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Abstract

Among old materials and different approaches to enhance stability and

electrochemical activity of Solid Oxide Cells

Perovskite materials are widely studied as cathode materials for intermediate-
temperature solid oxide fuel cells (IT-SOFC) for their relevant properties regarding
electrocatalytic activity or stability. Nevertheless, a material that combines both it is not
yet available. Among them, La:;-xSrxMnOs (LSM), Lai1xSrxCo1i.yFeyOs (LSCF), Bai-
xSrxCo1yFeyOs (BSCF), LaixSrxFeOs (LSF), LaixBaxCoOsz (LBC), were deeply

investigated but their properties are not completely exploited or optimized.

In this PhD project all the reported electrode materials are investigated using
different approaches. The study starts from LSM — based electrodes, which show a
change in kinetic mechanism under particular operating conditions. These results open
new horizons about the employment of this material, up today considered not suitable
for IT-SOFC temperature range. A first application, with promising results, is proposed
here with a LSM infiltration in LSCF and BSCF scaffold. The presence of infiltrated-

phase enhance stability and electrochemical activity of electrodes.

Promising results are obtained also by mixing BSCF and LSCF powders. Three
different BSCF:LSCF ratio are considered to produce three different cathodes. All the
new compositions show an improvement of activity for oxygen reduction reaction, with
very competitive values of polarization resistance. Moreover, one of these new

electrodes has also a lowering of degradation rate compared with reference materials

In the last year of this project, other two materials are combined and their
interactions investigate. LSF, providing a high stability, is coupled with LBC, which has
a really high surface electrocatalytic activity. The two materials are tested in different
thin film systems. When they are mixed before the sintering stage react forming a new
perovskite phase (Bao.ogeSro.2e7L.-a0.594Fe0.8C00.203), with a higher activity. The reaction
is avoided producing a bilayer system, and the presence of LBC top layer over a LSF
dense thin film drastically reduces polarization resistance, highlighting promising

results.
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CHAPTER 1

Solid oxide cells — A brief introduction

1.1 Electrochemical device at high temperature — Solid Oxide Cells

A Solid Oxide Cell (SOC) is an electrochemical device which can operate in fuel
cell mode (Solid Oxide Fuel Cell - SOFC) or in electrolysis cell mode (Solid Oxide
Electrolysis Cell — SOEC) (Fig. 1. 1). Both technologies are highly interesting and

promising for power to gas production or energy production respectively (1-3).

SOFC Mode

(@)

CH,, CO, H, Fuel Channel

Electroyte
|Cathode A

N
—_— ~/02 <-%-02+2e‘—>02'

Reaction Zone

Oxidant Supply Oxygen Channel Depleted Oxidant
|

(b) SOEC Mode

Fuel Channel

0> —10,+2¢°
Sweep Gas Oxygen Channel

Fig. 1. 1 (a) SOFC and (b) SOEC working principle
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A SOC consists in a three layers (anode, electrolyte and cathode) each of them
with proper electrocatalytic properties toward a specific reaction and/or conductivity
which have to last long over the time. Then, considering the typically harsh operating
conditions chemical, thermal and mechanical stability have to be obtained by an accurate
material selection and design (4, 5). Anode and cathode require porous structure and are
the site for electrochemical reaction, the electrolyte is sandwiched between the two
electrodes. This component must provide ionic conductivity and a dense structure to
avoid gas cross over. It is also possible to build a reversible SOC able to operate in both
SOEC and SOFC mode. During operation, reactants are supplied to the cell through
channels designed in the metallic interconnects and go across the porous electrode

structures.

Typically such cells are piled up to realize a cell stack in order to improve
productivity. Cells in the stack are interconnected by metallic plats according to a bipolar
or monopolar configuration. Furthermore, the overall system became more complex
considering the gas manifolds and other surrounding devices (control system, reformer
...). Although each component of the complete system has its peculiarities and play a
relevant role, the pulsating hearth remain the single cell. The flexibility of such concept
together with the use of poor materials has strongly attracted the scientific and
technological communities, because it is clear that the proper exploitation of SOCs
provide a realistic and valuable piece in the yet incomplete future energy scenario puzzle
that is in some way also nicely represented by the vision of Zheng et al in the picture

reported in Fig. 1. 2.

Fig. 1. 2 Co-electrolysis scenario from (5)
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In case of SOEC mode H20/CO2 mixture is reduced at fuel electrode, producing
H2/CO. Oxygen ions released at anode side cross the electrolyte and at cathode oxygen

is formed. The process requires and consumes heat and electrical energy
During the high temperature co — electrolysis three main reactions occur:
)} Steam electrolysis: H,0 - H, +1/2 0,
i) Carbon dioxide electrolysis: CO, - CO +1/2 0,
iii) Water Gas Shift: H, + CO, - H,0 + CO

The overall reaction for high temperature co-electrolysis of H.O and CO; is:
CO, + H,0 - CO + H, + 0,

On the other hand SOFC represents a noteworthy technology thanks to its
electrical efficiency higher than conventional system for power generation. Moreover
the efficiency is not strictly related with the plant size, and coupling with a size

flexibility, SOFC allows to cover a wide power range.

Materials of each component play a key role to define the electrocatalytic
properties and degradation rate of cell due to the high operating temperature. The state
of art and commercial SOFC are mainly based on a cermet of Ni-YSZ anode or fuel
electrode; this part of cell usually provides the mechanical support for other layers.
Between the electrodes Yttria Stabilized Zirconia (YSZ) is deposited as electrolyte,
while on the side of air channel Lanthanum Strontium Cobalt Iron Oxide (LSCF)
(Lao.sSro.4Coo.2Feos0s) is deposited. An interlayer of Gadolinium-doped Ceria is
deposited between the YSZ electrolyte and LSCF cathode to prevent or limit the

reaction.

An SOFC requires that fuel (hydrogen or hydrocarbons) and oxygen (air or pure
oxygen) are supply to anode and cathode respectively. When hydrocarbons are fed to

fuel electrode internal or external reforming it is required.

Fig. 1. 3 shows the basic process occurring during operative phase in an SOFC.
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Fig. 1. 3 Sketch of SOFC operating principles and state of art for materials from (6)

Air is supplied to the cathode side, oxygen is adsorbed onto electrode surface and
reacting with electrons forms ions able to cross the ionic conductive dense phase of
electrolyte. At the other side of electrolyte ion oxygen can reacts oxidizing the fuel such
as Hz, CO with the production of H.O or COz releasing electrons.

As introduced before, fuel can be a hydrocarbons; for this configuration a
reforming of hydrocarbons is needed. If it directly inside the cell, it is called internal
reforming, otherwise we speak about external reforming. In the second case it is
important to keep in mind that external device and utilities will be required, complicating
process layout. On the other hand an internal reforming needed an active material for
reforming reactions. In case methane possible reactions are the steam reforming methane

reaction and the water gas shift (Eq. 1.1 — Eq. 1.2)
CH, + H,0 < CO + 3H, (1.1)
CO + H,0 & CO, + H, (1.2)
then the global reaction is Eq. 1.3
CH, + 2H,0 < CO, + 4H, (1.3)

As at the anode side the oxidation occurs, at the cathode oxygen reduction takes
place, then two electrochemical half-cells can be identified. Staring from the reaction
(1.4)
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H,+ 1/20, - H,0 (1.4)
the maximum work obtainable is related with the free energy change of the reaction.

The following thermodynamic discussion will be presented in terms of Gibbs
energy. Reaction (1.4) is thermodynamically favored; the energy of the products is less
than that of reactants. For an electrochemical device the standard free energy variation
(AQG) is defined as:

AG = —nFE (1.5)

where AG is the free energy change, n is the number of moles of electrons involved, E
is the reversible potential, and F is Faraday’s constant (96485 C mol™?). When the

reactants and the products are in their standard states, Eq. 1.5 can be expressed such as:
AG® = —nFE° (1.6)

Considering that for Eq.1.4 AG = 229 kJ/mol, n = 2, the corresponding value for E is
1.229 V.

The performance of an ideal fuel cell can be evaluated in several ways and the
most commonly used is the Nernst potential represented as the cell voltage, expressed
for the reaction (Eq.1.4) as:

’ﬂ(”&)"‘s
E=E°+ gln <%> (1.7)

PH,0
p

From Eq.1.7 it is clear that the Nernst equation highlights the change of potential
E as a function of temperature and partial pressure of reactants and products. Then, the
ideal cell voltage at operating conditions can be determined by this equation, once the

ideal potential at standard condition is known.

The ideal and real performance of an electrochemical device such as a SOFC
can differ a lot, as reported in Fig. 1. 4. Fuel cell released electrical energy when a current
is drawn, but the actual potential is lowered from its equilibrium potential due to

irreversible losses.
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Fig. 1. 4 Ideal and real performance of a fuel cell represents as potential response

Losses can be caused by different phenomena and the main contributions are

activation, ohmic and concentration polarizations.

Activation polarization (nact) is evident at low current density, where the
electronic barriers must be overcome to obtain a current and ionic flow. This value is
proportional to the increase of current flow and can be presented as:

Nact = ﬂln (L) (1.8)

anF io

where R is the universal gas constant, T the temperature, a the charge transfer
coefficient, n the number of electrons involved, F the Faraday constant, i the current
density, and io the exchange current density. This quantity is strictly related with
reduction and oxidation process rate. In particular it is related with the electron exchange

kinetics between the redox species at the electrode interface.

Ohmic polarization (nonm) changes proportionally to the increase in current and

it represented as:
Nohm = LR (1.9)

where Rc is the cell resistance. Then ohmic losses are generate by the resistance to the

flow of ions in the electrolyte and flow of electrons through the electrodes and the
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external electrical circuit. The main source for this kind of resistance is the electrolyte
and can be limited using a thin electrolyte layer and increasing its ionic conductivity.

Concentration polarization (nconc) OCCUr over the entire range of current density,
becoming predominant at high current densities; in this conditions for gas reactant flow
becomes difficult to reach the reaction sites at electrode, then this losses depends on the
mass transfer kinetics. The concentration losses at cathode and anode side can be defined

respectively as:

bulk10-5

p
Nconc,c = 2F ln [p(;"PB] (1-10)

02

bulk ., TPB
l PH,  PHy0
~TPB bulk
PH,  PHy0

(1.11)

Nconc,a =

Many processes can cause concentration polarization, such as (i) slow diffusion
of the gases phase in the electrode pores, (ii) solution of the reactants into the electrolyte,
(iii) dissolution of products out of the system, (iv) diffusion of reactants and products,
from the reaction sites, through the electrolyte.

1.2 State of art and challenges in SOFC

SOC operation it is closely influenced by several electrochemical and
thermodynamic variables (temperature, pressure, gas concentration, current density)
which directly influence the cell potential and voltage losses. Modification of operating
variables can lead to a positive or negative impact on fuel cell performance, extending

the effects on other system components

For a fuel cell important information about working conditions can be obtained
from voltage — current density and power density — current density curve, as reported in
Fig. 1.5

Generally operating conditions are chosen at a point on the left side of the power
density peak, and at the same time considering a compromise between low operating

cost and low capital cost.
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Fig. 1. 5 Typical I -V curve (black) and power density curve (red) for a fuel cell.

As introduced before SOFC features make these kind of system extremely
suitable for the energy production. Nevertheless, despite several advantages the hard
operating conditions impose strong constraints on the choice of material. The main
problems are related with degradation phenomena, chemical and mechanical
compatibility among different parts. Hence, one of the first goal in current research is
the decreasing of temperature moving from 800 — 850 °C to the intermediate temperature
range between 500 — 700 °C, without losses in power density and efficiency. In fact, the
lowering of temperature leads to a reduction of thermal stresses and can limit
degradation phenomena, but on the other hand has a negative impact on material
properties, such as ionic conductivity of electrolyte and electrocatalytic activity of
electrodes. Then, the development of new electrode and electrolyte materials
maintaining a good mechanical and chemical compatibility between them is a key

challenge.

Based on these preliminary assumptions a brief introduction about material for

each part of a SOFC and possible cell geometry is reported in the following paragraph.
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1.2.1 Materials for SOFC
e Electrolyte materials

Electrolyte must provide high ionic conductivity coupling with a low electronic
conductivity, stability in reducing and oxidizing atmosphere and also a good thermal
and mechanic properties are required. The mostly widely studied electrolyte materials
for SOFC are Yttria — stabilized Zirconia (YSZ), Gadolinium or Samarium-doped Ceria
(GDC and SDC) and Strontium, Magnesium-doped Lanthanum Gallate (LSGM). Fig.

1. 6 reports some value of ionic conductivity for SOFC electrolyte (7).

S
L O ) S ) 0
S L & ¥ s T(C)
TR PR Ll 1 T

[ Bi,VO,

= L
5
E -4 | La,Sr, ,Ga, Mg, O
= |
o Ba, In O,
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092 008 23
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-6 Bi,S,Nb,GaO, S S706K025155€,50,

1 " 1 " 1 1

08 10 1.2 . 1.4 . 1.6 . 1.8 ‘ 2.0 ‘
1000/T (1/K)

1

Fig. 1. 6 Oxide ion conductivities for SOFC electrolyte (7).

Fig. 1. 7 shows oxygen ions transport mechanism of migration, that occurs in
electrolyte such as YSZ, SDC, GDC. They have a cubic fluorite structure which is
stabilized by the introduction of (substitution or doping) with a small amount of divalent
or trivalent cations. As example in Yttria-stabilized Zirconia (YSZ) electrolyte, Zr**
present in ZrOz lattice is substituted by Y3* using Y20s. This produce oxygen vacancies
at the oxygen positions enhancing oxygen mobility and then ion conductivity, by an
hopping transport mechanism (6).
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YSZ (Yttria-Stabilised Zirconia)

Cubic Fluorite Structure

Fig. 1. 7 Mechanism for oxygen ion conductivity in Yttria-stabilized Zirconia. Orange
arrows indicate path for oxygen ions migration from (6).

For High — Temperature SOFC (HT-SOFC) the most common electrolyte is YSZ
able to provide sufficient ionic conductivity and mechanic properties; nevertheless with
the decreasing of operating temperature has a detrimental effect on its properties, in
particular on conductivity (8, 9). This limitation required the development of new
electrolyte materials, such as LSGM which shows a higher ionic conductivity also at
lower temperature. In this case the main problems are related with Gallium price and the
elevated fabrication temperature. Intensive efforts have been made about Ceria-based
electrolyte doped with rare earth (SDC and GDC); this electrolyte family shows a very
promising ionic conductivity even at low temperature (10, 11). For electrolyte such as
SDC and GDC the problems rise up at higher temperature (close to 700 °C) due to the
reduction of Ce** to Ce*", especially in the reducing condition at the anode side, with

the increasing of its electronic conductivity.
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As introduced before mechanical and thermal properties have a relevant effect
on the choice of cell materials and a good compatibility among different parts must be
achieve. Table 1. 1 reports thermal expansion coefficient (TEC) for some electrolyte

materials and the temperature range considered.

Electrolyte

- T (°C) TEC (x 106 K1) Ref.

Composition
Zro9Y0.102-s 30 -1000 11 (12)
Ce0.9Gd0.102-5 30-800 13.4 (13)
Ce0.8Gdo.202-5 30-800 11.8 (13)
Ce0.9Smo.1025 30 -1000 11.4 (14)
Lao.sSro.2Gao.sMgo.2 O3-5 30-900 11.4 (15)

Table 1. 1 Average thermal expansion coefficient for SOFC electrolytes

TEC matching between electrolyte and electrodes can be achieve tailoring and
optimizing both materials, and in general is necessary that TEC for electrodes is lower

than ~ 15 x 10° K™ to do not ruin stability and fuel cell performance (16, 17).

e Anode materials

Nickel (Ni) and Yttria-stabilized Zirconia (YSZ) are the main two materials used
for SOFC anodes. They usually are used mixed forming a cermets and providing all the
features required such as catalytic activity, due to the presence of Ni particles, and an
excellent conductivity thank to the YSZ electrolyte inside the structure. Moreover, the
presence of electrolyte in the anode mixture avoids or reduces the growth and
coalescence of Ni particles, maintaining the desired particles size distribution after long-
term operation at elevate temperature. In fact, performance of the anode are strongly
related with its microstructure, affected both precursors’ powder and degradation
phenomena (18, 19).
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Another important feature is the extension of three phase boundary (TPB) which
is the point where the metal with electronic conductivity (Ni) is contact with the

electrolyte, providing the ionic path and gas phase, as sketches in Fig. 1. 8

Electrolyte

Fig. 1. 8 Reaction mechanism at anode side in SOFC.

For SOFC working with an internal reforming, anodes based on Ni — YSZ
mixture are not suitable because they are prone to carburization in presence of
hydrocarbon fuels (20, 21). To avoid electrode failure after few hours of operation new
electrode systems have been proposed based on Nickel — Copper (Ni- Cu); other works
highlight that the further addition of ceria helps in prevent carburization phenomena
reducing performance degradation. Also the ternary system Cobalt — Copper — YSZ gave
promising results; the substitution of Ni with Co has a beneficial effect on anode

deactivation due to the Cu segregation at surface (22).
e Cathode materials

Lanthanum — Strontium manganite oxide (LSM) is the typical electrode material
for HT — SOFC with an YSZ electrolyte; it exhibits high electronic conductivity, good
stability under oxidizing atmospheres, and a TEC compatible with those of electrolytes.
For LSM - based electrode the active zone for oxygen reduction reaction is narrow and
close to the electrolyte interface, where the TPB provides all the conductive paths

(electronic and ionic), to make the reaction possible. This mechanism is well presented
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in Fig. 1. 9 (a) (23). Then, for the electrodes having a prevalent electronic conductivity,
performance are highly related with the electrode morphology and sensitive to the

formation of secondary phase.

Forous
Electrode

~Electrolyte

Electrode

o, -
O,
- - L
o 02 o*
TPB
Electrolyte
Electrode Surface Path Electrode Bulk Path Electrolyte Surface Path
a) b) c)

Fig. 1. 9 Possible reaction pathways at cathode side for oxygen reduction reaction (23).

The extension of electrocatalytic region active for ORR is a crucial point to
improve cathode performance; to achieve this goal several strategies have been
proposed, and among them production of composite electrode (24) or the employment
of mixed ionic and electronic conductor (MIEC) (25) are the most common. In this last
scheme, reaction can take place far from TPB at electrode/electrolyte interface as
reported in Fig. 1. 9 (b). MIEC materials provide both electronic and ionic conductivity
and then all the electrode/gas interface should be suitable for oxygen reduction. In fact
when oxygen ion is formed, it can be transport through electrode bulk to
cathode/electrolyte interface. Nevertheless the complete comprehension of kinetic
mechanism involved at cathode side for ORR it is far to be achieve, due to the system

complexity and large number of phenomena involved (26).

Introduction of these new materials, allow to achieve acceptable performance

even lowering the operating temperature. Among cathode properties, oxygen surface
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exchange k (cm/s) and oxygen ion diffusion coefficient D (cm?/s) are important factors

to evaluate electrode performance. These two properties are fundamental to determine

the net oxygen flux crossing the gas — electrode interface and the diffusion of oxygen
ion — electron hole pairs in the bulk of the MIEC, respectively (27). As a function of
their values system can be controlled by surface or bulk diffusion phenomena, but even
both processes can controlled the kinetic rate. Fig. 1. 10 shows possible steps involved

in oxygen reduction reaction (Fig. 1. 10 (a)) and parameters involved in surface and

solid-state diffusion phenomena (Fig. 1. 10 (b)).

