet H, and air as function
of the total pressure of the system.

10.2.2.1.2. Influence of steam content on the cell operation

As was mentioned above, the material selected as electrolyte for that type of
cells needs high contents of water. As shown in Figure 10.7, higher contents of
water, more than 0.3 bar, can improve significantly the conductivity of the
material. Thus, the electrolyte performance should be improved. However, the
same behavior cannot be expected for the rest of cell components. For that
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reason, a variation in the water partial pressure was studied for both
symmetrical cells; i.e., CuO+ZnO and Pt as catalysts.
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Figure 10.13: i-V and i-P curves of the Cu-ZnO on GDL/CsH2P0O4/Cu-ZnO on GDL in wet H, and
air as function of water partial pressure.
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Figure 10.14: i-V and i-P curves of the Pt on GDL/CDP/Pt on GDL in wet H, and air as function
of water partial pressure.
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The i-V and i-P curves are shown in Figure 10.13 and Figure 10.14, for both
cells working in hydrogen and air with different steam contents. As can be
inferred from the graphs, the improvement of the CDP conductivity, associated
with higher contents of water (Figure 10.7), is not enough for improving the
cell performance. Thus, those results suggest that the cell performance is
limited by electrode processes and the same behavior is observed for both
catalysts (Pt and Cu-ZnO).

10.2.2.1.3. Influence of temperature on the cell operation

Additionally, the influence of the operation temperature was tested for both
symmetrical cells (Figure 10.15 and Figure 10.16). Both samples show a rise in
the power density by increasing temperature. But the effect of temperature is
different in both cases. For instance, the sample working with Cu and Zn oxide
shows an improvement of 43% with 10 °C, whereas the platinum sample
increases only the power density in 32% with 20 °C. It seems that this
improvement in terms of the power density can be ascribed to the activation
of the electrode catalysts with temperature rather than the electrolyte. The
results of the CDP conductivity (Figure 10.5) shown a significant increase of
conductivity above 235 °C, but after that change, the conductivity increases a
little. In order to confirm this hypothesis, electrochemical impedance
spectroscopy measurements were performed near the OCV for the sample
working with Pt and are shown in Figure 10.17.
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Figure 10.15: i-V and i-P curves of the Cu+ZnO on GDL/CDP/Cu+Zn0O on GDL in wet H, and air
as function of operation temperature.
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Figure 10.16: i-V and i-P curves of the Pt on GDL/CDP/Pt on GDL in wet H, and air as function
of operation temperature.
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Figure 10.17: (a) Nyquist plot, (b) Bode plot and (c) summary of the EIS contributions of Pt on
GDL/CDP/Pt on GDL sample near OCV at 4.5 bar and 0.47 bar of pH,O function of temperature.

As can be inferred from the graph (Figure 10.17), the temperature can reduce
both resistances: the one related with the real resistance (conductivity of the
electrolyte) and the polarization resistance of the electrodes. The resistance
obtained from the electrolyte with a thickness of 1.8 mm fits with the previous
conductivity results (Figure 10.5). The main improvement in the cell
performance is attributed to the electrodes enhancement (Rp in Figure 10.17
(c)). In addition, the main limiting processes in the electrodes performance
take place at low frequencies (Figure 10.17 (b)). In order to clarify the nature of
the limiting processes, the EIS results have been fitted with an equivalent
circuit. The equivalent electrical circuit employed consisted of three constant
phase in parallel with three resistances (LRq-(RLF1-CPELF1)-(RLF2-CPELF2)-
(RLF3-CPELF3)). Results of the fitting are shown in Figure 10.18. As can be
observed from Figure 10.18, there are three limiting resistances associated
with low frequencies (0.01-0.4 Hz). Those frequencies are usually related with
material surface processes, dissociation and oxidation and/or reduction of
hydrogen in the cell and morphology of electrodes [17-19]. In addition, the
capacitances of those processes are in the range of 0.01 to 0.4 F/cm®. The
resistances at low frequencies can be associated with a low activity of Pt, and
different are the hypothesis proposed: (i) presence of impurities in the Pt/C
interface from the Pt precursor, blocking the adsorption/desorption of
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hydrogen, (ii) low hydrogen desorption rate due to the high particles size
(Figure 10.9 (c)) with low edges and corners sites in the crystal (with a specific
crystal orientation) and (iii) Pt area blocked due to the anchoring of particles
into the carbon backbone [20]. The high particle size observed in Figure 10.9
can be attributed to the synthesis method and reduction temperature, since
high reduction temperatures produce bigger Pt particles [21] and can affect
the catalytic activity of Pt in the electrode. Furthermore, the poor distribution
of Pt reduces the number of active sites for the hydrogen reduction and
oxidation reaction.

RLF1 and RLF2 are almost maintained when temperature is increased, but RLF3
is reduced in 12 Q-cm?. Thus, the reduction of the RLF3 with temperature can
be associated with the improvement of the catalytic activity. According to
results obtained in the EIS measurements, the cell performance is limited by
the electrodes having the highest resistance at both temperatures (Figure
10.17 (c)). Usually, cathode reactions are more limiting than the hydrogen
oxidation reactions, and are responsible for the cell limitation performance.
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Figure 10.18: Equivalent electrical circuit fitting results; (a) resistance, (b) capacitance and (c)
frequency of Pt on GDL/CDP/Pt on GDL near OCV at different temperatures.
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10.2.3. Electrochemical characterization in asymmetrical cells

10.2.3.1. Electrolyte supported cell

In order to improve the cell performance, different strategies were followed.
The voltage losses ascribed to the electrolyte can be easily diminished by
reducing the electrolyte thickness [22]. Thus, the thickness of the electrolyte
was reduced and the final thickness of electrolyte was halved to handle the
sample in order to use the electrolyte as cell support. Furthermore, Pt was
selected as catalyst in the air side to prevent the oxidation of Cu in the air side.
One of the problems presented above was the poor distribution of Pt on the
GDL surface, producing a low TPB length in the electrode. Ag paste and a Pt
solution was mixed and applied on top of the GDL as alternative. After
calcination and reduction of both electrodes (GDL+Cu+ZnO and GDL+Pt) at 300
°Cin H,, infiltrated GDL were pressed with CDP in a sandwich configuration.

The cell obtained was characterized electrochemically in a fuel cell and
electrolyzer mode and results obtained are shown below.

10.2.3.1.1. Fuel cell mode

Firstly, the sample was tested in a fuel cell mode, for that purpose, the cell was
measured with air in the Pt and Ag electrode, whereas the GDL infiltrated with
Cu and ZnO was feed with H,. In order to achieve a high proton conductivity of
the electrolyte material, both sides were humidified with a 0.4 bar of water
partial pressure. Atmospheric pressure was selected for the measurements in
fuel cell mode.

The fuel cell performance as function of temperature is shown in Figure 10.19.
As can be inferred from the graph, higher temperatures increase the power
density. The fuel cell improvement can be assigned to the thermal activation of
the electrodes catalysts. Furthermore, the same behavior as was described
above is observed for the OCV, i.e., the OCV is higher at higher temperatures. It
seems that there is a big slope in the i-V curves in the activation regime and
small current densities produces huge reduction in the cell potential.