2¢

Fig. 1. 10 (a) Steps involved in oxygen reduction reaction (b) material parameters
involved in the different steps (27).

Fig. 1. 11 reports as an example the strong effect that parameters k and D have

on polarization resistance for a Lao gSro2CoOzx electrode (21).

R ohms cm?

103 T T T T
700 °C
2
i D=10"" cm®/s
10’
o[ D=10"em’/s
10°F
LaO.Ber.ZCOO?'—x
10-1 -10 I -9 l -8 l -7 I -6 -5
10 10 10 10 10 10
k cm/s

Fig. 1. 11 Evaluation of effect of k and D on polarization resistance of Lao.sSro.2C0oO3.x
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Perovskite is a class of materials, which received a high attention in the last
decades as cathode for IT-SOFC, and many works have been focused on Doped LaCoOg3,
BaCoOs or LaFeOs. Their structure can be general represented as ABO3, where A is rare
earth or earth alkaline cation, B is a transition metal. The structure defects, oxygen
stoichiometry and charge transport could be significantly modified, introducing an
acceptor in the A-site and both acceptor and donor in the B-site, altering the oxygen
vacancy concentration, then the oxygen diffusivity. A general formula for a double —
substituted perovskite with an oxygen deficiency is A1xA’xB1yB’yOs.5. Many studies
dealing with the effect of A and B site substitutions are reported in literature (28)

evaluating defect structure and oxygen transport.

Among these substituted perovskite materials, a well investigated compound is
LaixSrxFe1.yCoyOs.5 (LSCF). For this electrode dopant addition (e.g x=0.4 and y=0.2)
provides a noteworthy enhancement in the total conductivity and electrochemical
activity. Indeed, the presence of acceptor-type cations enhances the concentration of
oxygen vacancies and p-type electronic charge carries. Nevertheless, increasing
Sr?*content above 50% and decreasing average cation radius in A (A=La, Ba ...) sites
promote vacancy — ordering with a negative influence on transport properties (29). Best
performance for LSCF electrode have been achieved with Lao.eSro.4FeosC00.203-s
(LSCF64) stoichiometry in anode-supported cell made on Ni — YSZ/YSZ/SDC/LSCF
(30). The presence of Ceria interlayer between YSZ electrolyte and LSCF electrode is
required to avoid interdiffusion among the phases. The mentioned cell is able to produce
a power density of 2.6 W cm2 at 0.7 V at 750 °C in flowing oxygen.

Further manganite and ferrite-based electrodes, also cobalts-based materials
have been developed; they show a good ionic and electronic conductivity and
astonishing electrochemical activity. On the other hands the presence of cobalt introduce
a severe problem related with thermal expansion coefficient, higher than 20 x 10 K,

limiting the compatibility with electrolyte.

Extremely remarkable performance obtained by Shao et al. (25) with a
BaosSrosCoosFen2035s (BSCF) electrode currently remains the target value for
polarization resistance. The Area Specific Resistance (ASR) associated to this material

by Shao’s group is close to 0.05 Q cm?at 600 °C and 0.5 at 500 °C in a symmetric
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BSCF/SDC cell configuration. Tested in Ni-SDC/SDC/BSCF cell configuration the
power density obtained at 600 °C and 500 °C are 1.01 W cm? and 0.402 W cm?,

respectively, that are extremely promising considering the working temperature range.

1.3 Scope of the thesis

A lowering of operating temperature is a key factor to improve durability of
SOFCs and make these devices more competitive on the market. To do that
electrocatalytic material active for desired reactions are required. Up to now cathode —
side represents one of the main bottle neck that curbs SOFCs expansion. Then, the
development of electrocatalytic material active for oxygen reduction reaction and stable

for a long time at temperature below 700 °C is a must.

La1-xSrxMnOs is extremely suitable for its stability and it remains the state of art
for high temperature cells; nevertheless, at the intermediate range if used alone is not

able to provide a sufficient catalytic activity.

More performing materials at 500 — 700 °C are mixed ionic and electronic
conductor (MIEC), extending the active surface available for ORR far from the three
phase boundary at electrode/electrolyte interface. Among these materials
(Lao.sSro2FeOs, Lao.sSro.2Co0s, Lao.eSro4Co0s.5), many efforts were focused on Las-
xSrxFe1yCoyOs.5 (LSCF) and Bao.5SrosCo0.8F€0.203-5s (BSCF) (14, 31). The first have an
extraordinary ionic conductivity, the latter has one of the most active oxygen surface

activity ever reported in literature (25, 31).

Unfortunately the outstanding catalytic properties of LSCF and BSCF are not
followed by stability during the time. Problems related with LSCF are mostly linked
with reactions at cathode/electrolyte interface, when YSZ is used as electrolyte. La and
Sr interdiffusion through YSZ occurs, forming less conductive phases such as La>Zr,O~
or SrZrOs. On the other hand BSCF is affected by a structural instability below 900 °C,
with a phase transition from cubic to hexagonal structure characterized by a lower
catalytic activity (32).
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An important puzzle piece in material optimization is occupied by technique used
to investigate electrode behavior. Electrochemical Impedance Spectroscopy (EIS) is
largely employed because of it is not a destructive test and for the large amount of
information obtainable. In fact it is possible to analyze EIS data with proper models like
distribution of relaxation time (DRT), equivalent circuit model (ECM) or physically-
based model extrapolating material parameters.

Based on this considerations this thesis presents results about improvement of
performance and stability of well — known cathode materials (LSM, LSCF, BSCF), and
at the same time particular attention has been paid on tools for EIS interpretation. The

work is divided in four main chapters summarized here:

e Chapter 2 deals with Electrochemical Impedance Spectroscopy and on its
basis. After a brief introduction, attention is focused on models to analyze
EIS measurement. Distribution of relaxation time (DRT) and Equivalent
Circuit Modeling (ECM) are introduced, with a particular interest for

characteristic frequency determination.

e Chapter 3 faces a revaluation of LSM as cathode material. In fact,
experimental section shows a Kkinetic transition driven by the applied
overpotential. Electrode change from a surface path (well-known for
electronic conductors) to a bulk path (typical of MIEC conductors). This
hypothesis is confirmed by a physically-based model. Then, these results
show a new way to exploit LSM and a first application is proposed in the
second part of this Chapter, where LSM is used as infiltrated gent on LSCF

and BSCF scaffold to stabilize their performance

e Chapter 4 presents a new route to increase LSCF and BSCF stability without
renounce to performance. Two materials are mixed in different volume ratio
and tested as cathode material on SDC electrolyte. During the sintering stage
a phase transition occurs. Nevertheless obtained new electrodes work better
than two commercial reference material, with very promising performance.

Also degradation tests highlight an improvement in stability.
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Chapter 5 reports results obtained for thin film electrodes made by
Lao.eSrosFeOzand LagsBao4Co03 and their mixtures, using a single layer and
bi-layer electrode system. Electrode are deposited by Pulse Laser Deposition
(PLD) technique. The interaction between LSF and LBC is strong with the
formation of a new perovskite phase which is more active than two reference

materials
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CHAPTER 2

Electrochemical Impedance Spectroscopy

“With great power comes great responsibility”

HIGHLIGHTS

e Electrochemical Impedance Spectroscopy (EIS) as a powerful tool for SOFC
material investigation

e Importance to find reliable methods to model experimental EIS data

e Distribution of Relaxation Times (DRT) and Equivalent Circuit Model (ECM):

two approaches to evaluate processes involved in electrode kinetic
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2.1 Electrochemical impedance spectroscopy — Basic principles

Electrochemical Impedance Spectroscopy (EIS) is a widespread technique used
to characterize electrode process in several field. In SOFC system analysis is extremely
used to optimize this kind of electrochemical device at different length scales. A possible
optimization routine for EIS application is reported in (1)

Impedance
Data Fitting

D
Measuring Model 4I\ SOFCS
SOFCs l . Interpreting
Characterics | ——/| Parameters

Modeling

AN

Optimizing

Impedance |, ¢
Model SOFCs

Performance

Fitting

Fig. 2. 1 Flow diagram of EIS diagnosis for SOFC (1)

A strength of this method is that it is non-destructive and preserve system
conditions. Impedance measurements are made in the time domain applying a small
amplitude sinusoidal perturbation of potential to an electrochemical system measuring
the output response of current. The first point is the selection of a working point on the
polarization curve, which is the steady-state current response as a function of the applied
potential (Fig. 2. 2).
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Fig. 2. 2 Polarization curve with a selected working point at steady state and the
applied sinusoidal perturbation (2)

The sinusoidal perturbation is applied in a range of frequencies and the measured

output provides the impedance results. The input signal is represented by:
V(t) =V + |AV|cos(wt) (2.1)
then the corresponding output is
1(t) =1 + |Allcos(wt + @) (2.2)

V and I are the steady terms, |AV| and |AI| are the magnitude of the oscillating part of
the part, w is the angular frequency, ¢ is the phase lag and t the time. As introduced
above, the magnitude of oscillation must be small, to have a linear response and the same
form of the input and occur at the same frequency. Then, the output response is a
complex quantity, with real and imaginary parts, function of frequency, and impedance

is defined as the ratio of potential and current as reported in Eq. 2.3:

vV .
Z(w) = % =Zye tJZ; (2.3)
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Where Zr and Z; are the real and imaginary parts of the impedance, V (w) and I(w) are

called phasors and are complex quantities function of frequency but independent of time

defined as:
V(w) = |AV]exp(jpy) (2.4)
I(w) = |Allexp(jo;) (2.5)

and the phase difference between the potential and current is ¢ = ¢, — @;.

Impedance data are complex values and usually presented in a complex plane,
called Nyquist plot (Fig. 2. 3 (a)), which reports the real part on the x-axis and imaginary
part of impedance on the y-axis. Each point represents a different frequency
measurement. To show the impedance directly as a function of frequency, Bode plot
(Fig. 2. 3 b) is used, reporting the magnitude (blue line) and the phase angle (black line),

respectively:

1Z] = /de + 27} (2.6)

—1( Z%j
@ = tanh™?! (—’) (2.7)
ZRe
0,35+
GV b
1,8+ 104
0,30+ ( ) Bode Plot
1,5
0,25 ] {03
0,204 129
3 f=1/(22RC) 5 .
= 1 9 0,94 40,2
5 015 o e T =
I g o & N
0104 © & 0,61
oo G 40,1
%S -Q "j.(u o0 » — O% %31
i { !
0,00 ;‘ S———— —
0,00 005 0,10 0,15 020 0,25 030 035 01010_1 TR UL P P 1090
Z'(Q) Freq (Hz)

Fig. 2. 3 Example of (a) Nyquist plot and (b) Bode plot for impedance data

corresponding to a RC circuit
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2.2 Modeling electrochemical impedance spectroscopy

2.2.1 Basic and general concepts

Interpretation of EIS measurements can provide many information regarding
processes involved in electrode kinetic, but their identification and separation can result
extremely complicated. As reported in Fig. 2. 4, many phenomena occurs inside an
electrochemical cell and their time scale are overlapped, and their evaluation it is not
trivial. Based on literature (3-5) it is possible to define some frequency range and the

related processes as proposed below:
10% + 10* Hz: fuel electrode charge transfer
102+ 10% Hz: oxygen and fuel electrode transport processes
10 + 102 Hz: gas conversion
10°+ 10! Hz: gas conversion
101+ 10° Hz: oxygen electrode adsorption/desorption

The number of cell parameters and operating variables involved makes
extremely complicated the direct description of a process only through peak frequency,
but this kind of analysis can help to localized frequency region of main phenomena and

then to build some preliminary hypothesis.

In the following part of this chapter the most common approaches to modeling
electrochemical impedance spectroscopy will be introduced. Moreover, in the last part
of this Chapter a possible integration and coupling among different methods will be

introduced
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Charge transfer fuel cell
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Temperature
effects
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Fig. 2. 4 Characteristic time domain range for processes involved in a SOFC. Adapted
from (6)

2.2.2 Equivalent circuit

Impedance measurements can be described as a composition of electrical
elements, named equivalent circuit modeling. Here the description of the equivalent
circuit elements used in this thesis has been reported, such as resistance, capacitance,

constant phase element and Gerischer element.

Resistor: it is used to describe ohmic resistance related to electronic and ion

conduction. The impedance of resistor is made by only real part as:

Capacitor: it is usually used to describe a double layer capacitance at
electrode/electrolyte interface. Nevertheless when this parameter assume larger values
[C >10* 10 F cm™] it is no longer related with the formation of a double layer, but it is
associated to the charge stored in bulk electrode, in particular as oxygen vacancies. In
this case, it is defined as chemical capacitance and represents a quantitative measure of
the capability of the material of storing such charges (7). Capacitor impedance is

described by imaginary part as:
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Zo =1 (2.9)

jwC

Constant phase element (CPE): to better described the response of a real
electrode and its distribution of frequency, constant phase element has been introduced

and its impedance expression is given by:

1
P
7 (wne

(2.10)

In most of cases resistance is used in parallel with capacitance or constant phase

element as reported in Fig. 2. 5 (a) and (b), respectively.

R

(a) —
—

Fig. 2. 5 (a) RC circuit element (b) RQ circuit element

These circuit configurations can described interfacial processes of
electrochemical systems. RC circuit is represents by a semicircle in Nyquist plot, as in
Fig. 2. 6. Generally, data are reported to have frequency decreasing from the left to the
right side and the semicircle peak is characterized by a time constant ¢ = RC which is

the inverse of angular frequency w = 2zf

0’35—_ RC circuit
0,304
0,251
0,20

0,15+

Z"(Q)

0,101

0,054// \

-40)%00 a)——O‘.'

0,00 ¥ T v T . T i T o T ” I o 1
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
Z'(Q)

Fig. 2. 6 Nyquist plot of a RC circuit
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RQ circuit element has the same behavior of RC circuit when the exponent of

CPE element is n = 1, otherwise its shape change as function of these parameter as

reported in Fig. 2. 7

0,35+
0,30~
0,251

0,20+

2" (Q)

0,15+
0,10+

0,05+

RQ circuit

—n=0.9
n=0.38
n=07
—n=06

n=05

r= (RQ)»1/n

0,00

Fig. 2. 7 Nyquist plot of a RQ circuit for different value of n

Another important element used in equivalent circuit analysis is the Gerischer

impedance, used especially to model electrode behavior for mixed ionic and electronic

T T T T T T v T v T T T T 1
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35

Z'(Q)

conductor (8-10). In case of porous MIEC cathode with a good electronic conductivity

(such as LSCF) electrode impedance is mainly controlled by oxygen surface exchange

and solid-state oxygen ion diffusion. Adler et al. (11) derived the following impedance

expression to described an electrode dominated by this two processes:

Rchem
ZG((U) — ___‘chem

V1tjwtchem

Where Rchem and tchem are a characteristic resistance and time constant respectively,

(2.11)

related to surface kinetic and transport properties of material and defined as:

2
Ts'YTD

R _ (RT)
chem = \3F2 ) \| (1-¢)-as-C2, k5D

cy(1—€)
techem = -

Aarg(agt+ap)

(2.12)

(2.13)
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Where ¢ ag and 74 are the porosity, electrochemical active surface area and solid-
phase tortuosity, respectively. C,,. the concentration of oxygen lattice sites, § the
fraction of oxygen vacancies and y, is the called thermodynamic enhancement factor.
kéand D? are the oxygen surface exchange and chemical diffusion coefficient,
respectively. ¢y is the oxygen vacancies concentration, € is the porosity, A the
thermodynamic factor, a the surface area, ro the exchange neutral flux density and finally
af and ap are the constants of order od unit that depend on the specific mechanism of the

exchange reaction.

Gerischer impedance has a characteristic shape on Nyquist plot called “drop

curve” as illustrated in Fig. 2. 8.

2,51 X
Gerischer element

"Half-drop shape”
2,04

-Z" (Q)

00 05 10 15 20 25
Z'(Q)

Fig. 2. 8 Nyquist plot of Gerischer element

2.2.3 Complex Nonlinear Least Squares (CNLYS) fit

Elements and circuits proposed above can be properly combined to describe
impedance measurements by means of Equivalent Circuit Model (ECM). The choice of
circuit needed to maintain a physical meaning. To determine EC parameters a fitting
algorithm is required, and one of the most diffuse is Non — linear Last Squares (NLS)
fitting algorithm. Fit procedure operates in order to find a set of fit parameter able to

minimize the sum:

Sum = YE_q wy [(Zk,r - Z,k,r(w))z + (Zk,j - Z,k,j(w))z] (2.14)
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where subscript k are referred to k-th data point in impedance plot, and Zxrand Z’kr are
the real part of the experimental impedance and the theoretical prediction of the real part
of EIS response, respectively. Zxiand Z’«are the same quantity attributed to imaginary

part. wy, is a weighting factor.

CNLS algorithm requires an initial estimation of fit parameters and then the
target function is minimized as proposed by Eq. (2.7) In Fig. 2. 9 are reported an example
of fit through an equivalent circuit. EC used is made by Ro, a pure ohmic resistance
identified by the shifting along x-axis, and two RQ subcircuit. CNLS fit allows to
extrapolate parameter values, obtaining information regarding identified processes and
decoupling in the (RQ)i curves (dash curves in Fig. 2. 9)

1,50
1 o Measured Impedance
1,254 Global CNLS Fit
1 s R1Q1 Flt RO R1 R2
1’00_. —R2Q2 F|t | CPE1 I | CPE2
G 0751
N 050
0,25 1
0,00 ]
0.5 4.0

Z'(Q)

Fig. 2. 9 CNLS fit results of EIS measurement
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2.2.4 Distribution of Relaxation Time (DRT)

Distribution of Relaxation Time (DRT) is a useful technique able to separates
processes with different time constants directly impedance measurements by means a
mathematical treatment of experimental data (12-14). Then, this approach allows to
extrapolate preliminary information regarding processes without physical assumption.
The principle at the basis of DRT is that impedance data can be represented as sum of

infinitesimal RC-elements as reported in Fig. 2. 10.

Process 1 Process 2 Frocess n
- | IR /T Aol
IE‘1' RJ R.n
§ i I T ------ T
_{ H ,,,,,, wlnr
C1 2 Cn fl rz "

Fig. 2. 10 Interpretation of EIS data in terms of equivalent circuit models and DRT

Impedance can be expressed by an integral containing the approximated

distribution function y(z) which satisfies Eq. 2.15

Zprr(@) = Ry + Rp [ X dr (2.15)

1+jwt
Jy@dr=1 (2.16)

where Rs represents the ohmic resistance and Rp is the total polarization resistance. The
ratio y(7)/(1 + jwt) is the fraction of the global electrode resistance with relaxation
time between t and 7 + dr. Thus, the DRT method consists in solving integral Eq. 2.16
with respect to the unknown function y (7). As a consequence area under peak is equal

to the polarization resistance of the corresponding process (15).
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For practical reasons the integral of Eq. 2.15 is approximated by a discrete
function as reported here:

Z(w) = Ry + Rp XN_, — 2 (2.17)

1+jwty

Nevertheless, resolution of DRT curve from EIS data, which are affected by
noise, is an ill-posed problem. An ill-posed problem is a mathematical definition

meaning that at least one of these requirements is not fulfilled:
e solution of equation is stable with respect to small changes in the known terms;
e equation has solution and it is unique.

The first condition is not respect, because the noise of impedance data is sufficient
to make DRT solution unstable. Then, to find solution of an ill-posed problem solution
regularization method have been developed, and the most well-known is the Tikhonov
method (16-18).

Tikhonov regularization is based on to change the initial ill-posed problem in a well-
posed problem but dependent by a numeric parameter /1, called coefficient of
regularization. In the case of coefficient of regularization and errors in the observed data
tend to zero in accordance, the solution of the new well-posed problem tends to the exact

solution of the corresponding incorrect problem (19)
x; = ATA+A)"1ATh (2.18)

The choice of the coefficient of regularization has a strong influence on problem
solution. Indeed, 4 affect solution of Eq. 2.18; for a too low value (A—0) the noise grow
up its weight in solution. On the other hand, increasing A value decreases the noise but
leads to a losses of information. Therefore, it is fundamental to find the optimal A (Aopt)
defined as the value for which the smallest deviation is achieved between the theoretical

function of DRT and the function obtained from solving Eq. 2.18,

ﬂ-opt = min (Zi(yexact(Ti) - )/,1(1'1-))2) (2.19)

0<A<00

where Y., qce 1S the theoretical DRT, y;, is the DRT calculated for the given A. The
approach proposed above is not applicable because it requires to know the exact solution

of Eq. 2.18 based only measured data.
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A possible approach to find regularization coefficient is the L-curve method (19).
It is based on a plot which reports the second order norm of the regularized solution
(JIx2|l2) as a function of the second norm of the corresponding residual (||Ax; — b||2) for
different values of the regularization parameter. Fig. 2. 11 illustrates the characteristic
plot used to evaluate A properly. In fact, the corner identified separation between two
different regions: in the first the solution is dominated by regularization error, in the
second one data errors are the main contribution.

10°
§ =107
102
% ) =10+
¢ 2a=10!
10 = 2=10°
100 i i i
10! 10° 10!

|Ax3-Dl[2

Fig. 2. 11 Example of L-curve to find A optimal value

2.3 DRT and EC analysis — Handle with care

Two methods introduced above, DRT and EC, are powerful tools to gain
information about electrode kinetic. They must be used take care for results
interpretation, because of there are several error sources. In EC analysis the choice of

the circuit can lead to a wrong interpretation of phenomena, while DRT peaks separation
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IS not always trivial. In this section some problems will be faced looking a useful

integration between the methodologies.

The discussion is divided in two sections:

i. the first deals with impedance analysis of equivalent circuit made by a RQ
circuit (Fig. 2. 12 (a)) considering the influence of n-parameter on

frequency distribution.

ii. the second section takes into account a (RQ)1(RQ): circuit (Fig. 2. 12 (b)).

R1 R1 R2
(a) | CPE1 | CPE1 | CPE2
— (b) > >

Fig. 2. 12 Equivalent circuit used to simulate impedance spectra

RQ circuit

RQ equivalent circuit is characterized by an impedance spectra as
reported in Fig. 2. 7. The diameter of arc is fixed by resistance value that remains
constant for all EIS simulation. The curves differ for n-parameter value, while
other parameters remain constant (R; = 0.3 Q; Q1 = 0.015 F s™1); its increasing
leads to a depression of arc. Parameter “n” is included from 0 to 1, but in this
case the range 0 + 0.5 has been considered because describes two important limit
behaviors. For n = 1, CPE is an ideal capacitor, while n = 0.5 represents a

Warburg process.

Fig. 2. 13 shows the corresponding DRT curve for RQ circuit reported in
Fig. 2. 7. For n = 1, curve has a symmetric peak; moving at n = 0.5, frequency
distribution becomes more spread and progressively lost symmetry, meaning that
a diffusive process could be recognizable by a wider DRT curve. Then, the
presence of diffusion phenomena, can caused a more complicated identification
of characteristic frequency of process (fc) (Fig. 2. 14). A small deviation from
expected value is already observable in this simple case. Fig. 2. 14 compares
DRT curve with Bode representation, and reports on the DRT curves the
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characteristic frequency of RQ circuit calculated. For n = 1 and 0.8 DRT is able
to identified the frequency in accordance with expected value (and Bode
diagram); for low n-value DRT recognized a larger range close the real peak

value.
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Fig. 2. 14 Comparison between Bode plot and DRT curve for 3 n-parameters
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o (RQ)HF(RQ)LF circuit

Identification of characteristic frequency becomes more complicated
increasing number of processes involved. In this paragraph impedance spectra
obtained with a (RQ)nr(RQ)Lr are analyzed. Simulated measurements are
obtained change n-parameter of CPE at lower frequency (n.e), while other
parameters remain constant (Rur = 0.4 Q; Qur = 0.05 Fs"%: npe=1; Rie=1 Q;
Qur = 0.2 F s™1). Then, if HF process is considered as an ideal capacitance, the

second changes is nature from capacitive to diffusive nature.

The effects of this change on impedance curves are well visible in Fig. 2.
15 (a—f). For n=1 the presence of at least two processes is recognizable directly
from EIS curves. Decreasing the n-value of (RQ)Lr, separation of two processes

is less trivial and application of DRT can help to make some preliminary

hypothesis.
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Fig. 2. 15 Impedance curves for (RQ)nr(RQ)Lr varying CPE n-parameter for
(RQ)vr circuit. (Circuit parameters: Rur = 0.4 Q; Qur = 0.05 F s"Y; npe = 1
RiF=1Q; Qie=0.2 Fs™)



ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 53

Fig. 2. 16 compares Bode plot with DRT curve for different CPE n-
parameter values. Moreover, on DRT curves expected characteristic frequency of
two subcircuits are reported. In Fig. 2. 16 (a), both CPE — n are equal to 1, and
Bode plot well highlights only the peak of (RQ)c.r. This peak is in agreement with
the expected one and with the main DRT peak. On the other hand, in Bode’s
representation the second process is hidden (there is only a slight shoulder close
to 10 Hz as expected). The second capacitive process (RQ)wnr is well recognized

by DRT measure with a symmetric peak centered on f,ﬁ’f .
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Fig. 2. 16 Comparison of Bode plot (blue line), DRT curves (Black line) and expected
characteristic frequency for the two processes at different CPE n-parameter (n.r)
values (a) n.r = 1; (b) nLr = 0.8; () n =0.5;
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The decreasing of (CPE — n).r to simulate the introduction of diffusive
process complicates their separation (Fig. 2. 16 (b) — (c)). Fig. 2. 16 (b) show
that for CPE — n =0.8, Bode’s plot peak has a large frequency distribution, but
not make possible process separation. Their identification becames possible
using DRT, with two clear peaks; nevertheless also in this case the results
(determination of fii" and fi5) are affected by n-parameter, introducing a

deviation from expected values as introduce above for one single circuit.

An accurate determination of characteristic frequency is harder when
CPE — n = 0.5 (Fig. 2. 16 (c)). Previously, in single RQ circuit section, it has
been introduced how such n-value can influence frequency distribution. Then, a
so wider frequency distribution for (RQ)Lr can dramatically alters the
distribution of the other one, which maintains a constant behavior.

Therefore, results presented here, about simulated impedance spectra, are useful
to underline the task that DRT could have in EIS interpretation and its limit. In fact, it
can provide additional information than Bode plot, without requesting physical
assumption due to its sensitivity, however it can be handle with care to avoid a wrong
system interpretation. Information extrapolated can be used to elaborate an appropriate

equivalent circuit or a physically-based model.
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CHAPTER 3

LLSM as cathode for IT-SOFC: A second chance?*

HIGHLIGHTS

e LaosSro2MnOs3 _electrodes were sintered at different temperature to obtained
different morphology

e Electrochemical impedance measurements show a Kkinetic transition from
surface path to a bulk for oxygen reduction reaction as a function of applied

overpotential

e Geometric Index was introduced to explain kinetic regime transition from a

morphological point of view
e Physically-based model confirmed the change in kinetic regime

e LSM material was applied as infiltrated phase in LSCF and BSCF cathode to

increase their performance and stability

* The content of this Chapter has been published in:

e Solid State lonics, Volume 301, 2017, Pages 106-115
e Solid State lonics, Volume 303,2017, Pages 181-190
e Journal of Electrochemical Society, Volume 164(10), 2017, pages F3114-F3122
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3.1 Introduction

Strontium — doped Lanthanum Manganite (LaixSr«MnQOzs.5) has been a valid
actor as a cathode material for SOFC. Moving at intermediate and low temperature, its
characteristics seem to be no longer completely exploitable, due to its lower conductivity
in the range temperature now considered. New materials with a mixed ionic and
electronic conductivity, such as LaixSrxCoyFe1.yOs-s and BaixSrxCoyFe1yOz-5, show a

higher electrocatalytic activity at temperature between 500 — 700 °C (1-8).

Now a question arises: Does LSM change its role in SOFC architecture? Up to
now, this material has been used as main cathode material (backbone electrode). Can its
properties be exploit using LSM in a new away, such as stabilizing material? LSM can
provide key properties for oxygen electrode, and among them redox stability and

compatibility with other cells components are non-negligible points.

Nevertheless, even if in literature are reported several works that support this
approach showing enhanced performance and stability, it is evident the importance to
completely understand LSM features under operating conditions (9-12). In fact, several
different interpretations have been proposed for the reaction kinetics in LSM — based

systems and a comprehensive understanding is still missing.

Works reported in literature proposed a wide choice of limiting phenomena for
ORR: i) oxygen ion transfer at electrode/electrolyte interface (13), ii) adsorption and/or
dissociative adsorption of oxygen at LSM surface (14), iii) first and second electron
transfer (15). Literature also underlined a possible modifications in the Kkinetic
mechanism (10) depending on cell preparation, testing conditions and preparation

history.

Based on these facts this chapter faces LSM electrocatalytic behavior, with the
aim to get further insight into LSM peculiarities, opening new promising solutions for

the next generation of SOFC cathodes.
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3.2 Experimental

The supporting electrolytes were produced by uniaxial pressing the YSZ
powders (TZ-8Y Tosoh) followed by sintering at 1500 °C for 1 h. The shaping of the
YSZ powder was carefully designed in order to obtain pellets with diameter equal to 35
mm and thickness equal to 3 mm after sintering. A so thick electrolyte was used to meet
the geometric requirements to avoid any artefacts due to possible electrode misalignment
in the impedance measurements, in agreement with indications reported by other works
(16, 17).

For the electrodes deposition, a suitable screen printing ink was produced by
adding the proper amount of solvent, deflocculant and binder to the (Lao.gSro.2)MnO3 _x
powder (LSM20-P FuelCell materials) following the procedure reported by Sanson et
al. (18). Films were screen printed (squeegee speed = 0.12 m/s, squeegee load = 4.5 kgF,
snap off =0.9 mm, AUREL 900, AUREL Automation S.p.A., Italy) onto the YSZ pellets
and dried at 353 K for 30 min into an infrared furnace. Suitable masks were used to print
two types of cell: i) Cell-A: working electrode (WE) and counter electrode (CE)
diameter equal to 3 mm; ii) Cell-B: WE and CE diameter equal to 8 mm. The films were
finally sintered at temperatures of 1050 °C and 1150 °C for 2 h.

The thickness of the sintered porous LSM electrodes was in the order of 3 pum.
The cells were placed inside an in-house built apparatus for the electrochemical
investigation. Two platinum nets were applied on both the WE and CE electrodes
surfaces in order to optimize the electrical contact. The system was heated at a rate of
0.9 K mint up to testing temperature (700-800 °C). The measurements were carried out
in two and three-probe configuration, using a potentiostat coupled to a frequency
response analyzer (Autolab PGSTAT302N). During the testing procedure, the cathode
was exposed to ambient atmosphere or fed with pure oxygen mixed with nitrogen using
mass flow meters (Bronkhorst El-flow type). Overpotential, temperature and oxygen
partial pressure were modulated to approach the real operating conditions of SOFCs
similarly to previous study (19, 20) without exposing the electrode to very low oxygen
partial pressures. In fact, as shown by several authors (21, 22), at low oxygen partial

pressure (poz value around 10 — 10"t atm) Sr segregates on the LSM electrode surface,
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causing the formation of oxygen vacancy with a remarkable change of the surface

activity.

Impedance measurements at open circuit voltage (OCV) in a frequency range of
10° — 10"t Hz were carried out in a potentiostatic mode. Before starting any systematic
analysis, the linearity of the current response to the input voltage perturbation was
checked. This was verified by ranging the voltage perturbation amplitude from 5 to 50
mV and checking that the current perturbation varied linearly with the voltage
perturbation, that is, that the measured impedance was independent of the voltage
perturbation amplitude. Short circuit measurements of the cell rig were performed under
the same conditions of the impedance analysis and the obtained data were used to correct

inductance in the impedance spectra.

A microstructural investigation of the cells both before and after testing was
carried out by the SEM (LEO1450 VP Scanning Electron Microscope).

3.3 Results and discussion

3.3.1 Effects of cell geometry

Some preliminary measurements were performed on the symmetrical cells prepared
with the two geometric configurations, namely Cell — A and Cell — B, in order to quantify
the effect of cell geometry on the impedance results at different overpotentials. Cell — A
was made according to the geometric requirements suggested in literature (16) (Fig. 3.
1):

e the working electrode (WE), diameter of 3 mm, was accurately aligned to the

counter electrode (CE);

o reference electrode is co-planar around WE at a distance greater than three times

the electrolyte thickness.

All the electrodes (WE, CE and RE) were made with same LSM material. As regards
Cell — B, it was similar to Cell — A, but with a smaller distance between WE and RE due
to the bigger WE (diameter equal to 8 mm), as illustrated in Fig. 3. 2.
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Fig. 3. 2 Sketch of cell geometry used for Cell — B

Fig. 3. 3 reports the comparison of polarization resistance (Rp) obtained in the
two cell geometries. In this figure it is possible to observe that in case of OCV and for
small overpotential (lower than 0.15 V), the two cells geometry (Cell — A and Cell — B)
show Rp values very close each other, pointing out that it is possible to obtain reliable
results with both cell geometries in such operating conditions. If the applied
overpotential increases beyond 0.15 V the experimental polarization resistance
measured in Cell — A and Cell — B diverge. Fig. 3. 4 shows polarization resistance
obtained from further investigation on Cell — A carried out at different temperature and
oxygen partial pressure. Results confirmed that the cell is effectively symmetric and that
the location of the reference electrode chosen is appropriate to obtain reliable impedance
measurements. In fact, the Rp values obtained in two-electrode configuration, excluding
the RE, match close to values obtained with the same cell in the three — electrode

configuration (using RE). Then, this comparison confirms a key factor for impedance
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measurements: the distance between WE and RE must be greater than 3 electrolyte

thickness in order to get reliable impedance results. Based on these results Cell — A was

considered in the following sections of the study.
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Fig. 3. 3 Comparison of polarization resistance (Rp) measured in Cell — A and Cell - B
(three electrode configuration) at 700 °C, 100 % O2 and different bias (0 — 0.4 V)
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Fig. 3. 4 Comparison of polarization resistance (Rp) measured in Cell — A in two and

three — electrode configuration at different temperature and oxygen partial pressure.
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3.3.2 Effects of electrode microstructure

The effect of electrode microstructure was addressed by sintering porous LSM
electrodes at two different temperatures, 1050 °C and 1150 °C for 2 h. The former
temperature was chosen according to previous experience and supplier specification.
The sintering temperature of 1150 °C was selected in order to obtain bigger particle size
and smaller electrode porosity. Samples sintered at 1050 °C was characterized by a
structure with an average particle size of 0.5 — 0.7 um and a porosity around 49% (Fig.
3. 5a). The sintering at 1150 °C led to a structure with an average particle size of 1.5 —

2 um and a porosity of ~ 34% (Fig. 3. 5 b).

Fig. 3. 5 SEM top-views of LSM electrodes sintered at (a) 1050 °C and (b) 1150 °C.
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Porosity was evaluated from analysis of SEM cross section images (Fig. 3. 6)
with ImageJ software.

Fig. 3. 6 SEM cross-sections of LSM electrodes sintered at (a) 1050 °C (b) 1150 °C.

A detailed observation in backscattered mode did not highlight any evident
formation of secondary phases at electrode/electrolyte interface in both the electrodes.
For all the sintering temperature, porous electrodes showed a good necking among the
particles and a well interconnected structure (Fig. 3. 5 and Fig. 3. 6). Fig. 3. 6 also
revealed that both the electrodes had a regular and homogeneous thickness of 3 um. This
thickness value is sufficient to ensure even current distribution and good reproducibility
with screen-printing as reported in literature (23-25). Indeed, all the relevant
electrochemical phenomena are expected to take place within the electrode thickness. In
particular is reported that the extension of reaction zone is typically no over 60 nm from
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the 3-PB (three phase boundary) for the surface reaction path (26) and within of 1 pm
from the YSZ interface as concern the oxygen reduction reaction controlled by bulk
reaction mechanism (27). Both the mechanisms will be discussed in detail in next

section.

Based on the small electrode thickness and the relatively high electrode porosity
it is reasonable to assume that the gas transport of molecular oxygen does not play a
significant role in the cathode polarization, as has been demonstrated even in thicker and
more active electrodes (28). A further confirmation about this derived also from
theoretical evaluation of polarization resistance related with this kind of phenomena. In
fact, even considering an effective O diffusivity (Derr) of 0.16 cm? st (this value is one
order of magnitude lower than the binary O diffusivity as a consequence of the
microstructure influence on gas transport), the resistance associated to gas diffusion

evaluate as:

Rga = (g)z - (3.1)

where L = 3 um thick electrode at 700 °C and oxygen partial pressure of 0.21 atm is 4 *
10° ©Q cm? which is 5 order of magnitude lower than the polarization resistance

measured in the samples (e.g. Fig. 3. 2).

From Fig. 3. 7 it is well clear the high influence of structural differences on
cathodic activity due to the remarkable change in the three — phase boundary length and
gas/surface area available for the reaction. The figure (a,b and ¢) shows polarization
resistance value obtained from electrochemical impedance measurements in a 3 —
electrode configuration, as a function of applied cathodic overpotential (range 0 — 0.4
V) at two different temperature (700 — 800 °C). In the whole overpotential range the
value of Rp is lower for the sample sintered at 1050 °C than the cathode sintered at 1150
°C. This is due to the contact of LSM particles with the electrolyte: the smaller the
particle size, the higher the three-phase boundary, thus the smaller the polarization
resistance. Globally, as the overpotential increases, Rp globally decreases for both the

samples.
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Fig. 3. 7 Impedance spectra at different cathodic overpotentials (OCV to 0.4 V) and
temperatures for the sample type Cell — A sintered at 1050 °C. (a) 700 °C (b) 750 °C

(c) 800 °C. Tests carried out in three — electrode configuration.
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The explanation of this behavior is not trivial and requires considering the
equilibrium between electrode surface and the gas phase. At OCV condition oxygen is
adsorbed on the cathode surface (Oag) and the same T and poz, the absolute amount of
Oad is higher for the sample sintered at 1050 °C, which presents a larger gas/solid surface
area. Moreover, the sample sintered at 1050 °C has a more extensive three — phase
boundary length at LSM/YSZ interface, which is expected to facilitate the charge-
transfer reaction as reported in previous works (29-32). Then, the impact of
microstructure at OCV is that the sample with a lower 3-PB extension (sintered at 1150
°C) shows a larger polarization resistance than the other (sintered at 1050 °C) in the
whole temperature range. This conclusion suggests that at OCV the oxygen reduction
reaction is dominated by the processes occurring on LSM surface and at the 3-PB, in
accordance with previous experimental findings (10, 33) and also theoretical analyses

presented in literature (30, 34).