If the power density is compared with the value obtained for the symmetrical
fuel cell with only Cu and ZnO as catalyst (Cu and ZnO on GDL/CDP/Cu and ZnO
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on GDL, Figure 10.10) similar value is obtained. Thus, the electrode with Pt and
silver paste does not achieve the performance expected.
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Figure 10.19: i-V and i-P curves of the Ag+Pt on GDL/CDP/Cu and ZnO on GDL in wet H, and air
as function of operation temperature.

Finally, EIS measurements at both temperatures were performed in order to
check the different contributions. For that purpose, EIS measurements were
carried out near the OCV, and results are shown in Figure 10.20. The real
resistance assigned to the electrolyte contribution has been subtracted in the
graph in order to compare directly the electrodes performance. In addition,
the EIS spectra were analyzed by equivalent electrical circuit fitting. The
equivalent electrical circuit employed consisted of two CPE in parallel with two
resistances, and can be written as follows; LRq-(RLF1-CPELF1)-(RLF2-CPELF2),
where L is the inductance and R, is the real resistance of the electrolyte and
set-up connections. The polarization resistance associated with electrodes
shows two big contributions at low frequencies (0.1-1 Hz) for both
temperatures, indicating the limitation of surface processes, related with the
hydrogen evolution reaction accompanied by the adsorption and diffusion
processes. The frequencies obtained for both processes (RL1 and RL2) fit
perfectly with the values obtained for the symmetrical sample with Pt as
catalyst (Pt on GDL/CDP/Pt on GDL, Figure 10.18). However, the capacitances
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(Figure 10.21 (b)) are smaller (2:10- 2-:10™* F/cm?) and that difference may be
due to the lower operation pressure in comparison with the 4.5 bar employed
for the Pt symmetrical cell. Furthermore, in the Nyquist plot it can observe a
second contribution at lower frequencies (<0.01 Hz). This second arc can be
associated with gas diffusion, due to the range of frequencies.
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Figure 10.20: EIS results (Nyquist and Bode plots, left and right, respectively) of Pt +Ag on
GDL/CDP/Cu-ZnO on GDL near OCV at 1 bar and water partial pressure of 0.4 bar as function

of temperature.
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Figure 10.21: Equivalent electrical circuit fitting results; (a) resistance, (b) capacitance and (c)
frequency of Pt on Pt +Ag on GDL/CDP/Cu-ZnO on GDL near OCV at different temperatures.
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10.2.3.1.2. Electrolysis mode

To go a step further with this type of electrolyte material, the sample tested as
fuel cell, was tested in electrolyzer conditions. The cell configuration and the
test conditions are shown in Figure 10.22. In that case, N, was used in the Pt
electrode, whereas Ar was selected for the Cu and ZnO electrode. Before the
test of the cell as electrolyzer, the sample was fed during one night only with
the inert gases in order to eliminate the residual hydrogen in the bubbler and
in the reactor. The current was applied during stages of 30 minutes as it is
shown in Figure 10.23. The composition of the outlet gas of the cathode was
monitored by using a mass spectrometer.

Ar_‘l’e- @ 2H* + 2e” > H,(g)
—> _
&% CATHODE- Cu+ZnO on GDL
ELECTROLYTE- CsH,PO,
ANODE- Pt+Ag on GDL

Solartron

2 H,0 = 2H*+1/20, + 2e-

Figure 10.22: Electrolysis cell configuration.

The cell was tested at 260 °C and atmospheric pressure. As can be inferred
from Figure 10.23, H, production is stable during the 30 minutes when the
current is applied to the cell. Thus, those results demonstrate the use of this
type of material for the hydrogen production.
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Figure 10.23: H, signal of the cathode outlet gas during electrolysis mode.

After that test, the influence of operation conditions were studied, i.e., the
system total pressure influence or co-electrolysis mode. The values achieved
for the cell overpotential in the different conditions are shown in Figure 10.24.
Comparing the three conditions, the water electrolysis test at atmospheric
pressure reaches the lowest overpotential value and by increasing the pressure
the cell voltage increases. Additionally, the voltage in electrolysis conditions
was calculated from the Nernst equation for different pressures (Figure 10.25).
As the pressure increases, the OCV of the cell raises as well. As might be
expected, the same trend is followed by the electrolysis potential for the
tested cell. Additionally, the presence of CO, in the inlet gas produces a voltage
increase with regard to the atmospheric pressure measurements, but behaves
as the system with pressure and without CO,. However, the last point collected
has an unusual performance, since leakage between the chambers was
detected and the measurement was stopped.
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Figure 10.24: Cell overpotential in different conditions: atmospheric pressure (Elect.), system

pressure of 7.5 bar (Elect. P=7.5 bar) and coelectrolysis with 3 ml/min of CO, (Co-elect. P=7.5
bar).
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The cathode outlet stream was monitored using a gas chromatograph. The
measurements were carried out during the time that the current was applied
to the cell, consecutive analyses were performed and the average of them (in
each current condition) is presented in Figure 10.26. Since CO could not be
detected in the co-electrolysis test, the Faraday’s efficiency should be assigned
to the steam electrolysis at 7.5 bar. The lower efficiency at 7.5 bar might be
the result of a small leakage in the reactor and that leakage would cause the
lower H, production during the electrolysis tests.
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Figure 10.26: Hydrogen production and Faraday’s efficiency of the three conditions, working
with a water partial pressure of 0.4 bar. Gas chromatograph 1% error.

As was observed for the samples tested so far, the main limiting resistance in
the cell is ascribed to the electrodes performance. Probably, the catalytic
activity or electrodes configuration are the responsible of the low power
density of the fuel cell and high overpotential in the electrolyzer, for that fact
different improvements were performed in the cell manufacture.
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10.2.3.2. Steel supported cell

The previous samples exhibited some limitations and these should be resolved
in order to improve the cell performance. On the one hand, the thickness of
the electrolyte should be reduced to achieve lower ohmic resistance in the cell
operation, though this is not the limiting resistance in the cell performance.
Then, a stainless steel (AISI 316) from GKN support was selected for the cell
support to minimize the electrolyte thickness. On the other hand, since the
CDP and GDL+Pt or Cu+ZnO can only transport protons and electrons,
respectively, it can be assumed that the hydrogen oxidation (HOR) and
reduction (HRR) reactions are limited to the triple phase boundary where
electrons, protons and gas are in contact (electrode-electrolyte interface).
Thus, the incorporation of a second phase in the electrode could increase the
length of the TPB along the electrode thickness. For that purpose, the
electrode should consist of two phase with a good percolation and well mixed,
in order to provide paths for electrons and protons. In addition, high surface
areas of both phases will enlarge the active sites [23] for the HOR and HRR.
Thus, a proton conductor material (CDP) was introduced in the electrode to
enlarge the length of the TPB. The new cell configuration allowed tailoring the
characteristic of the electrode nearest to the steel. Additionally, the porosity of
the electrodes should be maintained to ensure the proper gas diffusion. With
this premise, solid naphthalene was added in the composite electrode for the
manufacturing of the cell. After removal of the naphthalene (by sublimation)
presented in the sample, the asymmetric cell was tested as fuel cell. The cell
configuration is presented in Figure 10.27.

CATHODE: GDL + Pt
ELECTROLWE:CSHZPO&

ANODE: CsH,PO, + carbon+ Cu+ZnO S %

Steel support
Figure 10.27: Asymmetrical cell configuration: Pt on GDL/CDP/CDP and Cu+ZnO on Carbon
supported on porous steel disc.
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10.2.3.2.1. Fuel cell mode

This asymmetrical cell was firstly tested as fuel cell: wet H, and air were feed in
anode and cathode, respectively. The measurements were carried out in
atmospheric pressure with 0.4 bar of water partial pressure.