It is reported that, applying a cathodic overpotential, oxygen vacancies in LSM
are formed due to the reduction of Mn*" to Mn®* (35, 36). In fact, a high cathodic
polarization produces analog effects of a decrease in oxygen partial pressure (19, 37), as
well highlighted by the following Nernst equation:

n=—In (—p"z'g‘“) (3.2)

PO, rer

The reduction of manganese cations leads to the activation of a new reaction path
involving the LSM bulk, with a shift from three phase boundary (3-PB) and surface-
dominated regime to a two phase boundary (2-PB) and bulk-dominated regime (27, 30,
33, 36). This regime transition is highlighted in Fig. 3. 8 for overpotential over 0.2 V.
At each temperature (700 — 750 — 800 °C) an asymptotic Rp value is observed at 0.4 V,
very close for both the samples. This behavior points out, that over a overpotential
threshold the bulk path is activated in LSM electrode, and then the determining factor
of the overall ORR is no more the 3-PB length, but the extension of contact area between
the two phases (2-PB, at LSM/YSZ interface) as sketched in Fig. 3. 9.

It is also interesting to evaluate and discuss the increase of Rp at low
overpotential (0 £ n < 0.1 V) before dropping for 1> 0.2 V as described above. This

behavior is consistent with the transition from surface — dominated path to bulk —
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dominated path. Close to OCV condition (n < 0.1 V) the bulk path is not yet activated
(30, 31, 33, 38), then the ORR process is controlled by oxygen adsorbed on LSM and
charge-transfer reaction occurring at the 3-PB (33). Working at higher overpotential, the
surface concentration of oxygen adsorbed on LSM is expected to decrease close to YSZ
interface as predicted by different mechanistic models (29-31, 39). The consume of
oxygen adsorbed causes an increase in polarization resistance until the bulk path is

activated by the formation of oxygen vacancies in LSM bulk (30, 31, 33, 39).

The opening of this new transport mechanism provides a parallel reaction
pathway reducing the polarization resistance for n > 0.2 V. For the electrode sintered at
1150 °C the higher is the working temperature, the higher is the starting increase in
polarization resistance for n = 0.1 V; this is reasonable because the equilibrium oxygen
surface concentration is expected to decrease as the temperature goes up (32). Moreover
the initial increase of Rp in the overpotential range of 0 — 0.1 V, has been theoretically
predicted by Gong et al. (30) as a consequence of current density, produced by the
surface and 3-PB-dominated mechanism, when the bulk path has not yet been activated
by higher cathodic overpotentials. Sample sintered at 1050 °C shows an increase in Rp
at low overpotential (n = 0.1 V) only at high operating temperature (800 °C). Its larger
surface area and 3-PB length compensate the depletion of adsorbed oxygen and thus
maintain current close to OCV value thanks to the 3-PB-dominated path even before the
activation of parallel bulk path. Therefore, these impedance results are consistent with
the transition of oxygen reduction reaction regime from surface to bulk path and in

agreement with previous literature.
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Fig. 3. 8 Trends of polarization resistance (RP) at different temperatures (a) 700 °C (b)

750 °C and (c) 800 °C for samples sintered at 1050 °C and 1150 °C
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In order to support the interpretation given above about the global drop in
polarization resistance as a function of overpotential some geometric considerations are

performed under the following assumptions:

I.  LSM particles at the electrode/electrolyte interface are spherical and partially
sunk in the electrolyte in order to simulate the necking of the two phases;

ii.  the total number of particles at the electrode/electrolyte interface is estimated

coherently with the electrode porosities and average LSM particle sizes.

Based on these assumptions a geometric index Gl is introduced taking into account

the total active area that includes two possible contributions:

i. the LSM particle perimeter C, in contact with the electrolyte, that in principle is

a one dimensional line (3-PB)

ii.  the surface extension if the active area enlarges on LSM/YSZ contact area A,at

the electrode/electrolyte interface (Fig. 3. 9)

Therefore the geometric index is defined as:

Gl = C, + 4, (3.3)

Both GlI, C, and A4, are dimensionless quantities, and the discussion addresses the
problem from a geometric side, and a derivation is reported below. For the samples
sintered at 1150 °C and 1050 °C, spherical particles with radius R and r, respectively,
are considered. The circumference at electrode — electrolyte interface is evaluated taking

into account an apparent radius equal to:

with 0 <, y < 1 and then the contact area A"/ (i = 1,2) is:

AL:nterface — T % R\g (3.6)

L L

The total number of particles n; at electrode — electrolyte interface is equal to:

ny = (1 - ¢;) =2 (3.7)

=2
T R?
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where Ageo is the geometric area of the cathode (7.1 * 10° m?) and ¢i is the porosity.

At open circuit voltage (OCV) conditions, which is related to the surface path,
only the three phase boundary (3-PB) at electrode — electrolyte interface is considered

as active region, so a linear contribution C#*"”¢ is identified:
Cictive = 2R n; (3.8)

The ratio C; between the active circumference and its maximum value ¢/**(for

X,y = 1) is defined as follows:

active
Ci

(3.9)

l Clmax

The application of overpotential leads to an extension of reaction area, defined
as a penetration depth & within electrode-electrolyte contact area. This active area

variation is defined as:
. ~ ~ 2
A?ctwe =n-7 (Rlz — (Ri — 5) ) (3.10)

It was assumed that 6 depended only on the applied overpotential, and the
maximum penetration corresponds to §*** = R;. For § = §/"% the active surface is
equal to the total contact area between LSM — electrolyte interface (43" i =1,2).

Defined these quantities the ratio between the two value, 4;, is introduced as follows:

active
4

i = (3.11)

max
Aj

Then two different contributions are taken into account: the first one related to
the 3-PB length (C/°t™®), the latter linked with the activation for oxygen reduction
reaction of particle surface (A%°'™¢), and their sum determined the geometric index
presented above. Based on all previous points, it is expected that the surface path and
bulk path scale with C, and A4,, respectively.Table 3. 1, reported parameters used to
calculate the geometric index for sample sintered at 1150 °C (Sample A) and 1050 °C
(Sample B).
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Parameters Description
Sample #1 Sample #2
(1150 °C) (1050 °C)
R=1pm r=0.35um Average particle radius
O<x<1 O<y<1 Tuning parameter
R-X ry Radius of circumference electrode/electrolyte interface
01=0.34 D,=0.49 Electrode porosity
C1 C Circumference at interface
N n Number of particles
o o Penetration depth

Table 3. 1 Parameters used to calculated geometric index for sample sintered at 1150
°C (Sample A) and 1050 °C (Sample B)

The values assumed by Gl are compared for the two electrodes sintered at 1050
°C and 1150 °C as a function of 8, which represents the penetration depth associated to
the extension of ORR at the electrode/electrolyte interface as a consequence of a

transition from a 3-PB to a 2-PB-based reaction mechanism (Fig. 3. 9).

Fig. 3. 9 shows that in absence of penetration of the oxygen reduction reaction
(ORR) to the LSM/YSZ contact area (6=0), the Gl value for the sample sintered at 1050
°C is twice larger than the GI calculated in the sample sintered at 1150 °C. Based on our
assumptions, for 6 = 0 only the linear 3-PB contribution is considered for the charge-
transfer. Notably, the ratio between the experimental polarization resistances at OCV of
samples sintered at 1050 °C and 1150 °C, and this suggests that at OCV the ORR scales
with the 3-PB length.

Fig. 3. 9 also well highlights a progressive decrease in the difference of Gls as a
function of &. This behavior is coherent with the results reported above in Fig. 3. 8,

where the difference between measured polarization resistance decreases as the
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overpotential assume higher values. In fact, for 6 > 0 GI considers the enlargement of
the 3-PB to the LSM/YSZ contact area, involving a bulk ion transport, recalling the
behavior of a mixed ionic conductor (MIEC). The agreement between Gls trend and
experimental polarization resistance highlights that under high cathodic overpotential a
new possible bulk path for oxygen ions is activated in the LSM electrodes. This
transition of the kinetic regime is further investigated by considering the whole

impedance spectra of the cathode, as reported in the next paragraph.

2,5x107 -
-
2.0x10" - b 1150 °C _
é - = 1050 °C
£
L 1.5x107
g "
3 i LSM \? LSM oj
C k10 0 e & 0, o? 0?
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« 4| l°' l"“l
5,0x10" 4 YSsz YSZ
SURFACE PATH BULK PATH

v T v T -
0,000 0.025 0,050 0, 075 0, 100 0.125 0, 150
&R

Fig. 3. 9 Variation of the calculated total active area for ORR, namely geometric index
GlI, with the increase in the 3-PB extension within LSM electrode of a distance & (6 =

penetration depth, R = average particles diameter,)

3.3.3 Effect of overpotential

As reported above overpotential plays a key role in the transition from a surface
path (3-PB) to (2-PB) and in this section a deeper analysis about its effects is reported.
Fig. 3. 7, that reports the effect of cathodic bias (up to -0.4 V) at different temperature

(700, 750, 800 °C), clearly show a depressed capacitive feature, strongly depending by
overpotential increases.
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Analysis of impedance results starts from the evaluation of distribution
relaxation time (DRT), with the aim to identify the main processes involved and their
characteristic frequency. Reports DRT analysis for the sample sintered at 1050 °C
during the electrochemical test at 700 °C and oxygen partial pressure of 0.21 atm at
different overpotential. DRT curves have two well defined peaks pointing out two
different phenomena. Other preliminary information are obtained focusing on the
behavior of low-frequency (LF) peak and high frequency (HF) peak. Firstly, the area
under the LF peak is greater than those under HF part, and their ratio change as a function
of applied overpotential. Moreover, the area itself and the characteristic frequency of LF
peak are highly affected by bias, while the other peak remains stable after a starting shift
from OCV to -0.2 V conditions.

Starting from DRT results an equivalent circuit described by Rel
(RLFQLF)(RHFCHF) is chosen, where Re describes electrolyte resistance, Rirand Ryr the
resistance at low and high frequency, respectively; Qvr is the constant phase element,
while at high frequency a pure capacitive behavior it is represented by Cnr. The low
error fitting (< 10 % for all the parameters) and the information extrapolated from
equivalent circuit analysis in agreement with those obtained by DRT, support the
reliability and then the use of the proposed EC in the whole conditions range

investigated.
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Fig. 3. 10 Distribution of relaxation times (DRT) for the sample sintered at 1050 °C,
tested at 700 °C, 0.21 atm O, at different overpotentials.

Going more in detail LF subcircuits can be related with surface transport
phenomena, while the HF subcircuit required to be carefully considered, but in principle,
it is reasonable related to charge - transfer process. As shown in Fig. 3. 11 R.r has a
remarkable drop as a function of temperature, and this behavior can be explained by an
increased mobility of adsorbed specie. In fact, at OCV and at low bias (< 0.15 V), the
decrease in RLrwhen the temperature grows up is justified by an enhancement of oxygen
diffusion coefficient. Over this threshold value of 0.15 V, process kinetic is improved,
and then followed by a significant increase of In (1/Rrr); moreover is noteworthy that
the lower the temperature the higher the positive effect of overpotential on the low
frequency resistance. The increase in In(1/Rcr) as a function of applied bias points out a
transition in the ORR towards a bulk reaction path, in agreement with the previous
results from the geometric index (GI) and confirmed by other results reported in
literature (30, 38, 40).
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Fig. 3. 11 (a) In(1/RcF), (b) In(1/RnF) for the sample sintered at 1050 °C

As regards low frequency capacitance from Rr//CPE element, it shows a slow

lowering trend as reported in Table 3. 2. Moving to the high frequency range, from

impedance spectra the high frequency capacitance (Cnr) has an initial increase, reaching
a maximum close to 0.15 — 0.20 V, and then decreases. This peculiar behavior can be

explained by an accumulation of charges in the active polarized sites at low

overpotential. At higher bias (from 0.2 V) charge is progressively drawn by the

enhancement of transport phenomena driven by the increase in the potential gradient.



LSM AS CATHODE FOR IT-SOFC: A SECOND CHANCE?

77

The related resistance Rnr does not show a clear trend, especially for low polarization

value (< 0.15 V), while over 0.2 V the almost constant value of Rur is obtained in

accordance with high frequency peak of DRT analysis that varies only with the

temperature.
n Ra Rue Cur Ruir Q n Cir
V] [Q cm?] [Qcm?] [Fcm?] [Qcm?] [Fs™Y [Fecm?]
800 °C—-21% 02
0 2.4 0.25 1.69*10° 5.01 3.2*10° 0.79 9.15*10°
0.05 2.4 0.42 8.03*10° 4.36 2.6*10° 0.82 9.44*10°
0.1 2.3 0.44 6.20*%10° 5.37 2.6*%10° 0.80 8.03*10°
0.15 2.6 0.31 2.25*10° 5.12 1.8*%10° 0.83 6.62*10°
0.2 2.5 0.40 1.39*10° 4.46 1.3*10° 0.86 5.92*10°
0.3 2.5 0.41 1.25*%10° 2.15 1.0*10° 0.89 5.92*10°
04 24 0.41 1.14*10° 1.19 1.0*10° 0.92 6.34*10°
750°C-21% 02
0 3.13 0.62 4.37*10° 10.61 3.9*%10° 0.76 1.11*10*
0.05 3.24 0.58 6.20*10° 9.55 3.4*%10° 0.78 1.01*10*
0.1 3.32 0.54 8.73*10° 8.95 2.6*%10° 0.79 8.73*10°
0.15 3.46 0.56 1.83*10° 7.09 1.6*10° 0.85 7.46*10°
0.2 3.71 0.61 1.14*10° 5.67 1.4*¥10° 0.85 6.48*10°
0.3 3.70 0.62 1.27*10° 2.88 1.0*10° 0.89 6.20*10°
0.4 3.54 0.55 8.03*10° 1.89 1.7*10° 0.83 5.21*10°
700 °C-21% 02
0 4.85 0.70 9.44*10° 26.99 4.1*10° 0.73 1.32*10*
0.05 4.88 0.76 1.15*10°® 23.63 3.2*%10° 0.76 1.14*10*
0.1 4.60 0.99 4.93*%10° 21.24 2.8*%10° 0.77 9.44*10°
0.15 4.96 0.93 1.55*10° 13.59 1.6*10° 0.84 7.32*10°
0.2 4.98 1.11 1.97*10° 9.59 9.4*10® 0.90 6.34*10°
0.3 5.36 1.19 1.55*10° 5.45 7.3*10° 0.90 5.63*10°
0.4 5.15 1.11 9.86*10° 3.14 7.2*10°® 0.91 4.79*10°

Table 3. 2 Summary of fitting parameters at 700, 750, 800 °C and 0.21 atm of oxygen

partial pressure for the chosen equivalent circuit for sample sintered at 1050 °C
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3.3.4 A Further confirmation: physically-based model of ORR in LSM electrode

To confirm all the assumptions made above regarding changes in kinetic
mechanism of oxygen reduction reaction in LSM electrode a physically-based model
was developed. This part of the project was in collaboration with the Department of Civil
and Industrial Engineering of University of Pisa, which was the main actor in model

development (41) with Professor Antonio Bertel.

In this model only a surface path was taken into account, considering
adsorption/diffusion of oxygen and the charge-transfer reaction as co-limiting processes.

Fig. 3. 12 sketches phenomena considered by the model.

YSZ

O,
Il adsorption
02-: O
charge
transfer

Fig. 3. 12 Sketch of surface path considered by the model (41)

The global process can be split in two steps:

e molecular oxygen is adsorbed onto LSM electrode surface following a

dissociative adsorption mechanism:
02(g) A 20(61'5) (312)

Adsorbed oxygen diffuse on the surface of the cathode reaching the Three Phase
Boundary (TPB) at electrode/electrolyte interface;
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e at TPB a charge-transfer reaction occurs with formation of oxygen ions:
Ocers) + 2€(er) < Ofioy (3.13)
Then oxygen ions are incorporated into the electrolyte.
Moreover, the main model assumptions are:
e adsorption/desorption reaction follows a dissociative Langmuir kinetic (31);
o surface diffusion of oxygen adatoms is described by Fick law (42);

e charge — transfer reaction takes place only at TPB, following a Butler — VVolmer
Kinetic;

e electron transport and gas transport along thickness are neglected, because they

are considered to be faster than other processes involved;
e temperature is consider uniform in the model;

e microstructure is treated as a continuum of LSM and porous phase. Material
properties are assumed to be uniform, then the model is 1D along the cathode
thickness.

In the Appendix of Chapter 3 are reported the model equations used to simulate EIS

curve of a porous LSM electrode.

Model Results

Model was calibrated at OCV conditions by comparing model simulation with
experimental data at different temperature and oxygen partial pressure. Fig. 3. 13 (a)
presents model calibration at OCV, 21% O, and different temperatures, while Fig. 3. 13
(b) reports calibration at different partial pressure (750 °C — OCV). Model fits quite well
the shape in the whole range conditions. Model deviations from experimental data can

be attributed to two main reasons:
i) model is a simplified description of reality

i) a global calibration approach was used, with a single set of parameters for all the

spectra analyzed, without searching for the best fit of each single spectra analyzed.
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Fig. 3. 13 Model calibration with experimental data at (a) different temperatures (OCV
and 21% poz) (b) different oxygen partial pressure (OCV and 750 °C) (41)

Calibrated model was used to evaluate the transition of kinetic regime due to the

application of dc bias to the cathode material, as hypothesized above from experimental
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data. Fig. 3. 14 (a) and (b) report impedance for different bias at 700 °C and 750 °C,

respectively.
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Fig. 3. 14 Impedance for different bias, 21% O at (a) 700 °C and (b) 750 °C to
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evaluate kinetic transition (41)

Discussion starts considering overpotential range 0 — 0.1 V. At 700 °C (Fig. 3.
14 (a)), moving from OCV to 0.1 V experimental EIS show a slight variation of

polarization resistance and the model is able to follow this behavior. The same

overpotential variation causes a strong Rp variation at 750 °C, and also in this case the
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model response is in accordance with experimental one. This agreement between
experimental data and model curves is achieved without adjusting any parameters,

pointing out a reliability of the model itself.

Fig. 3. 14 also highlights that for a bias equal to 0.2 VV model strongly deviates
from experimental impedance curves. In fact the simulated curve continue to increase
as a function of applied overpotential, while experimental data show a decrease in
polarization resistance. This divergence can be attributed to the transition from a surface
path to a bulk path, completely neglected in the model. The value of 0.2 V as a threshold
overpotential for the regime transition is in accordance with other works reported in
literature (17, 29, 33, 36).
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3.4 An application: LSM — infiltrated cathodes

In this last part of Chapter 3 is presented a possible application of LSM based on
the results presented above. This section is the result of the efforts of our group
(especially Dr. Alice Giuliano) and the product of a collaboration with Polytechnic
Department of Engineering and Architecture of University of Udine and Institute for
Studies on Nanostructured Materials at Italian National Research Council (43). Here
LSM material is no longer used as backbone material but as impregnating agent on
Lao.6Sro. 4C00.2Fe0803 (LSCF) and Bao.sSro. sC00.8Fe0.203 (BSCF) electrodes. In fact,
these two materials provide excellent performance at intermediate temperature, but they

are missing in stability.

3.4.1 Experimental

Lao.sSro. 4C002Fe0s03 (LSCF) and BagsSro. 5C0o.8Fe0203 (BSCF) backbone
electrodes were deposited on SDC electrolyte (SDC20 — HP, Fuel Cell Materials). The
electrolyte powders was cold pressed at 60 MPa, and then sintered at 1500 °C for 5
hours. LSCF and BSCF powders were synthesized by a solution combustion synthesis
process, with the collaboration of other research group (44), and deposited on SDC
electrolyte using a slurry coating technique. Then, a sintering cycle was carried out with
an initial heating at 200 °C to evaporate the organics, followed by a sintering step at
1100 °C for 2 hours

Both materials were tested in a symmetric configuration, and the electrodes have

a geometric area of 0.28 Q cm?.

Working electrode (WE) and counter electrode (CE) were infiltrated by a
solution of LSM 2 M prepared by using a Glycine — Nitrate sol-gel combustion
synthesis. A proper amount of LSM precursors (La(NO3)s « 6H20 (99%), Sr(NOs)2
(>99%) and Mn(NOs3)2 * 4H20 (98%) (Sigma Aldrich)) was dissolved in distilled water
at room temperature. To control phase formation and morphology, a chelating agent
(glycine, with a volume ratio of glycine to LSM ~ 2.5:1) and a surfactant (Polyvinyl

pyrrolidone PVP, Sigma Aldrich) were added to metal nitrates solutions. Hence, solution
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was heated to 200 °C and stirred until the gel was obtained, followed by a combustion

reaction to obtain LSM powder.

Prepared LSM powder was dissolved in water and infiltrated (3 um) into the
porous electrodes. To promote air elimination form LSCF and BSCF, cell was placed
under vacuum for 1 hour. After that, the cell was heated to 700 °C for 1 hour, to obtain

the desired crystalline phase of LSM.

3.4.2 Results and discussions

Microstructural results

LSM powder, calcinated at 700 °C, was analyzed by XRD and compared with a
commercial LSM pattern (Fig. 3. 15). Perovskite phase is formed and any secondary
phases were detected. XRD analysis of LSM-infiltrated LSCF and BSCF samples
confirmed the presence of desired phase as reported in Fig. 3. 16; also in this case no

secondary phases were found.

JJA LSM powder (Nextech)
,}k N JL M s

lab-synthesized LSM powder

Intensity (a.u.)

Fig. 3. 15 XRD pattern of LSM powder calcinated at 700 °C, compared with a

commercial LSM powder (Nextech).
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Fig. 3. 16 XRD patterns of (a) LSM — infiltrated LSCF and (b) LSM — infiltrated
BSCF electrodes deposited on SDC electrolyte

The presence of LSM on electrode backbones was also confirmed by Scanning
Electronic Microscopy (SEM) analysis reported in Fig. 3. 17. The infiltrated LSM phase

has nanoparticles in the order of 100 nm in both samples.
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20um

Fig. 3. 17 Top-view SEM images for (a) LSCF and (b) BSCF LSM — infiltrated

Electrochemical results

Infiltrated electrode were electrochemically tested by means of electrochemical
impedance spectroscopy; performance and stability were compare with LSCF and BSCF

reference electrodes.

To extrapolate apparent activation energy, LSCF electrodes were investigated in
a temperature range of 500 — 800 °C, and BSCF — based electrode in a range of 400 —
700 °C, at OCV and air.

Fig. 3. 18 firstly highlights that BSCF has a polarization resistance one order of
magnitude lower than LSCF electrode. Furthermore, the presence of LSM infiltrated
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particles produce a benefit effect on performance of both cathodes. In fact, despite LSCF
and BSCF are MIEC the presence of thin LSM film on their surface introduces extra

specific surface area available for oxygen reduction reaction.
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Fig. 3. 18 Nyquist plot of (a) LSCF and LSM-LSCF cathodes and (b) BSCF and LSM-
BSCF cathodes, at 700 °C, in air and open circuit voltage (OCV).

Determination of Rp in the whole temperature range provides data to build
Arrhenius plot and calculate activation energy for four electrodes (Fig. 3. 19). The Eact
for BSCF electrode is unaffected by LSM infiltration (value of 0.99 eV for both
electrodes), while LSCF and LSM-LSCF electrodes have an activation energy of 1.45
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eV and 1.41 eV, respectively. For all the electrodes data are in agreement with literature

values (19, 45).
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Fig. 3. 19 Arrhenius plot for LSCF and BSCF based electrodes

Impedance data were analyzed by using two different equivalent circuits,

proposed in Fig. 3. 20

(a) R, R, (b) R,
—/\/—g\/h—G— WaVa G
>—
CPE,

Fig. 3. 20 Equivalent circuits used for the impedance measurements fitting.

The choice of equivalent circuit is based on Adler — Lane — Steele model (ALS)
(46, 47) able to describe kinetic for porous mixed conducting oxygen electrodes. Circuit
(a) has been used to fit BSCF, LSM — BSCF and reference LSCF electrodes; it is made
by a resistance Rs which represents the electrolyte ohmic losses, in series with a RQ
circuit and a Gerischer element. Subcircuit RQ describes the high frequency of
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impedance arc, associated to the oxygen ion transfer at electrode-electrolyte interface.
Gerischer elements was attributed both to the chemical reaction at electrode surface and
to the diffusion process inside bulk. From fitting parameters such as chemical resistance

(Rchem), chemical capacitance (Cchem) Were extrapolated.

Cchem has been attributed to charge stored by the oxygen vacancies in electrode
volume (48-50), then for ALS model Cchem is directly proportional to the concentration

of vacancies.

Equivalent circuit reported in Fig. 3. 20 (b) was used to fit LSM — LSCF data. In
this case the lacking of RQ circuit means that process is highly dominated by surface
phenomena and solid-state diffusion, and the oxygen ion transfer at electrode/electrolyte

interface is negligible.

Further information about infiltrated systems were provided by impedance tests
applying a cathodic overpotential. Fig. 3. 21 (a) — (c) show the effect of a bias on LSCF-
based electrode at 700 °C. Cathodic polarization has a positive effect on Rp for both
electrodes, with a stronger Rp reduction for the infiltrated one. BSCF electrodes (Fig. 3.
21 (b) — (d)) have an opposite behavior than LSCF cathodes, with a progressive increase

of polarization resistance as a function of overpotential.

A possible explanation of electrode behaviors is the effect of applied DC bias on
the two references materials. In fact is reported that LSCF forms new oxygen vacancies
promoting ion transport (19, 51-53). On the contrary, for BSCF a possible formation of

cluster of oxygen vacancies is proposed in literature (54, 55).



LSM AS CATHODE FOR IT-SOFC: A SECOND CHANCE? 90

(a) (b)

051 _c._ocv Y e ocv

—0=-n=02V LSCF e BSCF

08 | et 008 { —-0=n=0.1V
_ n=0. o~ ] —a-qn=02Vv
- - £ o006 -
g 03 N T ” é ne D
S o2 , = 0,04 - i S
& HL poetreRmn0a - 3 A AL
N ‘F) o . N G
8 0,1 4 r{ A i 0,02 4 ;'f-JH!""‘»')- \

i n Ve ereratalits S, oW
o,oL“P‘ . . . . , v r : 0,00 “5“_’_ - %‘ — —
00 01 02 03 04 05 06 07 08 0,00 0,02 0,04 0,06 008 0,10 0,12 0,14 0,16 0,18
Z'(Q cm?) Z'(Q cm?)
C
) (d)

"~ | —=—ocv L

04 { —#—n=-02V LSM-LSCF s i s
— —A— =03V 0824 n=0.1V LSM-BSCF
NE n : o~ —a—y=02V
5 %31 £ 006 -
a o
N S o0s
N N

o - ,‘tf‘:.:\

010 T T T T T T T 1 0,00 -1 T T T T T T T T 1

00 01 02 03 04 05 06 07 08 0,00 0,02 0,04 006 008 0,10 012 0,14 0,16 0,18
Z'(Q cm?) Z'(Qcm?)

Fig. 3. 21 Nyquist plot for impedance measurements under cathodic overpotential for
(a) LSCF (b) BSCF (c) LMS-infiltrated LSCF and (d) LSM-infiltrated BSCF

electrodes at 700 °C in air.

To make the discussion more completed further information can be obtained by
parameters of equivalent circuit. From ALS model quantities such as R1, Rchem, Cchem,

tchem Can be extrapolated.

Regarding tchem, this quantity is directly proportional to the wvacancies

concentration as reported in the following equation:

__a(-e (3.14)

t =
chem Aaro(asgtap)

where cy is the oxygen vacancies concentration, € is the porosity, A the thermodynamic
factor, a the surface area, ro the exchange neutral flux density and finally af and ap are
the constants of order od unit that depend on the specific mechanism of the exchange

reaction.
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From Eqg. 3.12, only cv and A (which is inversely proportional to In(cv), can be
considered as variable in this punctual measurements, then the trend of tchem IS useful to
describe the change of vacancy concentration. Fig. 3. 22 reports trend of tehem for all the
samples; the presence of LSM surface layer on LSCF scaffold produce a lower tchem
value, suggesting an initial increase in oxygen vacancy concentration. Applying a bias

tchem grows up due to the formation of new oxygen vacancies as proposed above.
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Fig. 3. 22 Time constant trends as function of the overpotential obtained from the

fitting parameters for reference and infiltrated electrodes.

Results from Fig. 3. 22 also confirm that BSCF has a higher oxygen surface
activity than LSCF, with a consequent lower tchem. Nevertheless the application of

cathodic overpotential does not affect this parameter for BSCF — based electrodes.

Gerischer element provides new information regarding Rchem and Cchem as
illustrated in Fig. 3. 23 (a) and (b). Ry is related with the ion transfer at
electrode/electrolyte interface and is presented only for the reference LSCF. Rchem iS
associated with the process at electrode surface, while as already suggested Cchem
represents concentration of ion carries. This cathodic behavior with formation of new
vacancies occurs both on LSCF and LSM material, and for this reason LSM-infiltrated

LSCF has a higher decreasing in Rp than reference one.
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Fig. 3. 23 (a) Resistance and (b) chemical capacitance as a function of overpotentials
for LSCF — based cathodes.

BSCF — based electrodes have a completely opposite behavior. Rchem and Cehem
rises up and falls down, respectively, as a function of overpotential as illustrated in Fig.
3. 24. A possible explanation is that under cathodic overpotential the large amount of
vacancies available in BSCF electrode decrease due to their agglomeration that decrease
the cy available for oxygen reduction process. Nevertheless, also for BSCF the presence

of LSM is positive, lowering the worsening performance for infiltrated cathode.
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Fig. 3. 24 (a) Resistance and (b) chemical capacitance as a function of overpotentials

for BSCF — based cathodes.

The last, but fundamental step, was the evaluation of stability of infiltrated

electrodes under operating conditions. Reference and infiltrated cathode were tested
under a cathodic current load of 200 mA cm at 700 °C and at 21% of oxygen partial

pressure. Periodically the current was interrupted to evaluate degradation by means EIS

measurements Fig. 3. 25.
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Fig. 3. 25 Degradation behavior of (a) LSCF and LSM — LSCF and (b) BSCF and
LSM — BSCF electrodes during the ageing test under cathodic current load of 200 mA
cm2 at 700 °C and 21% O partial pressure.

LSCF electrode show a strong Rp increase (29% of degradation) in the first 72
hours, and this degradation rate is in agreement with literature values (7, 56-59). For
infiltrated LSCF sample, Rp progressively decreases reaching a final value of 0.51 Q
cm?, with a gain close 26% (initial Rpis 0.7 Q cm?). The enhancement of performance
can be ascribed to an effect of the current on LSM structure; it has been proven that the
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application of a cathodic current causes a modification of LSM porosity and of its

microstructure (35, 58).

LSM effect on BSCF is noteworthy, because even if it is not able to prevent
degradation phenomena on BSCF electrode, it can decrease degradation rate. In fact in
the first 200 hours the blank BSCF electrode has a degradation of 98% (from 0.081 Q
cm? to 0.16 Q cm?), while the infiltrated one stop to 74% (0.046 Q cm? up to 0.08 Q
cm?). The Rp of 0.16 Q cm? obtained for the reference BSCF electrode after 200 hours
has been measured only after 800 hours of ageing test for the LSM-infiltrated BSCF

sample.

The results presented in this last section show how the features of LSM can be
still exploit in SOFC cathode to improve performance and stability of other

electrocatalytic materials.

3.5 Summary

The results presented in this chapter underline that with a tailored electrode
microstructure LSM-based electrode can be exploited as cathode material for SOFCs. In
fact. Its electrocatalytic activity is also strongly affected by operating conditions which

influence the path followed by oxygen reduction reaction.

Firstly, impedance measurements carried out with different cell geometry
confirm the key role played by it in order to obtain reliable measurements, in particular

under overpotential application.

As regards oxygen reduction reaction mechanism, it is controlled by two predominant
phenomena such as a charge transfer process at high frequency and a transport process
at medium-low frequency range. The contribution of these processes on the global
resistance change as a function of operating conditions (temperature and applied

overpotential).

Among the parameters, overpotential has a remarkable effect on the
determination of the main process, and analysis of impedance measurements highlights

an increase of ionic transport with the activation of electrode bulk pathway for bias
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higher than 0.2 V. This mechanism transition is identified coupling the distribution of
relaxation time (DRT) and equivalent circuit (EC) analysis. Both identified two main
processes at high and low frequency range, respectively. In accordance with literature.
Moreover the analysis is refined introducing a geometric index (GI) which considers the

penetration of oxygen reduction reaction from the TPB to LSM-YSZ contact area.

Conclusions of experimental part were confirmed by a physically-based model
developed with a collaboration with the Department of Civil and Industrial Engineering
of University of Pisa. Model based on a co-limited adsorption/diffusion of oxygen and
charge-transfer at TPB process, is able to describe experimental data for an overpotential
lower than 0.2 V. For higher values model diverge from experimental impedance data

suggesting a bulk path activation, not considered in the model itself.

In the final part of this Chapter, infiltration of LSCF and BSCF scaffold has been
presented as a strategy to exploit LSM properties for IT — SOFC cathodes. Results are
promising both for performance and stability, in particular for LSCF — based electrode.
In fact, for this material LSM infiltration caused a decreasing of polarization resistance
and an improvement of electrode stability, due to the presence of infiltrated phase on the
electrode surface. Results on BSCF electrode show a positive effect, even if for such
material degradation is not blocked but only limited. Nevertheless the presence of LSM
as discrete thin film at electrode surface can be extremely useful to control electrode
degradation.
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Appendix to section 3.2.4

In this appendix model equations developed by Dr. Bertei (Department of Civil
and Industrial Engineering, University of Pisa) are reported with a brief comment.
System boundary are identified at x = 0 (electrode/electrolyte interface) and at X = L.
(cathode thickness).

The Faradic contribution of the charge — transfer reaction occur at the TPB (x=0)
and follows Butler — VVolmer Kinetic:

irp = loo (1?_090)1_6{ {exp [a%nact] —exp [_(1 - (X) %nact]} (A3-l)

RT , (6eq 1-6
ot = =55 tn (T2 ) = (V= Vi) (A32)
LSM surface is treated as an ideal solution of free sites and adsorbed oxygen

atoms, with activity equal to:
6
g = m (A33)

Activation overpotential 7n,.. is considered positive for cathodic current
production and it takes into account the equilibrium potential difference (basically a
concentration contribution). The difference (V,; — V;,) calculated at x=0 represents the
overall overpotential applied to the cathode n.4:, because of the electron transport is
neglected. 1.4 in EIS model is the sum of a steady-state dc overpotential, 1,;,s and a
sinusoidal ac perturbation An,. - e/“t. Moreover due to the small contribution of

activation overpotential, Butler — VVolmer equations (A3.1) and (A3.2) can be simplified

as.
) ) 6o \1~%2F
lrpg = loo (1__060) =7 Nact (A3.4)
RT Ocq 1-6
Nact = — °F In (9_; i) + Neat (A3-5)

With ncae = Npias + Aac - e/t
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Oxygen dissociative adsorption and Fick surface diffusion were considered, and
the conservation of adsorbed oxygen atoms along cathode thickness is:

surf
Fal, = — 22—+ Tal kyes(Kpoz (1 — 6)% — 62) (A3.6)
surf _ v peff 9
N = —ray,p" = (A3.7)

Eq. (A3.6) is the flux of adsorbed oxygen atoms per unit of electrode area. I' is

the number of adsorption sites per unit of LSM surface area, while ay; is the LSM surface
area exposed to gas phase per unit of electrode volume. Dsef T is the effective diffusivity

and takes into account the surface diffusivity of oxygen adatoms corrected for surface

tortuosity factor (D7 = D, /7,)
The boundary conditions related with previous equations are:

iTPBAT crppAfpp 0
x=0 Ngurf — _lrpBATPB __ CTPBATPB OMact (A3.8)
2F 2F at

x=Le N =0 (A3.9)

Eq. (A3.8) describes the flux that reaches the TPB is converted into two contributions:
the first, a Faradaic contribution (related to charge — transfer reaction) and a capacitive
contribution (formation of reaction intermediates at TPB). Both terms are assumed to be

proportional to TPB length per unit of interfacial area between electrode and electrolyte.

Langmuir equilibrium defined the equilibrium surface coverage 6,,at open circuit:

_ +Kbpoz
Oeq = T Tiprs (A3.10)
The current crossing the electrode/electrolyte interface is equal to the electrochemical
contribution (Eq. (A3.8)), added to the current associated with the electric double-layer
capacitance:

I=-N3"'| _2F + cqaf e (A3.11)

|x= at

The steady-state solution neglects the time-dependent terms and provide the electrode
response to the dc overpotential. Then, the related steady-solutions represented with a

bar sign, solves the following equations:
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—surf
dNO

0=-— ™ +Talikges(Kpo, (1 — 0)? —6?) (A3.12)
ssurf v neff 00

N, = —Tag D, P (A3.13)

_ , B, \1 "% 2F _

x =0: Igpg = igo (1_%0) =7 Nact (A3.14)
_ RT Oeqg 1-6

Nact = _;ln (é_oq i) + Nbias (A3-15)
smsurf _ IrpeATps

N, = (A3.16)
x=L:N* =0 (A3.17)

and allows for the calculation of dc current density circulating in the cathode upon the

application of the bias 71,4, as follows:

I_= _Ngurf 02F == TTPBA;"PB (A318)

|x=

Set equations just introduced is converted in frequency domain to compute

electrode impedance. A small sinusoidal perturbation Anac to the cathode overpotential

produces a small perturbation of 46, Anac, dites, ANS"" and then A1

For a generic variable & the perturbation A& is defined as the local deviation from

steady-state solution:
§—& =68 /0tHd) = AF . )0t With §8 « & (A3.19)

After linear Taylor expansion and upon subtraction of the steady — state solution,

the system of equation in frequency domains results as follows:

JoTalin = — 2% 902 kes (Kpos + 0 (1 — Kpoy))A8  (A3.20)
ANG™ = —ray, DT 22 (A3.21)
x = 0: Aippp = igg (%)1_a§Anact

iy 2 A (A3.22)
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RT 1

ANger = ;50(1_50) ABy + Ang,
surf _  Airpply . crppAY
ANO - _ 2 TPB —j 2FTPB Anact

x =L AN =0
The current perturbation is calculated as:

Al = —ANgurf|x=02F + jwcga, AN,

(A3.23)

(A3.24)

(A3.25)

(A3.26)

Then the impedance is determined as the ratio between the ac voltage perturbation and

the current perturbation:

. Angc
Z(w) = ZRe(w) +]ZIm(w) = %

(A3.27)
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CHAPTER 4

BSCF and LSCF: Looking the stability, preserving

performance*

HIGHLIGHTS

e LaoeSro.sCoo2Feos0s.s (LSCF) and Bao.sSrosCoosFeo 2035 (BSCF) were mixed
in different volume ratio to exploit their properties and improve stability

e LSCF and BSCF react during sintering stage.

e New electrode materials show a performance improvement with very low

polarization resistance

e A transition in kinetic regime has been identified by Distribution of Relaxation
Times and confirmed by Equivalen Circuit Models.