As was observed for the samples tested so far, the operation temperature is a
critical parameter for the cell performance. Only 10 °C can increase the power
density in more than 38 %, as can be observed in this asymmetric cell (Figure
10.28).
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Figure 10.28: i-V and i-P curves of Pt on GDL/CDP/CDP and Cu+ZnO on carbon supported on
porous steel disc working in fuel cell conditions as function of temperature. Air supplied in the
cathode and hydrogen in anode, both chambers with a water partial pressure of 0.4 bar.

Comparing the results obtained with the asymmetric cell supported on the
electrolyte (Figure 10.19) in the same conditions (260 °C), the cell performance
is improved in more than 58%. That improvement can be ascribed mainly to
the composite anode developed. Thus, the composite anode enables the
enlargement of the TPB sites for the hydrogen oxidation along the electrode
surface. Furthermore, the reduction of the electrolyte thickness can also
improve the cell performance, but taking into account the previous results, the
cell is limited by electrodes performance and the electrolyte thickness
reduction plays an almost negligible role. In order to clarify the nature of the
limiting resistances, EIS measurements were conducted near to OCV and these
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results are displayed in Figure 10.29. The real resistance associated to the
electrolyte (8 Q-cm?®) was subtracted to compare directly the electrodes

resistances.
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Figure 10.29: Nyquist and Bode plots, left and right, respectively of Pt on GDL/CDP/CDP and
Cu+ZnO0 on Carbon supported on porous steel disc working in fuel cell conditions as function of
temperature near OCV.

The EIS spectrum were fitted with an equivalent electrical circuit with three
CPE in parallel with three resistances, LRq-(RLF1-CPELF1)-(RLF2-CPELF2)-(RLMF-
CPEMF) and results are shown in Figure 10.30. Where Rq is the electrolyte
resistance. The biggest resistances take place at low frequencies (RLF1 and
RLF2), being RLF1 the most limiting contribution. Furthermore, the resistances
at low frequency follow the frequency range observed for the CDP-based fuel
cells tested before in this thesis. In addition, the associated capacitances are
also maintained (Figure 10.30 (b) and Figure 10.21 (b)). It would be expected
that the limiting stages in the HOR and HRR are kept in that sample. However,
the sample supported on the porous steel disc reduces the RLF1 and RLF2 with
respect to the electrolyte supported cell (Figure 10.21). One of the main
improvements can be ascribed to the enlargement of the TPB along the anode
electrode reducing the resistance at LF.

Furthermore, as happened before for the rest of the samples, there is a big
influence of operation temperature on the electrode performance (Figure
10.29). For instance at 240 °C the electrodes resistance takes place at very low
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frequencies, with a big contribution, not allowing to close the complete arc
(due to the range of frequencies). However, by rising the temperature 20 °C,
electrodes are activated for the oxidation/reduction of hydrogen and a
resistance reduction of up to 1250 Q-cm’ is achieved. If the results of both
asymmetrical cells are taken into account, it can clarify that the limiting
processes associated with LF1 and LF2 are the length of the TPB and the
activity of the catalyst in the operation temperature range.
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Figure 10.30: Equivalent electrical circuit fitting results; (a) resistance, (b) capacitance and (c)
frequency of Pt on GDL/CDP/CDP and Cu+ZnO on Carbon supported on porous steel disc near
OCV at different temperatures.

10.2.3.2.2. Electrolysis mode

Finally, the sample was also tested in electrolysis mode, as was explained
before; the sample was flushed overnight with wet Ar and N, in order to
eliminate the residual H, in the water. All electrolysis stages were followed by
a mass spectrometer and gas chromatograph (Figure 10.32 and Figure 10.33).
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In that case, the current was applied only during 15 minutes (Figure 10.32).
Thus, the stabilization time was not enough to see a good signal as the
obtained for the electrolyte supported electrolyzer (Figure 10.23), the
production of H, is constant as observed by the mass spectrometer signal.

During the electrolysis mode, only three points were possible to be recorded
since a problem occurred in the cell, which can be related with the high
overpotential in the sample at -10 mA. Despite that, this second sample was
measured as electrolyzer, achieving high Faraday’s efficiency in the current
range of operation (Figure 10.33).
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Figure 10.31: Cell overpotential of Pt on GDL/CDP/CDP and Cu+ZnO on Carbon supported on
porous steel disc.
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Figure 10.32: Hydrogen signal of the cathode outlet gas during electrolysis mode.
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Figure 10.33: Hydrogen production and Faraday’s efficiency, working with a 40 % vol. of
steam.
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10.2.3.2.3. FIB-SEM characterization

After test, the sample was characterized by Focused lon Beam Scanning
Electron Microscopy (FIB-SEM) with an Auriga Compact model in Zeiss
equipment. Images of the different cells components and with different
magnifications are presented in Figure 10.34.

Figure 10.34: FIB-SEM images of the different electrodes with secondary electrons.
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The left-hand image, shows that the electrode composed of a mixture of CDP
and carbon impregnated with Cu and Zn oxide precursors. As can be inferred
from the images, both phases are intimately mixed and there is enough
porosity for gas diffusion. Additionally, paths for electrons and protons are
created. Furthermore, the whole CDP surface covered by carbon and the Cu
and Zn oxide nanoparticles (magnification on the last image in the first column)
become active for the H, evolution reaction.

In the left-hand image (Figure 10.34) three pictures of the GDL electrode are
shown. In the first one, the good attachment between electrode and
electrolyte can be observed. Furthermore, the high density of the electrolyte
can be ascertained. The image in the middle shows the Pt particles, having
sizes ranging from 20 to 10 nm. This particle size range is comparable with the
Pt used before in other studies [24]. Pt particles can also be distinguished in
the first image since appear with higher brightness. Finally, the carbon fibers
that are located at the far end of the electrolyte are shown in the image and
have 10 um of diameter. The thickness of the electrolyte, extracted from SEM
images determined a CDP electrolyte of ~300um.

10.2.4. Tailoring the mechanical properties of CDP electrolyte

The present results are still a long way from real applications, and much more
can be done in order to improve the cell performance. Since that type of cell
can work at high pressures obtaining higher efficiency, the mechanical stability
of the electrolyte should be enhanced. Another challenge of CDP is the high
plasticity or ductility that is product of the superprotonic phase [7]. Thus, the
addition of another phase can improve the mechanical stability, for instance
the addition of 10 % wt. of SiO, can improve the mechanical properties, i.e.,
reduce deformation rates (Figure 10.35):
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Figure 10.35: Mechanical deformation under constant stress of CsH,PO, and mixture with
10wt% of SiO, [7].

Qing et al., [25] studied the influence of working with composite electrolytes,
composed of CDP and an epoxy. The found how the flexural strength is
reduced by the epoxy incorporation (Figure 10.36).
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Figure 10.36: Flexural strength of composite electrolyte [25].
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10.2.4.1. SEM and XRD electrolyte characterization

In order to improve the mechanical stability, the same method based on epoxy
blending [25] was followed in this thesis. Firstly, and after CDP synthesis, the
powder was milled for four days in dimethylformamide (DMF) medium.
Powder was characterized before and after milling by X-Ray diffraction and
SEM. The monoclinic structure of the material is maintained after milling and
not extra peaks are observed in the XRD patterns (Figure 10.37), and no
amorphization is visible. In addition, the average particle size is reduced at
least three times (Figure 10.38). That size reduction allows a good
homogenization of the powder and the epoxy. The composite was prepared by
mixing in a mortar both materials with different percentages of weight.