* The content of this Chapter has been published in:

e Electrochimica Acta, Volume 240, 2017, Pages 258-266
¢ International Journal of Hydrogen Energy, 2019, Accepted



BSCF AND LSCF: LOOKING THE STABILITY, PRESERVING PERFORMANCE 106

4.1 Introduction

High electrocatalytic activity for oxygen reduction reaction (ORR) and slow
degradation rate are two extremely important requirements in cathodes for intermediate
temperature - solid oxide fuel cells (IT-SOFC). The main question, still unanswered, is
whether it is possible to meet both of them in the same system. Many studies have been
dedicated to the development of new materials, and in particular perovskites are
attractive because of their high ionic and electronic conductivity, as well as for their high
oxygen surface exchange coefficient (1-11). LaoeSro4Coo2FeosOss (LSCF) and
BaosSrosCoogFeo2035 (BSCF) are among the most studied perovskites for
electrochemical application. In detail, LSCF is attractive for its high electronic and good
ionic conductivities (12). However, at the operating temperature of zirconia-based
SOFC, cation inter-diffusion (La, Sr) causes the formation of insulating phases such as
La>Zr,O7 or SrZrOs, which negatively affect performance (13-18).

On the other hand, BSCF, which has a lower electronic conductivity if compared
to LSCF, is very active toward ORR owing to its high oxygen vacancies concentration
and oxygen diffusion rate, larger than 2 to 200 times the values of other perovskites (19,
20). However, BSCF is penalised by structural instability below 900 °C, with formation
of different phases with cubic or hexagonal symmetry and with lower activity for oxygen
reduction (21, 22). Besides, it is affected by carbonate formation in the presence of CO>
(23), resulting in electrode deactivation (24, 25). Reaction with CO. reduces the ability
of BSCF for oxygen transport (24) and is attributed to the presence of Ba bonds (25).

The approaches applied to reduce cation diffusion and/or phase transition of
LSCF and BSCF are different, among these it is noteworthy to recall: (i) surface
modification by means of infiltration by a second phase (26-28), (ii) introduction of A-
site deficiency (12, 29, 30), (iii) in situ polarization-exsolution treatment (31), iv) use of
composite electrodes to stabilise different phases (32, 33). While these methods have
general applications a further strategy previously applied by some of the authors (34)

and rarely reported in literature (35) is pursued in this paper.

It consists in the mixing of LSCF and BSCF in order to take advantage of their

strengths and reciprocally compensate their aforementioned drawbacks. Solid state
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inter-diffusion of elements during electrode sintering and even at operating temperature
Is expected to take place with possible formation of new phases. However, partial
substitution of Barium with Lanthanum in BSCF has been reported as a reliable way to
stabilize the cubic structure (36). Moreover, the mentioned preliminary investigation
(34) has shown promising results. For these reasons, the system deserves a further
investigation in order to have confirmation of the obtained results and to obtain new data
on different LSCF/BSCF ratios.

It should be highlighted that, once proven high and stable activity toward ORR,
further enhancement of the sought electrochemical properties might be obtained by

applying some of the listed general methods, for instance infiltration.

Then, this study deals with structure, performance and stability of LSCF-BSCF-
based cathodes. The structure and morphology of the electrodes were investigated by X-
ray diffraction (XRD) and Scanning Electronic Microscopy (SEM). Electrochemical
impedance spectroscopy (EIS) measurements at different temperatures and cathodic
overpotentials were carried out to study the electrode performance and ORR Kinetic
mechanism. Ageing tests in simulated cathodic condition of operation were also

performed to compare stability over time.

4.2 Experimental

Mixture of BaosSrosCoosFeo203.s (BSCF, Treibacher Industrie AG) and
Lao.eSro4Coo2Fens0s5 (LSCF, FuelCell Materials) commercial powders with three
different volume ratios 50-50 v/v% (BL50), 70-30 v/v% (BL70) and 30-70 v/v%
(BL30), were prepared through low energy ball milling in distilled water for 20 h at
room temperature. For each mixture (15 g in a 100 ml PE bottle), 5 g of distilled water
was added and zirconia beads of three different diameters were used for ball milling:
¢=15 mm (active material/zirconia mass ratio 1:2), ¢=10 mm (active material/zirconia

mass ratio 1:2.4) and =5 mm (active material/zirconia mass ratio 1:2.6).

After milling, the powders were freeze dried for 24 hours at -50 °C and 0.01 mbar

(Labconco FreeZone 2.5) and sieved for 30 minutes to be separated from beads.
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Ceos8Smo202.5 powder (SDC20 — HP Fuel Cell Materials) was used for
electrolyte preparation; it was cold pressed at 60 MPa, sintered in one step at 1450°C for
5 hours in air, resulting in electrolyte disks with a diameter of 25 mm and a thickness of

1.2 mm.

An ink for slurry coating of the electrode on the electrolyte disks was prepared
mixing the above powders in a mortar with alpha-therpineol (techn grade 90%, Sigma
Aldrich; 50 drops in 15 g of powder). Cells were prepared in the three-electrode
configuration and symmetry between working electrode (WE) and counter electrode
(CE) was achieved by using a home-made mask system. The reference electrode (RE)
was placed on the WE side of the cell at a distance of 3 times the electrolyte thickness,
as suggested in the literature to avoid polarisation problems during impedance
measurements (37, 38). All cathodes were sintered at 1100 °C for 2 hours, obtaining a

geometric area of 0.28 cm? and a thickness between 50-70 um after sintering.

In order to identify the crystalline phases and check the cathodes stability during
operation, electrodes were analysed by X-ray diffraction (XRD, Cubix, Panalytical),
using Cu-K incident radiation. Patterns were collected over the angular range 10° < 20
< 70°, in a constant scan mode with steps of 0.02° and a counting time of 7 s. XRD
analysis was carried out on cathodes deposited on SDC electrolyte (half cells). Polished
cross sections of same samples were also analysed by Scanning Electron Microscopy
(SEM, 1450-vp, LEO) and by an energy-dispersive electron microprobe (EDX, INCA
300, Oxford Instruments).

Electrochemical impedance spectroscopy (EIS) measurements were carried out
in a three-electrode configuration to investigate the cathode catalytic activity; to this
purpose, the cells were placed in a lab-manufactured test station (39, 40). A Pt mesh was
placed on the surface of the WE and CE as current collector and Pt wires provided the
connection to a potentiostat coupled to a frequency response analyser (Autolab
PSSTAT302N). Impedance data were collected in the temperature range of 500 to 650°C
at open circuit voltage (OCV) and at applied cathodic overpotentials (up to -0.3 V), with
a perturbation of 10 mV in the 0.1-100 kHz frequency range.

Ageing tests were performed at 650 °C by applying a cathodic direct current (dc)

of 200 mA cm and checking the system evolution by impedance measurements at
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OCV, after interruption of the dc load at different times. The cathode behaviour was
investigated through the analysis of the impedance spectra following two different
approaches: equivalent circuits (ZView® Scribner Associates Inc.) and distribution of
relaxation time (DRT). In this Chapter the DRT technique was applied following Ciucci
group’s approach (41).

4.3 Results and discussion

4.3.1 Structural results

Fig. 4. 1 shows the XRD profile of BL30, BL50 and BL70 cathodes both as-
sintered (AS) and after testing (AT). The profile of a 50-50 v/v% mixture of starting
powders is also reported for comparison. The structures of starting powders are
confirmed as cubic (space group: Pm3m) for BSCF and trigonal (space group: R3c: H)
for LSCF. Fig. 4. 1 (b) focuses on one angular range where no peaks from the substrate
are visible. In general, both cubic and trigonal structures can be identified in the pattern
of all samples, indicated in Fig. 1b as vertical lines. In AS samples, the peaks of the
trigonal structure are slightly shifted (<0.08 deg) with respect to the LSCF, while for the
cubic phase a significant shift with respect to those of BSCF is observed. The 26 shift is
larger in BL30 (=1.2 deg) than in BL50 (=1.15 deg) and in BL70 (=0.8 deg).
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Fig. 4. 1 (a) XRD profiles of samples, listed from base to top of diagram: BL70 (AS,
dark cyan), BL70 (AT, magenta), BL50 (AS, cyan), BL50 (AT, blue), BL30 (AS, red)
BL30 (AT, green), Mixture of starting powders (black). AS= as sintered, AT=after
electrochemical test. (b) Magnification. ({J) = BSCF, ([1) = LSCF, (*) =SDC, (—) =

cubic and (— . —) =trigonal.

After testing, BL30 and BL50 are substantially unchanged. On the contrary, in

BL70 the peaks of cubic phase are shifted back toward lower 20 angles, while the

trigonal phase almost disappeared (see Fig. 4. 1 (b3)).
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These findings can be qualitatively explained by cationic interdiffusion between
the two perovskite structures, taking place during sintering at 1100 °C. As a result, the
stoichiometry of each phase might deviate from the nominal and cannot be determined
from standard XRD.

Taking into account the incorporation of some smaller La®** ions (r = 136 pm, CN
= 12) replacing larger Sr?* ions (r = 144 pm, CN = 12) at A-sites of BSCF, a unit cell
volume decrease resulting in the positive shift of diffraction peaks position of the cubic
structure might be expected. Similarly, the incorporation of Sr?* replacing La®>" at A-
sites of LSCF would cause lattice expansion, in this case balanced by shrinkage due to
the formation of oxygen vacancies as charge compensation defect. The overall result is

a small shift for the peaks of trigonal structure.

By increasing the starting volume fraction of BSCF, the cubic structure prevails
with the same interdiffusion and incorporation phenomena taking place during sintering.
On ageing, the observed backward shift of cubic phase peaks might be explained by
progressive incorporation of La, i.e. formation of BLSCF, compensated by elimination

of oxygen vacancies, causing lattice expansion.

SEM analyses showed that BL30 and BL50 electrode layers were adherent to the
electrolyte substrate and with regular shape and thickness, in the range 50+60 pum. The
two phases appeared uniformly mixed although some areas with finer grain size, about
0.4 um diameter, and others organised in larger clusters, about 2-4 um diameter, can be
observed. Given the particle size and shape of starting powders, i.e. 200 nm spherical
for LSCF and about 3 um faceted for BSCF (34), the two different morphologies
observed can be respectively ascribed to LSCF-like or BSCF-like structure. Coherently,

the relative amount of larger clusters increased with starting amount of BSCF.

These features were not affected by electrochemical testing and ageing and are
clearly visible in Fig. 4. 2 (a) and (b). It is worth noting that the mean atomic number of
Lao.6Sro.4C0o.2Fe0.803 and BaosSro.5C00.8Fe0.203, calculated by the Biichner formula, are
very close and therefore will appear with the same grey tone in back scattered electron
(BSE) images.
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Sample BL70 showed good adhesion to the substrate (Fig. 4. 2 (c)), with irregular
thickness, ranging between 50 and 70 um. The microstructure is characterized by the
presence of large clusters (> 30 um), although about half of the volume showed grains
and pores in the micron range. After testing the electrode layer was adherent to the
electrolyte. Thickness was reduced, between 30 and 40 um, due to further growth of
clusters, with also formation of large voids (Fig. 4. 2 (d)). No secondary phases were
detected and the composition obtained by EDX was quite homogeneous within each
electrode and corresponding to the average nominal one. However, the formation of
small amounts of secondary phases, below the detection limit of the technique and

instrumentation used, cannot be ruled out in all samples.

Fig. 4. 2 BSE images on cross section of samples: (a) BL30 as sintered, (b) BL50 after
electrochemical testing, (c) BL70 as sintered and (d) BL70 after electrochemical

testing.
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4.3.2 Electrochemical results

Temperature effect

Electrochemical impedance spectroscopy investigation (EIS) was carried out in
three-electrode configuration considering a temperature range between 500-650 °C
(AT=25°C). Fig. 4. 3 (a) shows the typical impedance spectra for each composition at
650°C in air, compared to reference materials. In these operating conditions, the best
performances were obtained by BL70 and BL50, with a Rp equal to 0.021 and 0.027 Q
cm?, respectively. Nevertheless, also BL30 mixture provided a significant improvement
of electrode activity with a Rp value equal to 0.045 Q cm?; indeed, for starting pure
commercial LSCF and BSCF electrodes, measured Rp were, 0.46 Q cm?and 0.21 Q cm?,
respectively. All the Rp values obtained for new electrodes are competitive if compared
with recent values reported in literature for optimized BSCF-based electrodes (42),

which still remains the most active perovskite-based SOFCs cathode (2).

Activation energy (Eact) values calculated from Arrhenius plots are reported in
Fig. 4. 3 (b). In spite of its higher resistivity, BL30 shows the lowest Eac (0.96eV),
indicating that this composition becomes more competitive at low temperatures. The
sample BL70 has an activation energy value of 1.17 eV close to the pure BSCF (1.18
eV) and lower than pure LSCF (1.52 eV), in agreement with those reported in literature
(LSCF 1.45 eV (43), BSCF 1.20 eV (20, 44)). The Eact values confirm that all the three
new compositions are prone to oxygen reduction reaction, with an enhanced

electrocatalytic activity.

As reported in Fig. 4. 4, showing the Nyquist plots of sample BL70 as an
example, a remarkable difference in the impedance shape was observed according to the
temperature. This strong effect was detected for all the compositions and it indicates that
not only polarisation resistance, but also the whole kinetic mechanism is very sensitive
to this operating parameter, as confirmed by the analysis of distribution of relaxation
time (DRT), performed on EIS data at OCV, and illustrated in Fig. 4. 4 (b).

This not trivial behavior prevented the use of a unique and reliable equivalent
circuit able to describe all the experimental spectra in the whole temperature range. On
the other hand, distribution of relaxation time (DRT) allowed recognition of the change

in predominant phenomena for the two different regimes (500 and 650 °C).
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Fig. 4. 3 (a) Impedance spectra at 650 °C and OCV for BL30, BL50, BL70. The inset
shows impedance spectra for pure BSCF and LSCF. (b) Arrhenius plot for the five
cathodes and calculated activation energy: BL30 (0.95 eV), BL50 (1.06 eV), BL70

(1.17 eV), BSCF (1.18 eV) and LSCF (1.52 eV).
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DRT spectra at 500°C showed a main peak at low frequencies (about 10 Hz, Fig.
4. 4 (b)), followed by a tail at medium-high frequencies. This is a typical Gerischer
behavior, as reported in different studies (45, 46), which implies considering the system
as co-controlled by coupled oxygen surface exchange and bulk diffusion, according to

the following expression (47):

Ze = Rchem/\/ 1+ jwtehem (4-1)

Rchem being the chemical resistance and tehem the characteristic time, strictly
related to oxygen surface exchange and transport properties. Positive feedback for the
Gerischer hypothesis came from the analysis of impedance data through an RiG

equivalent circuit fitting, as illustrated in Fig. 4. 5.

Increasing the temperature (typically at 600-650 °C) the main peak shifted to a
medium-high frequency range (around 140 Hz, Fig. 4. 4 (b)) and its intensity
significantly decreased, indicating a thermal activation of the process and a possible
kinetic mechanism modification. Furthermore, at these higher temperatures a second
well-defined peak appeared at lower frequency (around 1 Hz, Fig. 4. 4 (b)). Based on
the peak frequency and data reported in literature, it is reasonable to consider this process
related to surface phenomena, such as oxygen adsorption, or to oxygen diffusion at gas
phase (1, 48, 49). Going more into detail, at 650 °C the total resistance decreases
compared to 600 °C (Fig. 4. 4 (a)), but the area under low frequency peak (strictly linked
to resistance phenomena) rises (inset in Fig. 4. 4 (b)), and its maximum value (PLr)
moves to lower frequencies, indicating a process hindered by the temperature increasing.
The same temperature effect at low frequency was detected by Amin and Karan (50) for
a LagsBaosC003-based cathode; they suggested that this behavior it could be due to an
unfavorable oxygen adsorption on the electrode surface, or a partial surface coverage at
higher temperature. Nevertheless, the identification of the process in this frequency
range is not trivial due to the complexity of the system and the multiplicity of phenomena
involved, as also reported by Bidrawn et al. (51), it is extremely difficult to distinguish
whether diffusion or oxygen adsorption is the rate-limiting step.



116

BSCF AND LSCF: LOOKING THE STABILITY, PRESERVING PERFORMANCE

a) 0,30-
(a) | 0,0225 - BEGEE
o 600 °C
0,25 1 <€ 0.0150; A 550 °C
i C‘:’ m 500 °C
0,20 Fy O0078] _cwwi,.
o’:q’ 1 .o.. .."".53
g 0,154 0‘008,%000'0,0b75'o,oiso'0}0'225
:C_}, . Z'-Zel (© cm?)
N 0,101 ]
T i m, " . n
0051  La" .
A .
0,00_, t'(%ﬁl '.gl ¥ T K T T T " 1
0,00 005 0,10 0,45 020 025 0,30
Z'-Zel (O cm?)
b) 0,150+
( ) ’ BL70 PLF 0,015- :""
0,125 L
__ 0,100+ :
0 :
£ 0,075 :
<
— 0,050
>
0,025
10° 10" 10° 10" 10° 10° 10* 10°
f (Hz)

Fig. 4. 4 (a) Impedance spectra and (b) corresponding DRT patterns obtained for
sample BL70 at OCV, in the range 500-650°C. The inset in (b) shows a magnification
of the DRT curves at 600 and 650°C.
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Fig. 4. 5 BL30 and BL70 cathode impedance spectra at 500°C and OCV overlaid on
the fitting spectra. Ry = (subtracted) electrolyte resistance; GE1 = Gerischer element
(named G in the text).

Considering the kinetic regime change, further investigation was carried out
under cathodic polarization condition in the studied range of temperature. Fig. 4. 6
reports the impedance spectra at different cathodic overpotentials (1) at 500 and 650 °C,
with the matched distribution of relaxation times (insets) both for BL30 (Fig. 4. 6 ()
and (b)) and for BL70 sample (Fig. 4. 7(c) and (d)).
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Fig. 4. 6 Impedance spectra and matched distribution of relaxation times at 500 and
600 °C for sample BL30. The mean peak at 500°C appears at 11-12 Hz the mean peak
at 650°C appears at about 140 Hz.
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Fig. 4. 7 Impedance spectra and matched distribution of relaxation times at (a) 500 and
(b) 600 °C for sample and for BL70 sample. The mean peak at 500°C appears at 11-

12 Hz; the mean peak at 650°C appears at about 140 Hz.
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According to Adler model, by manipulating relationship (4.1), it is possible to
obtain the imaginary part of impedance from:

1 _ Rchem \/((‘)'tchem)z"'l_l
ZG - V2 (wtchem)?+1 (42)

and then extrapolating tchem and Rchem fitting experimental data. Their ratio allows to

calculate a chemical capacitance:

Cehem = tchem/Rchem (43)

useful to evaluate the electrode bulk ability to store charge in terms of oxygen vacancies.