Milled
5
Non milled
N LI L |A MMA )\MILMAAMLM‘_L A|)‘ b b ILJ. TSt
10 20 30 40 50 60 70 80 90

0(°)
Figure 10.37: X-Ray diffraction of CDP before and after milling 4 days.
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Figure 10.38: SEM micrographs of CDP after synthesis (CDP_NM) and after milling (CDP-M).
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10.2.4.2. Electrochemical characterization of the electrolyte

Samples were characterized by electrochemical impedance spectroscopy and
for that purpose, electrodes were applied by a silver paste. Argon with a 0.3
bar of water partial pressure was used for the EIS measurements. For all
samples, a stabilization period was observed at the beginning during few days.
The conductivity increased with time until achieving a steady state. After that,
the conductivity results were maintained and by changing the temperature
during the cell operation did no affect the stability of the sample conductivity
(Figure 10.39). For long periods of time, cells with composite electrolyte were
more stable than CDP working alone as electrolyte.
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Figure 10.39: CDP: Epoxy 85:15 material conductivity measured as function of time for
different temperatures with pH,0 0.3 bar in Ar.

Results of the conductivity obtained by EIS measurements are shown in Figure
10.40. On top of the graph it is shown the conductivity of the single CDP as
electrolyte. As can be inferred from the graph, when the electrolyte is mixed
with the epoxy the conductivity is reduced. High contents of epoxy reduce the
conductivity in more than two orders of magnitude, whereas a high content of
CDP also has the same effect. In the first case, the quantity of epoxy is too high
limiting the proton pathways and the big contribution in the resistance is
attributed to the negligible conductivity of the epoxy. However, in the second
case the homogenization of the sample was very difficult (Figure 10.40), due to
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the low content of liquid phase in the mortar. However the samples with 80
and 85 % percentage of CDP show the best results.
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Figure 10.40: Conductivity of CDP: Epoxy composite electrolytes measured in Argon with a 30
% vol. of steam.

Figure 10.41: CDP: Epoxy samples after electrochemical test.

10.2.5. Active electrode support —Ni sponge

10.2.5.1.

SEM and XRD electrode characterization

Finally, for the purpose of designing a cell with an active support electrode, a
Ni sponge was selected. Ni electrodes designed for alkaline water electrolysis

were studied in this section as support and active electrode for CDP-based
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cells. These types of electrodes were developed by Kim et al., [26]. Electrodes
show an asymmetrical distribution in size, small pores near one surface (~
5um) and the other surface with open structure with pore size between 100-
200 um. That asymmetry allows having one layer that plays the role of electro-
catalytic layer whereas the open structure allows the easy gases diffusion.
Nickel is well-known for hydrogen evolution reaction in aqueous acids and in
alkaline systems [27, 28] and for the same type of cells [29].

llllllllllllll
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Figure 10.42: SEM images of (a) of the surface with smaller particles and (b) the gas diffusion
part [26].

Furthermore, that type of structure allows the possibility to introduce different
catalysts on the nickel surface. The catalysts can be introduced by immersing
the nickel substrate in different solutions with the final catalyst precursors.
Two different catalysts were studied, nickel and Co3;0,4. Nickel was selected
since it is a good catalyst for hydrogen oxidation, but the main objective was to
check the influence of the particle size. In order to achieve lower particle size
than Ni support, lower firing temperature was selected. However, Co;0, was
selected since it has been employed with nickel in different types of devices
with good results, as in solar technologies for hydrogen production [30] or cells
for water electrolysis which operate in a KOH, showing a high performance of
Ni-Co30, for hydrogen evolution reaction [31]. Furthermore, Ni-Co30, is widely
used for supercapacitator applications [32]. After immersing the different
nickel supports in the nickel and cobalt solutions, samples were fired at 450 °C.
In order to check, the presence of the different nanocatalysts and phases,
electrodes were characterized by XRD (Figure 10.43). As can be ascribed from
the graph, cobalt sample shows three different phases, metallic nickel, NiO and
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Co30,. The metallic nickel exhibits the highest intensities whereas small peaks
of NiO are observed, those peaks can be ascribed to a small oxidation of the
sample in the infiltration or -calcination process. Additionally, it can
differentiate the peaks related with Co3;0,4, obtained after nitrates removal.
Moreover, in the nickel oxide sample it can distinguish only two phases, one
ascribed with the nickel support and the second one that is the sum of nickel
infiltrated and nickel oxide from the support.
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Figure 10.43: XRD of nickel support infiltrated with nickel and cobalt oxides.

The nanoparticles oxides obtained in the Ni support after precursor infiltration
were studied by FE-SEM technique. FE-SEM images of NiO and Co30,
nanoparticles are shown in Figure 10.44. Co30,4 is composed of sphere-like
particles and irregular particles [33] with a size below 30 nm. However, NiO
presents octahedral particles [34] with a size =90 nm. All nickel support was
covered with the different nanoparticles.
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Figure 10.44: FE-SEM images of the nanoparticles infiltrated in the Ni support.

10.2.5.2. Electrochemical characterization

10.2.5.2.1. Electrodes characterization by symmetrical cell
configuration

The electrodes obtained by the immersing method were characterized by
electrochemical impedance spectroscopy by using symmetrical cells.
Furthermore a commercial carbon paper with a 30% of Pt loading was also
measured as electrode with a symmetrical cell configuration. The cell
configuration consisted of a sandwich of two electrodes (with the same
composition) with a CDP electrolyte in between (Figure 10.45). For the cell
fabrication, the three parts were co-pressed.
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Ni sponge Ni sponge

/CDP/ +C

Figure 10.45: Symmetrical cells supported on the electrolyte (CDP) configuration; (a)
commercial carbon paper infiltrated with Pt, (b) Ni sponge , (c) Ni sponge infiltrated with Ni
and (d) Ni sponge infiltrated with CO;0, as electrodes.

The carbon paper infiltrated with Pt selected for the EIS characterization was a
commercial paper, 30 % of Pt on XC-72 with a loading of 0.5 mg/cm? supported
on TGP-H-120 carbon paper from Naracelltech. FE-SEM images of the
commercial electrode are presented in Figure 10.46. The first image shows the
carbon fibers of paper, with 10 um of diameter. At the bottom of the figure,
two images of the same part of the electrode are shown but one was done
with back scattered electrons detector (Figure 10.46 (b)) whereas the other
one was done with secondary electrons detector (Figure 10.46 (c)). The first
image, shows bright Pt nanoparticles well distributed, with a particle size
around 2 nm. That small size of the Pt particles can allow high catalytic activity
[21]. On the right side it can appreciate the 50 nm XC-72 particles
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Figure 10.46: FE-SEM images of (a) carbon fibers and (b) BSE (c) SE FE-SEM images of XC-72
with Pt nanoparticles.

Electrochemical impedance spectroscopy measurements of the symmetrical
cell with Pt commercial paper as function of time with a reducing atmosphere
(3% H; in argon with 0.3 bar of water partial pressure) are presented in Figure
10.47. As was expected, Pt is very active for the hydrogen oxidation/ reduction
reaction, with relatively low resistance. However, the Pt electrode is very
unstable with time, since it was not possible to maintain any value of
polarization resistance along the sample test. Additionally, when the
temperature is increased the activity of the catalyst is practically not enhanced
while the damage of the electrode is still taking place on the EIS results (Figure
10.49). As can be ascribed from both figures (Figure 10.47 and Figure 10.49),
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the biggest resistance takes place at medium frequencies (MF 10-1000 Hz) and
is shifted to lower frequencies with time. To enable the possibility to check the
electrodes limitation, the EIS spectrum as function of time were fitted with an
equivalent electrical circuit (LRq-(RLF-CPELF)-(RMF-CPEMF) and results are
shown in Figure 10.48. RLF increases with time, whereas the MF resistance
remains almost constant with time (Figure 10.48 (a)). For short periods of time
the limiting resistance takes places at MF, but after 1000 minutes the RLF
becomes the limiting contribution, lowering the associated capacitances
(Figure 10.48 (b)). Ciureanu et al., [35] studied the different contributions that
appear in the EIS spectrum for Pt electrodes in PEMFC working with H,
atmospheres in both chambers. They found two arcs, one at high frequency
and another at low frequency. The HF arc was related with the charge transfer
process (Pt-H .gsorbes ~> Pt+ H'+ €) and LF with chemiadsorption of H,
(Hy+2Pt—=>2Pt-H,gs0rmeq) Or due to the low gas flow. Since RMF is maintained
with time can be associated with the charge transfer, whereas for LF the
chemiadsorption would be the suitable explanation, since the flow was
maintained in all tests. The RLF behavior can be related with the poisoning of
the Pt in contact with the CDP. The Pt poisoning reduces the activity and sites
for the hydrogen chemiadsorption. A strong adsorption of phosphate anions
has been reported for phosphoric acid based cells, poisoning the platinum
particles [36, 37] and reducing the activity. Other degradation pathways were
also observed in Pt nanoparticles by Meier et al., [38] that can be also the
explanation of the electrode behavior: (i) dissolution of Pt nanoparticles in the
electrolyte material, (ii) agglomeration of Pt particles and (iii) particle
detachment. Additionally, the real resistance associated with the electrolyte is
kept in all measurements done at 235 °C (Figure 10.47). Despite the fact that
there is degradation in the electrode performance with time and higher
temperature does not have any effect in the activation of the electrode
performance, the electrolyte decreases the resistance (Figure 10.49). As could
be expected from the previous results of CDP conductivity, by increasing
temperature the proton conductivity increases. Thus, there is not degradation
of the electrolyte material with the electrode deterioration.
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Figure 10.48: Equivalent electrical circuit fitting results; (a) resistance, (b) capacitance and (c)
frequency of Pt on C paper/CDP/ Pt on C paper as function of time.
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Figure 10.49: Nyquist a Bode plot, left and right, respectively, of carbon paper with Pt as
function of temperature.
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After the EIS measurements in H, atmospheres, the electrode composed of the
commercial carbon paper with Pt were tested in air atmospheres with 0.3 bar
of water partial pressure at different temperatures (Figure 10.50). In contrast
to the H, measurements, in air there is activation of the electrode with
temperature in spite of the non-stability of the electrode. However, the
electrode is not as active as for the hydrogen oxidation, usually the main
limiting reactions in proton cells working with Pt as catalyst in PEMFC occur in
the cathode [39]. The oxygen reduction reaction that is involved in the cathode
can be described by three main stages: (1) O, adsorption, (2) electrochemical
and chemical reaction with intermediate species and (3) intermediates or O,
protonation for the water formation [40].
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Figure 10.50: Nyquist a Bode plot, left and right, respectively, of carbon paper with Pt at
different temperatures in air.

The different contributions in the EIS spectra were distinguished by fitting with
an equivalent electrical circuit (LRq-(RLF1-CPELF1)-(RLF2-CPELF2)). Two
resistances limit the electrode performance, and both of them take place at
low frequencies with low associated capacitances (Figure 10.51). RLF1 has the
highest resistance contribution and reduces its resistance in more than one
order of magnitude when the cell works at 275 °C. Thus RLF1 could be
associated with the thermal activation of the Pt in the operation conditions.
RLF2 has a lowest contribution in all range of temperatures except for 275 °C.
At 275°C RL2 becomes the limiting contribution. The associated capacitances
are almost constant but increases for both resistances. Parthasarathy et al,
[41] showed one big process in OCV conditions (for a PEMFC) that takes place
with a relaxation frequency of = 0.15 Hz and can be ascribed to the oxygen-
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reduction charge-transfer process. This frequency range fits with the results
obtained here for the RLF2 to the mass transport limitation [39], and higher
fluxes or pure oxygen could improve the cell performance.
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Figure 10.51: Equivalent electrical circuit fitting results; (a) resistance, (b) capacitance and (c)
frequency of Pt on C paper/CDP/ Pt on C paper as function of temperature in air conditions
with pH,0 =0.3 bar.

Then, the Ni sponge was tested without any catalyst infiltration as electrode in
the same conditions selected for the Pt electrodes (3 % H, in argon with
pH,0=0.3 bar). EIS spectra of the symmetrical cell as function of temperature
are shown in Figure 10.52. As the temperature is increased a big reduction of
the polarization resistance is produced, that improvement is result of the
catalyst activation with temperature. In addition, it seems that the reduction
of the resistance is steeper when the temperature increases above 255 °C.
Further discussion about this point will be done in detail below. Furthermore, a
big stability was obtained for this type of electrode, with a first stabilization
accompanied by a reduction of polarization resistance, by finally achieving a

constant value (Figure 10.53).
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Figure 10.52: Nyquist a Bode plot, left and right, respectively, of Ni sponge/CDP/Ni sponge cell
as function of the temperature.
— B = Oh t=0.5h—A— t=2.5h—v— t=4h t=18h
'300 T T T T T il ™ ol il ™ ol ™ ™
- /(]\ 2 w
]/ \‘ 4
-2004 > Q 1 , _
o / \ "\\{
5 M 3% H, in Ar > ,( .
€ 100- ,( el 1 ]
Y 7 pH,0 = 0.3 bar A P
3 T=235°C v % T;\
O yJ‘ T T T T T ™ ™ hl ‘;“i "””'"V
0 100 200 300 400 500 600 10° 10" 10" 10° 10
Z' (©-cm’) f (Hz)

Figure 10.53: Nyquist a Bode plot, left and right, respectively, of Ni sponge/CDP/Ni sponge cell
as function of time.

In the same way, the samples infiltrated with Ni and Co30, precursors were
measured as symmetrical cells in the same conditions and the polarization
resistance results as function of temperature are shown in Figure 10.54 and
Figure 10.55. In order to compare directly the electrode performance, the real
resistance ascribed to the electrolyte was subtracted in all Nyquist plots. The
real resistance was temperature dependent showing values of 7 Q-cm? at 275
°Cor 15 Q cm” at 245 °C.
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Figure 10.54: Nyquist a Bode plot, left and right, respectively, of Ni sponge+Ni/CDP/Ni
sponge+Ni cell as function of the temperature.
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Figure 10.55: Nyquist a Bode plot, left and right, respectively, of Ni sponge+Co;0,/CDP/Ni
sponge+ Co;0, cell as function of the temperature.