For both samples, at 500 °C, Rcnem IS @ good approximation of global Rp for all

the applied 1, confirming the dominant Gerischer behavior introduced above.

More into detail, at 500 °C, BL30 exhibits the same behavior observed by the
authors for LSCF reference electrode, with a Rp reduction as n increases. A possible
explanation of this behavior, already proposed for LSCF (28), is the increase on oxygen
vacancy concentration [V;] under cathodic n and their fundamental contribution to
oxygen solid-state diffusion through the electrode bulk. This [V,] variation is
highlighted also by Cchem response (Fig. 4. 8) that grows under low 1. Although BL30
shows a smooth Cchem decrease at higher 1, its final value globally increases if compared

with that calculated in OCV conditions.
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Fig. 4. 8 (a) Rehem, and (b) Cchem as functions of applied overpotential at 500°C,
derived from Gerischer fitting, for BL30 and BL70.

For BL70 electrode n has an opposite effect (Rp increases with 1), similar to
BSCF — behavior investigated by some of the authors in previous paper (28). This work
and other papers (34, 52, 53) highlighted that an applied overpotential can cause oxygen
vacancy cluster formation as [V,] increases, with consequent losses for oxygen
reduction activity of the electrode, explaining why the Cchem, Starting increase is not able

to lead an improvement in electrode activity.

When the system is brought at 650 °C the more resistive process was located at
medium-high frequency (Fig. 4. 6 (b) and (d)) pointing out a kinetic change compared
to 500 °C behavior. Based on DRT analysis and on a previous study (34), the circuit
R1(RurQHr)(RLFQLF) was used to fit the impedance results. In this equivalent circuit Ry
is the electrolyte resistance, Rur and Qwr are the resistance and constant phase element
(CPE) at high frequency (~ 140 Hz) and Ri.r and Qvr describe the system at low
frequency. According to (54) a capacitance was calculated from CPE parameters. All
these parameters are reported in Fig. 4. 9 (a) and (b), which show that the limiting step
at 650 °C is the high frequency process (Fig. 4. 6 (b) and Fig. 4. 7 (b)). Also at 650 °C,
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according to their high values, the low frequency capacitance is chemical for both

samples, confirming the bulk ability to store charge as oxygen vacancies.
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Fig. 4. 9 Values of resistances (a) and capacitances (b) extracted from the fitting
analysis of impedance results obtained at 650°C for BL30 and BL70 samples.
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These results showed the potentiality of these electrodes and can represent the
base for advanced methods such as ab initio calculation and a theoretical physically-

based system modeling, that are beyond the scope of this paper.

After the electrochemical investigation, an ageing test at 650°C under a current
load of 200 mA/cm?was performed to evaluate electrode degradation over the time (Fig.
4. 10). Degradation of electrode performance in the first operating hours is reported as
key factor for cathode materials life. Analysis of performance losses in the first 100-300
working hours has been taken as good indication to evaluate electrode stability for longer
operating time (55, 56). Consequently, an ageing time of 200 hours was chosen to
monitor the evolution of the system performing periodic EIS measurements at regular
time. All the electrodes showed an initial remarkable degradation, but Rp trend are
different for the three compositions. BL30 and BL50 showed a quite linear increase of
Rp, while for BL70 after the first 50 hours the degradation rate slowed down, remaining
the most attractive cathode. The Rp value stabilized close to 0.048 Q cm?, that is highly
competitive even if compared with resistance data of pure and fresh LSCF and BSCF
cathode reported in literature (31, 45, 48, 57-63) and also with highly-performing
BLSCF. Confirmation about stabilization of BL70 is provided by the decrease of
degradation rate; indeed, three different intervals were identified between 0 - 24 h, 24-
72 h and above 72 h with a slope of 6.67 x 10, 1.66 x 10* and 3.58 x 10°Q cm? h!
respectively. The starting order of magnitude for degradation rate (~10* Q cm? h') is
in accordance with those extrapolated for BSCF and LSCF ( 10 + 10* Q cm? h'!) by
the authors and other papers (24, 34, 55), while the drop to ~10° Q cm? h't (R? = 0.992)

represents a stability improvement for electrode systems based on perovskite materials.

XRD and SEM investigations did not show structural and morphological
modifications during ageing of BL30 and BL50 samples. It is known (64) that, at SOFC
operative temperature, segregation of Sr and Co is likely to take place in LSCF.
Therefore, the formation of tiny layers of Sr oxides with limited conductivity can be
expected at grain boundaries on aging, but cannot be detected due to the resolution of
standard SEM and XRD used in this work as reported in the structural analysis section.
The increase of Rp (Fig. 4. 10) with aging time in BL30 and BL50 can be ascribed to
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this phenomenon, which is more pronounced in BL30, i.e. the mixture with highest
LSCF content.

On the other hand, the observed backward shift of cubic phase XRD peaks during
BL70 ageing, explained as progressive incorporation of La compensated by a decrease
of oxygen vacancies, find confirmation on the measure of the amount of oxygen
vacancies through Ccnem. Its trend shows a decrease from 10 to 1 F cm™ in the first 50
hours followed by a stable value in the remaining hours. Such changes in the bulk of the
electrode match well with the BL70 performance losses displayed in the first 50 hours

of ageing of Fig. 4. 10 and the morphology evolution observed by SEM analysis.

As a matter of fact, BL30 and BL50 CChem remain unchanged during ageing,

indicating a substantial constant concentration of oxygen vacancies.
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Fig. 4. 10 Degradation rate for BL30, BL50, BL70 electrodes and BL70 chemical

capacitance evolution under an applied current load of 200 mA/cm? at 650 °C.
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4.4 Summary

The effect of composition in performance and stability of Lao.sSro.4C0o.2Feo.8Os-
5 (LSCF) - BaosSrosCoo.sFen2035 (BSCF) based cathodes was investigated. The
mixtures were prepared through ball milling of commercial LSCF and BSCF powaders.
The cathodes were deposited on Ceo.sSmo202-5-electrolytes and investigated in SOFC
typical conditions of operation (different temperatures and cathodic overpotentials).
Microstructural investigation revealed cations interdiffusion between the cubic BSCF
and trigonal LSCF structures during sintering, without formation of secondary phases.
For BL70, the cubic structure was predominant and showed lattice parameter increase
on ageing, compatible with oxygen uptake from atmosphere.

Analyses of the impedance results by distribution of relaxation time (DRT) and
equivalent circuits showed two Kinetic regimes governing the electrocatalytic activity.
At low temperature (500°C), the more resistive step was identified at low frequencies
and global impedance was fitted through a Gerischer element, pointing out a behavior
co-controlled by surface oxygen exchange and bulk diffusion; this model was no longer

suitable for the high temperature regime (650°C).

The resistance trends for BL30 and BL70 as functions of overpotential appeared
different: an increase of 1 led to a Rchem decrease for BL30 (LSCF-like behaviour) and
to an increase for BL70 sample (BSCF-like behaviour). Like BSCF, also BL70
electrochemical activity decreased under applied overpotential, because of a suppression
of vacancy concentration, and this behaviour was not mitigated by the presence of a

significant (30 %) starting amount of LSCF.

All cathodes showed very good electrochemical performance. A preliminary
ageing test (200 hours) was carried out at 650 °C; despite the observed degradation for
all three investigated cathodes, BL70 R, showed an almost asymptotic trend, displaying,
for the ageing studied time, a final stabilized and low value close to 0.048 Q cm?. These
first results open the way for a further optimization step to modulate physical and
chemical electrode properties, with a more detailed experimental approach based on

application of strategies already available to improve electrode stability and activity.
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Nevertheless, investigations at longer loading time are necessary and planned for the
near future, especially for BL70 composition.
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CHAPTER 5

LSF meets LBC: what happens?

HIGHLIGHTS

LaosSro4FeOs (LSF64) and LaosBansCoOs (LBC64) were mixed to study

interaction in different conditions.

LSF64 and LBC64 react during sintering stage forming
B@ao.099Sro.207La0 50aFe08C00.203, a new perovskite phase (NPP).

NPP material was electrochemically tested as cathode for IT-SOFC by means

Pulse Laser Deposition (PLD) thin film electrode.

NPP shows a lower polarization resistance than reference materials, due to its

higher content of oxygen vacancy concentration.

Bilayer systems were investigated: a LBC top-layer over a LSF cathode improve

electrocatalytic activity.
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5.1 Introduction

Because Solid oxide fuel cells (SOFCs) are taken hold on the market, they need
to satisfy two fundamental requirements, i) high power density and ii) durability. One
of the main bottleneck, which limits the usage of these devices, is the cathode side, where
the oxygen reduction reaction takes place. Cathode material must have a high
electrocatalytic activity for the oxygen reaction and at the same time high thermal
stability. This means not only achieve a good resistance to the stressfully operating
condition (high temperature), but also a good matching (chemical, thermal and

mechanical) with other cell components.

Materials proposed until today suffer of stability problems or do not combine in
a sufficient way the features presented above. A possible solution is the formation of a
composite cathode, which is made combining different materials. In the past studies
almost all the composite cathode mixed the electrode material with electrolyte particle
with the main aim to improve the ionic conductivity and accommodate mismatches with

the dense electrolyte.

Starting from these preliminary consideration, and based on results presented in
the previous chapters the attention has been focused on two materials: Lao.eSro4FeO3
(LSF64) and LagsBan.4sCo0O3 (LBC64). Both show an ABO3z perovskite structure, widely
investigated as cathode for SOFC (1-10).

In this case, the idea of composite electrode is developed around a fulcrum point:
combine two cathode materials to exploit their different and complementary strengths
under several point of view, namely, oxygen surface exchange capability, charge

transport and thermal stability.

In fact, LSF64 shows a good chemical stability and a thermal expansion
compatibility with the most of electrolytes (1, 2). Nevertheless, its electrochemical
activity, in the temperature range of our interest (500-650°C), is too low considering the

research target.

On the other hand, the few studies focused on LBC64 have highlighted an

extraordinary activity toward oxygen reduction reaction, especially due to its very high
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oxygen surface exchange ability (9). For this material the main problem rises from a

remarkable mismatch with electrolyte thermal expansion coefficient.

For these reasons, looking for a mutual aid, here the interaction between the two

materials are investigated.

To the best of author knowledge, no works about LSF-LBC mixture based cathode

are reported in literature.



LSF MEETS LBC: WHAT HAPPENS? 134

5.2 Sample preparation

Samples described in this session, differently from those described in the
previous chapters, are constituted by thin film electrodes in the order of nm (in this
specific case no thicker than 200 nm). Also the sample configuration has peculiar
features. In fact the conventional porous electrode is used to evaluate material
performance in a cell configuration close to those of commercial applications. Thin film
technology can be fruitful exploited to investigate processes involved in the electrode
kinetic with more detail. This advantage is due to the simplified geometry of the thin
electrode that allow to neglect some phenomena like gas transport and diffusion present
in conventional porous and thick electrode. Where present, the porosity of thin film is

more regular thanks to the deposition technique used (Pulse Laser Deposition, PLD).

Based on these points cell configurations with thin film electrodes have been
prepared to evaluate the electrochemical performance of composite electrodes obtained

by mixing and/or coupling for the first time LSF64 and LBC64.

The system used for all the electrochemical test is sketched in Fig. 5. 1. It consists
of a 5 x 5 mm supporting electrolyte, (100) oriented Yttria — stabilized Zirconia (YSZ
9.5 mol% Y203), width 0.5 mm, a buried Pt grid as current collector and an active thin-
layer (electrode). The position of embedded Pt grid has been chosen after preliminary
tests, which allow to evaluate the best current collector position and in accordance with
literature (11-13).

Fig. 5. 1 Sketch of cell configuration (1) Platinum current collector (2) Working
electrode (3) counter electrode (4) YSZ electrolyte. Adapted from (5)
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Thin film electrode
Currentcollector

Fig. 5. 2 Front view of cell configuration used

5.2.1 Target preparation

Lao.sSro.4FeO3 (Sigma Aldrich) and Lao.sBao.4CoOs (LBC64 by Pechini’s method
(14) were used in the cell preparation. In LBC64 synthesis Lanthanum oxide (La20s3),

strontium carbonate (SrCQO3), barium carbonate (BaCO3) and cobalt powders (all Sigma

Aldrich, 99.995%) were individually dissolved in nitric acid, mixed in appropriate ratios
and finally citric acid (TraceSELECT, 99.9998%) was added for chelation. A calcination

step was performed at 1000 °C to obtain the desired phase as confirm by X-ray

diffraction analysis presented here in Fig. 5. 3.

2000
%’ 15001 LBC Powder
& 1000
£ 500+ j j
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Fig. 5. 3 X-ray diffraction pattern for LBC64 powder.
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To investigate the interaction between LSF64 and LBCG64 in different condition,

several PLD targets were prepared:
1. pure LSF64,
2. pure LBC64,
3. amixture of LSF64 and LBC64 powders in a molar ratio 50:50 %,
4. a“Fake” mixed target prepared as illustrated in Fig.

All the pellets were obtained through an isostatical pressing at 150 MPa
followed by a sintering stage at 1200 °C for 12 hours. These three types of targets are
made by a unique disk as reported in Fig. 5. 4 (left-side), which is the classical target

configuration for PLD target.

The last target prepared, called “new PLD target” and illustrated in Fig. 5. 4
(right-side), is made by half LSF64 and half LBC64 pellet. Then, the peculiar
characteristic of this new target is that the two materials are physically separate and
come into contact for the first time inside PLD chamber during film deposition.

Material A Material B
(LSF64) (LBC64)
Classic PLD target New PLD target

“Fake” mixed target

Fig. 5. 4 Scheme of target used in PLD process

5.2.2 Current collector preparation

Pt current collector was deposited by means of photolithography and sputtering
process. Negative photolithography was used to create the desired pattern for current
collector, as reported in Fig. 5. 5 describing the main phases of the process.
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UV-light
LU || LU L] (1)

Photoresist Photoresist l_l D D

Substrate > Substrate —> Substrate
[. Photoresist application II. Exposure [1I. Development

[ win [] sim [7] thin  film
— Substrate —> Substrate
IV. Thin film deposition by V. Photoresist removal
sputtering

Fig. 5. 5 Sketch of Pt grid current collector preparation by mean of photolithography

and sputtering processes.

Current collector deposition can be subdivided in five steps:

i.  photoresist layer was deposited on electrolyte surface by spin coating
process;

ii.  photoresist layer is covered by a mask with the desired pattern and
irradiated by UV-light;

iii.  adevelopment step allows to remove the non-irradiated photoresist;

iv.  platinum layer (100 nm) is deposited on a 5 nm Titanium layer, which
aids the adhesion with the electrolyte;

v. remaining photoresist is removed with ethanol forming the desired

pattern.

Table 5.1 and Table 5. 2 summarized all the photolithography and sputtering
operating conditions, respectively.
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Photolithography

Photoresist

Spincoater speed

Heating

Developing time

Exposure time

100 pl
100 rpm
2 -3 minat 100 °C

60-90s

Table 5. 1 Photolithography parameters

Platinum (100 nm)

Sputtering
Titanium (5 nm)
Sputter time 27s
Argon pressure 7 x 10 mbar
Sputter current 100 mA
Target distance 6 cm

125s
2 x 102 mbar
100 mA

6cm

Table 5. 2 Sputtering parameters

In Fig. 5. 6 a current collector grid is reported in a planar view; it is characterized

by a width of 5 pm spaced for 30 pm.

Fig. 5. 6 Top view of Platinum current collector grid on YSZ substrate




LSF MEETS LBC: WHAT HAPPENS? 139

5.2.3 Thin layer deposition

Thin layers of active material were deposited using Pulse Laser Deposition
technique. PLD process was conducted at oxygen partial pressure of 4*10-2 mbar, and
before the deposition, target was ablated for 2 minutes by a KrF-excimer laser (Compex
Pro 201 F) with 248 nm wavelength, and an energy per pulse of 400 mJ (Table 5. 3).
The substrate was heated at 650 °C to obtain a dense thin layer, at 450 °C for a porous
electrode structure. The desired layer thickness was 100 nm for the porous electrode,

and 200 nm for the dense and bilayer system.

Pulse Laser Deposition

Oxygen partial pressure | 4 x 102 mbar
Laser energy 400 mJ
Laser frequency 5 Hz
Substrate temperature 450 — 650 °C

Substrate — target distance 6 cm

Cooling rate 15 °C/min

Table 5. 3 Pulse Laser Deposition parameters

5.3 Porous system characterization

Before to start to present the results about porous electrode, it could be useful,
define a nomenclature for different sample, to make reading more fluent. The reference
samples are called with the own material (LSF64, LBC64), while we refer to the new
perovskite phase with the acronym NPP.

Microstructural and electrochemical characterization are divided in two
subsections, to compare samples with a similar morphological structure (porous or
dense). Section (5.3), considers three porous samples made by a thin porous layer (100
nm) of a pure LSF, pure LBC, and new perovskite phase (NPP)

Bao.099Sr0.297L.a0.504F€0.8C00.203, respectively. Section (5.4) summarizes the effects of the
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addition of a thin LBC top layer on a thin-dense LSF electrode, evaluating temperature
and oxygen partial pressure dependence in terms of activation energy, polarization

resistance and capacitance.

5.3.1 Microstructural characterization

Target materials and deposited electrodes were analyzed in Bragg Brentano

geometry by a X’Pert Powder (PANalytical) diffractometer.

Fig. 5. 7 reports all the patterns for targets before and after sintering stage measured
in 20 range. Fig. 5. 7 (b) shows the pattern for the LBC target prepared by Pechini’s
method.

After sintering step, the two reference pellets maintain the same structure and no
changes have been detected. On the other hands for mixture target, the two starting
phases (LSF64 and LBC64) were no longer detected after sintering as reported in Fig.
5.7 (c). XRD pattern analysis showed a strong modification, and a new phase has been
detected as Bao.ogoSro.297La0504Fe0.8C00.203. The new phase has been characterized by a

perovskite structure.

To investigate the interactions of LSF64 with LBC64 in different conditions than
those characteristic of sintering process, a pellet made half by LSF64 target and half by
LBC64 target has been prepared as sketch in Fig. 5. 4 (“Fake” mixed target right-side).
In this configuration, LSF64 and LBC64 come into contact for the first time during PLD
process. As remarked in Table 5. 3, in PLD chamber, temperature and oxygen partial
pressure are extremely far from values used for a common sintering phase. Two
materials could start to interact within the plume or at electrolyte surface, after
deposition. XRD analysis in Fig. 5. 8 reports the pattern of a thin film on YSZ substrate

after 1 hour of deposition process.