Both samples exhibit the same trend with temperature, reducing the
polarization resistance when temperature is increased. The activation of the
catalyst is obtained by heating the sample. It should be point out that the
operation conditions are limited by the stability of CDP being not possible to
increase the temperature in the cell above 280 °C (Figure 10.6). Furthermore,
the stability at the highest temperature measured for Cos0, infiltrated was
checked and results are shown in Figure 10.56. The polarization resistance
remains stable after more than 20 hours of measurements, even reducing the
polarization resistance. It seems that there is no catalyst contamination or
microstructure degradation.
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Figure 10.56: Nyquist a Bode plot, left and right, respectively, of Ni sponge+Co;0,/CDP/Ni
sponge+ Co30, cell as function of time.
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In order to compare directly the behavior of the three different electrodes, an
Arrhenius type plot of Rp is presented below (Figure 10.57). The three
electrodes have two different activation energies, one below 265 °C and the
other one at higher temperatures. All samples present a huge reduction of Rp
when the temperature is increased above 265 °C. In addition, both infiltrations
can reduce the polarization resistance of the pristine sample. However, the
behavior of Ni and Cosz04 nanoparticles is not the same. At low temperatures
the Ni nanoparticles have only a small effect in the Rp improvement, whereas
Cos0, can reduce in more than 100 Q-cm’ the blank sample resistance.
However, above 275 °C, Ni precursor infiltrated sample exhibits an outstanding
improvement achieving a value of 44 Q-cm’ showing that good activity
commented above.
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Figure 10.57: Polarization resistance of the three different electrodes: Ni sponge, Ni sponge+
Ni infiltrated and Ni sponge and Co;0, infiltrated electrodes as function of temperature.

In order to go one step further the EIS spectra at different temperatures for all
Ni sponge electrodes (Figure 10.52, Figure 10.54 and Figure 10.55) were
characterized by an equivalent circuit. For the electrodes infiltrated the
equivalent electrical circuit consisted of three resistances in parallel with three
CPE; LRq-(RLF1-CPELF1)-(RLF2-CPELF2)-(RHF-CPEHF). However, for the parent
Ni electrode the equivalent electrical circuit employed is different and is
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presented in the Figure 10.58. Results of the fitting are shown in Figure 10.59.
As to be able to compare between the different electrodes, the three
processes of each electrode have been split depending on the frequency
range. LF1, is the lowest resistance, LF2 is low resistance and HF is high
frequency. In the case of parent Ni electrode, the RLF2 refers to the Rehem.

L R RH F RLFl RChem
((((®) v, G
| CPEHF CPELF1
r— r—

Figure 10.58: Equivalent electrical circuit for the Ni sponge electrode.

The lowest contribution takes place at high frequencies (2-10° to 1-10" Hz) with
a low associated capacitance for all samples (3:10° to 2:10° F/cm?®). The
resistances for all range of temperature goes from 0.5 Q-cm’ for the Ni
infiltrated sample at the highest tested temperature to 20 Q-cm” for the Co;0,
at the lowest temperature. The HF resistance can be associated with the
charge transfer for the HOR in the interface electrode-electrolyte [39, 42].
Since electrodes are pure electronic conductors, the HOR will take place on the
active sites located in the electrode-electrolyte surface (TPB). Cos0, exhibits
the highest resistance, whereas nickel support has the lowest ones. The higher
electrical conductivity of Ni in contrast with Co30,4 could be the explanation of
the lower resistance of Ni backbone electrode. In addition, there is a thermal
activation in both catalyst infiltrated, improving the charge transfer in the
HOR.

RLF1 process has a characteristic frequency in the range of 0.1 to 1 Hz for the
three electrodes in all range of temperature. The associated capacitance values
vary from 1:10° to 8:10% F/cm® These resistances have the highest
contribution in the Rp for all samples, limiting the cell performance. For all
samples there is a thermal activation in all range of temperatures. While Co30,
shows only one activation energy in the RLF2 as function of 1000/T (Figure
10.59 (d)), both Ni catalysts exhibit two activation energies. The frequency
range for RLF2 is in between 0.5 Hz and 20 Hz. In this case, all samples have
similar resistance values until 255 °C, where there are different catalytic
activations.
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Different processes has been suggested for the low frequency resistances, slow
gas diffusion due to the low gas flow, gas conversion or dissociative
chemisorption of hydrogen at the electrode (H,=~>2H,g4sorbed) [16, 35, 42]. Since
the hydrogen percentage was maintained in 3% due to the limitations in the
set-up (all these measurements were performed in Korea Institute of Energy
Research in Korea in a different set-up), the lowest frequency resistance could
be associated with that fact. Nevertheless, the RLF2 could be interpreted as
hydrogen chemisorption and electrochemical reaction coupled, due to the
frequency range and the use of Gerischer element in the Ni sponge EIS fitting.
Finally, the lower resistance of Ni infiltrated catalyst at high temperatures can
be assigned to the higher surface area of the smaller particles, allowing higher
active area for the hydrogen oxidation reduction reaction.

10.2.5.2.2. Fuel cell characterization

Finally, the electrolyte composed of Epoxy and CDP with a weight percentage
of 20:80 was tested as electrolyte in real operation conditions in a fuel cell
mode. For that purpose, Ni-sponge was selected as anode and the commercial
carbon paper with 30% of Pt loading as cathode (Figure 10.61).

Anode: H, + pH,O= 0.3 bar
Cathode: Air + pH,O= 0.3 bar
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Figure 10.60: i-V and i-P curves of Ni sponge/CDP:Epoxy (80:20)/carbon+Pt as function of
temperature.
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Ni sponge

CsH,PO,+epoxy
80:20 R

C+Pt
Figure 10.61: Ni sponge/CDP:Epoxy (80:20)/carbon+Pt configuration cell.

Firstly, the sample was tested in a fuel cell mode as function of temperature,
and the discharge curves are shown in Figure 10.60. As can be ascribed from
Figure 10.60, there is a big influence of the operation temperature on the
power density. Furthermore, as the temperature is increased, the OCV of the
sample increases. During all measurements, the same behavior was obtained
for all samples, indicating that the OCV is dependent on the cell performance
and increases when the power density is improved. As the temperature is
increased the activity of the electrodes is enhanced, implying higher power
densities. As was observed in Figure 10.50 and Figure 10.52, the polarization
resistance of electrodes is improved with temperature. Furthermore, the main
limitations in the fuel cell efficiency are expected to be ascribed to the
electrodes performance. In addition, the cathode reactions limit the fuel cell
performance as was previously reported [39] and was observed on the EIS
results for the symmetrical cell working in air with Pt catalyst (Figure 10.50),
due to the high Rp. Additionally, the composite electrolyte has higher
resistance than the pure CDP, producing another contribution to the total cell
performance.

Since the electrolyte was developed in order to use it in a system with high
pressures, the cell was tested with high pressures. H, and air were also used
for the anode and cathode, respectively, and the water partial pressure was
maintained in 0.3 bar. The OCV also increases with pressure, this behavior fits
with the results obtained before. However, at the highest temperature, there
is a small reduction of the OCV. A possible leakage in the cell from one
chamber to the other would be the explanation of the OCV reduction. Higher
pressures can increase the cell performance and the power density reaches
values of ~ 2mW/cm? by increasing the system pressure to 5.5 bar, indicating
again the catalytic improvement of the electrodes.
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Electrochemical impedance spectroscopy was not possible for the cell, since
some problems in the wires produced an extremely noisily signal.

Anode: H, + pH,O= 0.3 bar

Cathode: Air + pH,O= 0.3 bar
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Figure 10.62: i-V and i-P curves of Ni sponge/CDP:Epoxy (80:20)/carbon+Pt as function of the
system pressure.

10.3. Conclusions

Firstly, a set-up for measure cells at low temperatures with high contents of
water and high pressures was developed in this thesis. After that, CsH,PO, was
studied for working as electrolyte in fuel cell and electrolysis conditions.

CsH,PO, (CDP) was characterized by DC conductivity and XRD, showing a phase
transition above 232 °C followed by an outstanding conductivity improvement.

Different catalysts were studied in order to replace the expensive Pt used for
the common low operation fuel cells. Cu and Zn were used as alternative
catalysts for the HOR and ORR, in the fuel cell and electrolysis mode. The
influence of different parameters as temperature or pressure was studied.
There was an important thermal activation and cell improvement with the
system pressure. For instance, the electrode composed of Cu and ZnO could
increase the power density four times by increasing the system pressure in 4.5
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bar. Two different cell configurations were tested as electrolyzer. In the first
one, the electrolyte was used as cell support and two different electrodes were
employed, Ag and Pt in the anode and Cu and ZnO in the cathode. After that,
the cell performance was improved by reducing the electrolyte thickness and
tailoring the electrodes characteristics. An important improvement was
obtained by preparing a composite electrode. CDP was selected as the
protonic phase, whereas carbon impregnated with Cu and ZnO was used as
electronic conductor. That strategy allowed enlarging the TPB along the
electrode area.

As to increase the mechanical stability of the electrolyte, composite
electrolytes were prepared by mixing CDP an Epoxy.

In addition, Ni sponge was studied as alternative for the hydrogen oxidation
reaction catalyst and as support for the cell manufacture. The nickel support
performance could be boosted infiltrating different catalysts inside the scaffold
as Cos04 and Ni. The higher surface area of the smaller Ni particles infiltrated
could reduce the polarization resistance of the electrode. Furthermore, the
commercial carbon paper with 30 % of Platinum showed degradation with
time, increasing the resistance of the electrode at LF.

The low power densities and the high voltages in the electrolysis mode are still
far for real applications but it has been demonstrated the use of these types of
cells as fuel cell and electrolyzer and the high influence of pressure, allowing
using high pressures in the system and non-precious metals as catalysts.

Further work should be done in order to improve the electrodes performance,
but the preliminary results shown here permit to know which characteristics
have to be tailor in the cell performance.
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11. General remarks

Different strategies were followed in the present thesis in order to improve the
electrode performance and the stability of the different material synthesized.

BSCF performance by B position dopants

La,AxNi;.,B,04.5 electrodes for ionic electrolytes

The stability of BagsSrgsCogsFer 2015 (BSCF) perovskite was improved by
adding a 3% of Sc, Zr or Y in B position of the perovskite lattice.

Regarding the materials tested, BagsSros(CogsFeo.2)0.975C0.0303.5 (BSCF_Sc)
shown the best results. The Rp changed from 0.045 Q-cm? for BSCF to
0.0078 Q-cm? for BSCF_Sc in air at 900 °C.

A fully-assembled fuel cell with BSCF_Sc as cathode achieved a power
density value of 882 mW/cm? at 700 °C.

Stable H, production in steam electrolysis was carried out using BSCF_Sc
as electrode with high current densities applied.

CO and H, were simultaneously produced in the co-electrolysis mode with
BSCF_Sc as anode. At low temperatures CH4; was also produced.

The cell performance of the La,NiO4s was improved by doping in La
position with Nd and Pr, whereas Ni position was doped with Co.

The different dopants produced diverse structural changes, oxygen
hyperstoichiometry and different electrochemical behaviors.

The lowest polarization resistance was obtained for the double
substituted sample, La; sPrgsNigsCog204:5 (LPNCO).

The maximum power density for the fully-assembled anode supported
fuel cell using LPNCO was 385 mW/cm? at 700 °C.

Co-electrolysis of CO, and H,0 was also performed for the cell using
LPNCO as anode with high Faraday’s efficiencies.

LSM electrode improvement strategies

LagSrooMn0ss (LSM) performance was enhanced by using a second
phase, with a mainly ionic conductivity, CeqsGdg,0,.5 (GDC).
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e Further improvement was done by tailoring the catalytic activity of the
electrode by infiltrating different oxides.

e Adding a second phase, the Rp decreased in almost one order of
magnitude, whereas the addition of praseodymium oxide could reduce in
more than three orders of magnitude the polarization resistance of the
pure LSM.

e Stability of the different oxides infiltrated was checked and a stabilization
time was observed for all samples. After that, the Rp was maintained with
time.

e LSM-GDC and LSM-GDC +Pr were tested in a fuel cell and electrolyzer
mode. The sample infiltrated increased the performance in both modes.

As shown in Figure 11.1, the strategies followed in each chapter, as to improve
the parent electrode performance, were successful reducing the polarization
resistance. The most relevant results of polarization resistance are summarized
in Figure 11.1. The worst electrode in all temperature range was the pure
electronic conductor. By using a mixed ionic and electronic conductor (MIEC)
material or a cer-cer electrode the Rp was reduced in one order of magnitude
(LNO and LSM-GDC). Finally, the BSCF-Sc and LSM-GDC + Pr showed the best
results, the first one due to the outstanding electrochemical properties of the
material and the second one due to the extraordinary catalytic activity of the
praseodymium oxide for the oxygen reduction reaction.

Moreover, the performance of cathode materials for LassWO;,.s-based PC-
SOFC was optimized. Different approaches were taken and the most relevant
results are presented below.

Cer-cer cathodes for PC-SOFC

e LSM electrode performance was improved by introducing a second phase,
LassWO1,.5 (LWO) was selected due to its protonic conductivity.

e The best ratio of LSM/LWO electrodes tested was 60/40 % v/v and the
sintering temperature was 1150 °C.

e Further improvement was performed by introducing a catalyst. Samarium
doped ceria (SDC) was selected and infiltrated into the LSM/LWO
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backbone. That catalyst reduced the resistance ascribed to surface
processes (low frequency resistances).

e The polarization resistance of the electrode was reduced from 3.67 Q-cm’
(at 900 °C of SDC) to 1.4 Q-cm” at 750 °C in operation conditions by
calcining at lower temperature the SDC catalyst (750 °C).

e Fully-assembled fuel cells were tested by using LWO as electrolyte. The
catalytic properties were tailored by infiltrating SDC and Ni into cathode
and anode, respectively. The catalyst could increase the power density of
the cell but in both cases the fuel cell performance was limited by the
resistance of the electrolyte.
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Figure 11.1: Polarization resistance of the most representative cathodes working in air for
SOFC.

La,,A.Niy.,B,0,.s electrodes for proton conductor electrolytes

e LNO series materials were compatible with LWO and were tested as
cathode in proton conductor solid oxide fuel cell.

e Improvement of the electrode performance was done by changing the
electrode sintering temperature.
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e The best electrode was the LNO doped with Pr in La position and Co in
Ni position achieving values of 0.62 Q-cm? at 750 °C.

A brief summary of the electrodes studied as cathodes in PC-SOFC are shown
in Figure 11.2. The efforts focused on improving the performance by boosting
the electrochemical properties of the different materials. This was achieved by
changing the sintering temperatures, doping the electrode materials, making
composite materials or introducing nanocatalysts. As happened before, the
pure electronic material showed the worst result, but the addition of a second
phase (LWO) or using a MIEC material (LNO) could reduce the polarization
resistance. The best cathode tested for PC-SOFC was LPNCO, reducing in more
than one order of magnitude the polarization resistance.
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Figure 11.2: Polarization resistance of the most representatives’ cathodes working in air (2.5 %
vol. H,0) for PC-SOFC.

CsH,PO,-based electrochemical cells

Regarding the cells based on acid salts, different conclusions can be drawn:
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e A set-up for the characterization of cells, for different water partial
pressures and system pressures, was developed.

e CsH,PO, (CDP) was used as electrolyte in symmetrical cells with high
water contents and high pressures.

e Pressure (4.5 bar) could increase more than four times the power density
of the cell with Cu and ZnO as catalysts in the electrodes.

e Different cells configuration were studied. The cell was supported in a
steel and Ni support allowing the reduction of the electrolyte thickness
but keeping its high density (as to avoid gas leakages).

e Steam electrolysis was done with asymmetrical cells, obtaining stable H,
production and high Faradic efficiencies.

e The mechanical stability of the electrolyte was achieved by mixing Epoxy
and CsH,P0, with a ratio of 20/80 % w/w.
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12. Acronyms
Acronyms Definition
a Width of the bare of DC conductivity
a,bandc Cell parameter
A Acceptor
AC Alternating current
A cross-sectional area of sample
AFC Alkaline Fuel cell
Awm Material constant
4 Thickness of the bare of DC conductivity
BIAS Direct current applied
BSE Back scattering electrons
C Capacitor
C Cubic phase
C Catalyst
CDP-M CsH,PO, milled
CDP-NM CsH,PO4 no milled
CE Counter electrode
CHF/CMF/CLF Capacitance at different frequencies
CHP Combined heat and power
c Partial concentrations
CNG Compress natural gas
CPE Constant phase element
d Spacing of atoms
DC Direct current
Dchem Chemical diffusion coefficient
D Donor
DMFC Direct methanol fuel cell
DOS Density of states
DP Double perovskite
E Potential in no standard conditions
E° Potential in standard conditions
Ea Activation energy
EDX Energy Disperse X-Ray Spectroscopy
EC Electronic conductors
Er Fermi level
EIS Electrochemical impedance spectroscopy
Eq Voltage at time t
Ext. External
Faraday’s constant
Linear frequency
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FE-SEM Field emissions scanning electron microscopy.
F Fluorite
FH, Flow rate of hydrogen introduced in a fuel cell
FH, Flow rate produced in electrolysis or coelectrolysis
mode
FH, Flow rate of hydrogen used in the cell
fHF/fMF/fLF Different frequencies, high, medium and low
FIB Focused ion beam
FO, Flow rate of oxygen introduced
FO, Flow rate of oxygen used in the cell
GDL Gas diffusion layer
GE Gerischer element
HF High frequency
H Hexagonal phase
i Current density
[ Current
IC lonic conductors
lh2/co Current used for H, or CO production
k Boltzmann’s constant
Ka Acceptor equilibrium constant
Kehem Oxygen exchange coefficient
Ko Donor equilibrium constant
Ke Electronic equilibrium constant
Ke Frenkel equilibrium constant
Kr Oxygen reduction equilibrium constant
L Inductor
1 Length
LF Low frequency
LLF Low-low frequency
MCFC Molten carbonate fuel cell
MF Medium frequency
m Exponent related with the limiting species respect to the
' oxygen partial pressure
MIEC Mixed ionic and electronic conductors
M Metal
n Electrons
n exponent related with the limiting species respect to the
! water partial pressure
nr Slope value of log (o) vs. log (pO,)
ocv Open circuit voltage
Op. Operation
ORR Oxygen reduction reaction
P Power density
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PAFC Phosphoric acid fuel cell
PC-SOEC Proton conductor solid oxide electrolyzer cell
PC-SOFC Proton conductor solid oxide fuel cell
p Electron holes
PEMFC Polymer electrolyte membrane fuel cell
pH, Hydrogen partial pressure
pH,0 Water partial pressure
p' Partial pressure
pO, Oxygen partial pressure
P Perovskite
PV Photovoltaic
R Resistance
RE Reference electrode
RHF/RMF/RLF Resistance at different frequencies
R Ideal gases coefficient
Rp Polarization resistance
RP Ruddlesden Popper
RT Room temperature
RWGSR Reversible water gas shift reaction
Ro Ohmic resistance
S Active area of the cell
SE Secondary electrons
SEM Scanning electron microscopy
SOEC Solid oxide electrolyzer cell
SOFC Solid oxide fuel cell
SSR Solid state reaction
TEC Thermal expansion coefficient
TEM Transmission electron microscopy
TGA Thermogravimetric analysis
t; Transport number
TEM Transmission electron microscopy
TPB Triple phase boundary
T Temperature
t Time
UH, Hydrogen utilization
uo, Oxygen utilization
\Y Voltage
% Volume cell
v Volume of product obtained in electrolysis and
P determined experimentally
Vol.- Volumetric
Volume of product obtained in electrolysis and
Vtheor
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Vin Thermoneutral voltage
WE Working electrode
W, Maximum electrical work
WGSR Water gas shift reaction
Wi Finite length Warburg
XRD X-ray diffraction
YSz Yttria stabilized zirconia
Z Impedance
zZ Imaginary impedance
7" Real impedance
Greek Definition
symbols
a,Bandy Cell angles
oy Activity
Vi Activity coefficient of a j substance
AG Gibbs free energy
AGt Formation free energy
AH Enthalpy
AHs Formation enthalpy
AS Entropy
AS; Formation entropy
Na Activation polarization
Nc concentration polarization
Nener Energetic efficiency of the co-electrolysis process.
NEaraday Faraday’s efficiency.
Na Ohmic polarization
0 Angle
A Wavelength
o Resistivity
o Conductivity (subscript a, anions, c, cations, n,
electrons and p, electron holes)
® Phase
w

Radial frequency
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Abbreviation Compound
BSCF Bag.sSro.5Co0.8F€0.203.5
BSCF_Sc Bao.sSro.5(Coo.sFep.2)0.975€0.03 Os.5
BSCF_Y Bao.sSro.s(CogsFep2)o.97Y0.03 Os.s
BSCF_Zr Bag.sSro.5(Coo.sFe0.2)0.972r0.03 O35
cbp CsH,PO,
EDTA Ethylenediaminetetra acetic acid
EG Ethylene glycol
GDC CepsGdg 20445
LNCO La;Nip.8C00 2045
LNO La;NiOy.s
LPNCO La; sProsNipsC00 20445
LPNO11 LaPrNiOg,s
LPNO La1sProsNiOg.s
LSCF Lag.s8Sro.4F€0.8C00.2035
LSCNi Lagg5Sro.15Cro gNig203.5
LSM LaggSrg,Mn0Os.s
LSGM Strontium magnesium doped lanthanum gallate
LWO LassWOi,.5
NdNO Nd,NiO4,s
SCF SrCog sFep2035
SDC Samarium doped ceria
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