In addition to YSZ peaks, the same new perovskite phase
(Bao.099Sro.207La0 504Fe0.8C00.203), introduced above, was recognized. This means that
LSF64 and LBC64 have a strong interaction also in PLD operating conditions. Then,
even the “fake” target is unsuitable to preserve these two materials separate to produce
a composite electrode. Furthermore, the cation interdiffusion which occurs between the
reference structures, make extremely tricky to control the stoichiometry of deposited
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layer; in fact PLD process depends by several parameters, and among them the material

rate deposition and the surface area exposed to the beam play a crucial role.
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Fig. 5. 7 X-ray diffraction pattern for (a) LSF, (b) LBC64 and (c) LSF64-LBC64

mixture targets before (bottom pattern) and as sintered (up pattern).
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Fig. 5. 8 X-ray diffraction pattern of sample deposited by using “new fake” target.
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5.3.2 Electrochemical characterization

Electrochemical Impedance Spectroscopy measurements were carried out using
a Novocontrol PotGal electrochemical test station in a frequency range of 1MHz to 10

mHz with a ac voltage of 10 mV.

The first operating parameter taken into account was the temperature in a range
between 380 - 600 °C with a temperature step of 20 °C. All impedance measurements
were performed in synthetic air. Within the considered temperature range, the NPP
electrode showed the lowest polarization resistance as reported in the Fig. 5. 9. At 600
°C, the NPP cathode had a polarization resistance of 0.2 Q cm?, against 0.4 Q cm? and
1.05 Q cm? for LBC and LSF electrodes, respectively. The value obtained for NPP
electrode is competitive compared with polarization resistance values reported in
literature for SOFC cathodes tested in a thin film configuration (15-17).

From Fig. 5. 9 (a) (b) it is clear that LSF64 is characterized by at least two
processes in the whole temperature range, one at medium-high frequency and the other
at lower frequency. Also NPP seems to follow a similar behavior that at higher
temperature appears more depressed at high frequency. As regards LBC64 electrode,
two separated phenomena are well evident at 400 °C (see inset Fig. 5. 9 a), while at 600
°C (Fig. 5. 9 b) is not so trivial, observing impedance spectra. A more detail discussion
about possible physical phenomena involved is presented below by means distribution

of relaxation time and equivalent circuit analysis.
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Fig. 5. 9 Electrochemical impedance spectroscopy at (a) 400 °C and (b) 600 °C for
LSF, LBC and NPP thin film electrodes on YSZ substrates.
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A global apparent activation energy was calculated. In Fig. 5. 10 is reported the

Arrhenius plot for the three samples during the heating. LBC64 and NPP have a similar

activation energy, while LSF64 has a higher value. Also the activation energy here

presented are in agreement with activation energy of mixed ionic and electronic

conductor with a perovskite structure, reported in literature (9, 18-24). After these

preliminary, but promising, results about NPP material, the new electrode has been

deeper electrochemically investigated and compared with reference materials.
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Fig. 5. 10 Polarization resistance as a function of temperature for LBC64 (red points),

LSF64 (blue points) and NPP (black points) thin porous electrodes, and corresponding

activation energies.
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e Distribution of relaxation time analysis

To identify the number of phenomena involved, analysis of distribution of
relaxation time (DRT) was performed using a user-made code, based on well-known
Tikhonov regularization and described in Chapter 2. This kind of analysis allows to
evaluate how many processes occur in the whole frequency range considered, without

make any physical assumption about the system.

From Fig. 5. 11 (a) and (b) is evident that the most resistive process is located at
low frequency (between 0.01 and 30 Hz) for all the electrodes. Moving at higher
frequency (f > 30 Hz) DRT does not show a unique trend and a possible behavior
explanation requires a deeper analysis as reported below. Nevertheless, these DRT
curves can provide some preliminary information. Indeed, these graphs highlight a
thermal activation of the main process when temperature grow up: area under the curves
drastically decreases but also the peak frequency move to the right-side at higher values

suggesting a faster process.

Fig. 5. 12 shows the DRT spectra for the LBC64 cathode at 600°C in synthetic
air, that it will be taken as example in this first part of the discussion.

From the DRT curve two processes (P1, P2) are well recognizable, with peaks at
12.58 Hz (P1) and 398 Hz (P2), respectively. A third small peak has been identified at
higher frequency (10° Hz); its intensity is remarkably lower than others two and the first
used approach neglected it as an independent phenomena. Moreover, its frequency

position is quite high to be considered as part of electrode process.

DRT curve also allows to extrapolate the global polarization resistance (Rp) for
the electrode process, as the area under the curve, and the obtained value (0.406 Q cm?)

is really close to experimental value (0.404 Q cm?), with an error of 0.5%.
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Fig. 5. 11 Distribution of relaxation times analysis for LBC64 (red line), LSF64 (blue
line) and NPP (black line) at (a) 400 °C and (b) 600 °C.
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Fig. 5. 12 DRT curve for porous LBC64 sample at 600 °C and OCV condition, to

evaluate polarization resistance and frequency peaks.

Based on the hypothesis that the electrode kinetic is described by two processes,
a first evaluation of their resistance was performed calculating the area under the curve.
The local minimum at 125 Hz was considered as separation point between the two
processes. Therefore the left-side part of the curve (Fig. 5. 13 a) is ascribed to a low
frequency process (P1) while the right-side (Fig. 5. 13 b) was considered as medium
frequency phenomena (P2). A1 and A> are the area used to evaluate resistance associated
to P1 and P2, respectively. It is well evident that P1 is more resistive and with a value
equal to 0.36987 Q cm? represents 91% of the total resistance. As regards P2, its
resistance was extrapolated including also the third peak at 10° Hz as anticipated before.
Under this assumptions, Rz is 0.03657 Q cm? with an absolute variation of 0.0044 Q

cm? if compared with the value obtained limiting the resistance calculation at local
minimum at 25120 Hz (faz_min).
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Fig. 5. 13 DRT curve for porous LBC64 sample at 600 °C and OCV condition, to
evaluate polarization resistance of the different process at (a) low frequency and (b)

high frequency.

Other important details about processes were provide by the curve shape. A well-
centered peak, characteristic of a capacitive process that could be represented in an
equivalent circuit analysis by a RQ subcircuit, where Q is a constant phase element with
parameter n > 0.9, describes P1. On the other hand, P2 shows a broader frequency
distribution in the medium range, that could indicate a higher diffusion contribute (CPE

n-parameter < 0.9) (24).
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Fig. 5. 14 is helpful to explain and to support better the correlation between DRT-
curve shape and equivalent circuit proposed below. Here are reported the DRT spectra
obtained from an electrochemical impedance spectroscopy simulation of (RQ)

subcircuit, changing only the n-parameter of CPE.
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Fig. 5. 14 DRT simulation of RQ subcircuit as a function of n-parameter of constant phase

element

Results well highlighted the strong effect of parameter n on DRT, varying from
1 (black line) to 0.5 (orange line). In the case of ideal capacitance (n=1) the DRT curve
is characterized by a symmetric and narrow distribution, well centered on the expected
characteristic frequency. Moving towards a Warburg-behavior (n=0.5), the distribution

progressively lost its symmetry and frequency distribution became wider.

The evaluation of polarization resistance as global area under the curve allows
to obtain activation energy from Arrhenius plot reported in Fig. 5. 15 (black pots). In
this figure are also reported the activation energy for P1 (blue dots) and P2 (red dots).
The value of 1.27 eV for global process is in agreement with the value calculated from
experimental data of 1.29 eV and presented in Fig. 5. 10. Other two values for high and
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low frequency processes will be compared with activation energy derived for single

process from equivalent circuit analysis, presented in the following section.
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Fig. 5. 15 Evaluation of polarization resistance and activation energy of global process (Rp),

medium frequency process and low frequency process by distribution of relaxation time.
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e FEquivalent circuit analysis

DRT analysis allows to make useful hypothesis for the equivalent circuit to
analyze data. In the previous paragraph two main processes have been highlighted and
for this reason an equivalent circuit described by Rel(RHrQHr)(RLFQLF) has been
employed (Fig. 5. 16). Rel is associated to the electrolyte resistance and the two following

subcircuit are related to high-medium and low frequency processes, respectively.

Rel R_HF R_LF

ST

Fig. 5. 16 Equivalent circuit used to fit experimental data

As reported in Fig. 5. 17 (a) and (b) the equivalent circuit chosen is able to fit all
the samples in the whole temperature range (400 °C — 600 °C). In the impedance curves
reported below, Rer contribution has been subtracted to direct compare the three
electrode materials. The electrode contributions to the impedance have been identified
for frequency lower than 10 kHz and 25 kHz at 400 °C and at 600 °C, respectively.
Nevertheless, the semicircle at low frequency remains predominant even changing the
temperature or electrode material. In accordance to the considered frequency range, in
literature it is reported that for thin film electrode based on mixed ionic and electronic
conductor the controlling processes are related with the oxygen exchange phenomena at
electrode surface. Then, the phenomena involved can be several and their identification
is not trivial. To provide more information and a deeper understanding the influence of
operating parameters, such as oxygen partial pressure, has been taken into account in in

the following paragraph.
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°C and (b) 600 °C.
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Each subcircuit and then for the related process, can be described by a

characteristic frequency calculated as reported here:

1

f=— (5.1)

2TRC

where R is the subcircuit resistance and C the equivalent capacitance associated to the

constant phase element.

Both characteristic frequencies fur and fir change with the temperature, moving
at higher values as summarized in Table 5. 4. This behavior pointing out a thermal

activation of both processes and it is in accordance with DRT results.

400 °C 600 °C
HF (Hz) | LF (Hz) | HF (H2) | LF (H2)
LBC64 6.25 030 | 97.01 | 1357
NPP 2210 | 010 | 189.47 | 5.41
LSF64 1.19 010 | 4565 | 3.77

Table 5. 4 Characteristic frequencies for two subcircuit at boundary temperature range.
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400 °C 600 °C
NHF NLF NHF NLF
LBC64 0.44 0.95 0.64 0.95
NPP 0.46 0.89 0.47 0.95
LSF64 0.47 0.91 0.63 0.92

Table 5. 5 Value of CPE — n parameter at boundary temperature range.

Fig. 5. 18 (a) and (b) report the Arrhenius plot for Rz (high frequency) and R

(low frequency) resistances, respectively. The corresponding activation energy values

are listed in Table 5. 6, which reports in the last column global activation energy values

from Fig. 5. 10
RHF - Eact RLF - Eact RP - Eact
LBC64 1.20eV 1.30eV | 1.28eV
NPP 1.16eV | 1.31eV | 1.29eV
LSF64 1.34eV 147eV | 144eV

Table 5. 6 Activation energy values for processes at high and low frequency. The last

column reports the global activation energy.

Values comparison confirms that the low frequency process limit the overall

behavior of all electrodes type, with activation energy values very close to those

characteristic of global process. Moreover, the ratio between R.r and Rp, is always higher

than 0.6, up to 0.9 for LBC64 at low temperature, confirming that oxygen surface

activity is the limiting step for the three materials.
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Fig. 5. 18 (a) R2 and (b) R3 behavior as a function of temperature for LBC64 (red
points), LSF64 (blue points) and NPP (black points) thin porous electrodes from

equivalent circuit analysis, and corresponding activation energies
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Capacitance related with two processes are calculated with, their values as a

function of temperature are reported in Fig. 5. 19 (a) and (b), respectively, and calculated

as.
in 1
C=Rn(Qn
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Fig. 5. 19 Evaluation of capacitance from equivalent circuit analysis at different
temperature at (a) high frequency and (b) low frequency with corresponding activation

energy evaluation,

The most interesting information are collected for the low frequency semicircle.
In fact, Ccr is too high to be considered as a double layer capacitance and then will be
treated as a chemical capacitance (25, 26). In Bao.ogeSro.297La0.504F€0.8C00.203, the new
perovskite phase (NPP), C.r shows a huge increment if compared with the two starting
material, LBC64 and LSF64. This relevant enhancement of Cchem in the NPP electrode,
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linked with an increase of oxygen vacancy concentration as reported by several authors
(27-29), favors oxygen ions transport leading to a lower polarization resistance as

discussed above.

Comparison between DRT analysis and equivalent circuit results

The aim of this section is to compare results derived from DRT analysis and
equivalent circuit fit, focusing in particular on process resistances and characteristic

frequency.

Fig. 5. 20 illustrates the comparison of the Rp vaiues determined by DRT (Ap, Az,
A1) and EC method (Rp, Rz, R3). A good matching was found for the resistance at low

frequency, and their ratio is quite close to 1 in the whole temperature range.
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Fig. 5. 20 Comparison between polarization resistance (Rp), R2 and R3 values obtained
from equivalent circuit (EC) and distribution of relaxation times (DRT) and as a
function of temperature for LBC64 electrode.
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A higher discrepancy was detected for resistance describing the process occurs
at medium frequency (R and Az). Nevertheless, the effect of this uncertainty on the
evaluation of the overall resistance is low, because this resistance represent a small

fraction of the global process as discussed above.

Fig. 5. 21 (a) and (b) shows Nyquist and Bode plot, respectively, for LBC
electrode obtained LBC at 600°C in synthetic air (this experimental measure has been
used as example). On the both curves are reported characteristic frequencies obtained

from DRT and EC analysis for the two main processes recognized and here considered.

The low frequency process is identify univocally by both methods close at 13
Hz, in agreement with Bode plot peak. About the second process DRT and EC detected
two different frequency values, 398 Hz and 97 Hz, respectively. This difference could
be explained by means of two consideration:

(i) the characteristic frequency extrapolated from DRT analysis was arbitrary
chosen, taking into account the main peak value, even if the frequency dispersion range

assigned to this process is much larger;

(if) constant phase elements have the n-parameter (at 600°C nn-=0.64 and
n,==0.94), that can caused an interference in EC fit between two subcircuits, especially

due to n.e values, as reported in Chapter 2.

Then the fitting values (R and Q) can be reciprocally affected by the presence of
the other mesh, influencing frequency calculation.

This approach just introduced to determine and compare characteristic frequency
has been applied to the whole temperature range and results are summarized in Fig. 5.
22. A high quality matching between DRT and EC results was detected for low
frequency process, where summit frequency extrapolated from two methods are
overlapped. At higher frequency the discrepancy increase, in particular at high

temperature, due to the reasons mentioned above.



LSF MEETS LBC: WHAT HAPPENS?

159

| LBC_600 °C_Nyquist plot

13,57 Hz EC_R3Q2
A

|

97 HZEC_R2Q1 ——eo__

71

\

12,59 Hz

\
)\

7,2

2aK’l

L]

73

7.4

Z' (Q cm?)

LBC_600 °C_Bode plot
0,025 ~

K BT
AT_Reak
!

[\

0,020 +
B ! \

-

(b)

0,015
[ \

0,010+ /
1 ¥,
0,005 /

10°

12,59 Hz
13,57 Hz EC_R3Q2

10°

10*  10° 10°

0,000
10" 10° 10

f (Hz)

Fig. 5. 21 (a) Nyquist Plot and (b) Bode Plot for porous LBC electrode to compare the

characteristic frequency obtained by DRT and EC analysis.
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Fig. 5. 22 Comparison of characteristic frequency obtained with DRT and EC for low

and high frequency processes.

The second parameter taken into account was oxygen partial pressure ( po,) in a
range of 1-0.02 bar. Influence of p,,was investigated at different temperature between
460 — 600 °C. All three electrode materials increase their Rp decreasing p,,, as reported
in Fig. 5. 23 (a - f) for LBC64, NPP and LSF64 at boundary range temperature. To better

compare impedance data results are presented subtracting the electrolyte resistance at

high frequency (Z’¢) that is independent by oxygen partial pressure.

The low frequency arc is highly dependent by oxygen partial pressure, while
form the inset of each graph (Fig. 5. 23) it is clear that the system at high frequency for

is unaffected by oxygen partial pressure change.



LSF MEETS LBC: WHAT HAPPENS?

161

(@) iBC_460°C 12 _ (d) 2071Bc_s00°C oos .
%97 o 1o, i 1,84 o 100%0,
® 50%0, 08 "4 16] © %0%o, el
504 e 21%0, € °7 e 21%0, <
® 10%0, g o i 14] o 10%0, 3%” o
5% O, N o4 / ’ 5% O, Dl &
‘E 401 o 20, 02l N’E\ 1,24 o 2%0, sell o
° 304 050 02 0@ o8 o8 10 12 S 1,07 °%o0 051 o002 003 o004
g/ ® L] ™ z-Z,(Qcm’) g/ 0.8 z-Z, (Qrem’)
= e = z o O &
N ° ® N ° °
T 20+ ) T ° J 0,6“ L ° @
N TN . %53}3’.: .
o‘\ e, e & ® 0.4 b LI I ... °®
10 o T, % % ' «® %%, %
(21 0.‘0.. = 0,2 o\.\' \O\ %
0+ T T T T T T 0 0 T T T 1 3 ) T T
0 10 20 30 40 50 60 0,0 02 04 06 081012141618 20
Z-Z (Q cm?) Z-Z' (Qcm’)
b) 80- (e) 2°7npp_soo-c 008
( ) NPP_460 °C 08 1,8
® 100%0, 0.061
7019 o 100%0 gl 164 e so%o0, -
. 50%0. o s s 21%0, 6 oou,
801 & 21%o0, 5 os- ¥ 149 = ;;:’4002 N
® 10%0, = 2 | o 002/ ;
«— 501 5% O, Y oa B i o 12 Sl %ﬁ““
[ ® 2%0, il 5 1.04 000
O 40_ 00 G ’ 0.00 0,02 0.04 vU.OG 0,08
el 0.0 02 04 0.6 08 =~ o8l Z-Z, (@ em’)
i’ 304 Lt e, ) z-Z, (©em?) i\,l i .y O e )
h ® % 64 5 °
| ®, e o o °
20 as'..o::.. '0 0.4+ 'i.:"’e. L *
alsese, 2ioeee, ‘o e g
104 ﬁ (14 0..\..\ .‘ ‘ 0,24 S ....Q.\.. ® % *%
0 T T T 1 010 T \ T \ T ‘ T 1
0 10 20 30 40 50 60 70 80 00 0,2 04 06 08 1,0 1,22 14 16 18 20
'-Z, (Qem?) z-Z (Qcm?)
(c) 500 LSF_460 °C 12 f) B LSF_600 °C
® 100%0, ® 100%0,
® 50%0, ¢ 104 ® 50%0,
4009 & 2150, 2 ° 21%0,
® 10%0, & ® 10%0,
5% O, R 8- 5% O,
r\TE\BOO— ® 2%0, € s 2%0,
o 12 2 6
g g D'Dn,u 01 02 03 04 05
= 200 e © = . 7-Zel (@2 cm?)
’\Il ® ® '\lj 4 ° & y * @
® = . . e
o, 9000 90 '] LN IS &
100{ oq%e®e, ® o poe,"e o
NI " a 2 hdFese ...\ ]
o T T T T 1 O T T T T T 1
0 100 200 300 400 500 0 2 4 6 28 10 12
Z'-Zel (Q cm?) Z'-Zel (Q cm?)

Fig. 5. 23 Electrochemical impedance spectroscopy at (a) (b) (c) 460 °C and (d) (e) (f)
600 °C for (a) (d) LBC64, (b) () NPP (c) (f) LSF64 thin film electrodes on YSZ
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Oxygen partial pressure frequency dependence is also well highlighted by DRT
analysis in Fig. 15 (d) (e) and (f). The area under the peak at low frequency grow up,
decreasing po,inside the cell. Moreover, also the related peak-frequency shifted to a

lower value, indicating a slowdown of phenomena rates.

The equivalent circuit used is the same presented above for the study of
temperature influence. As introduced before the main process is always at low frequency
(0.1 — 10 Hz, as a function of material electrode); DRT showed a peak at medium
frequency (10-1000 Hz), with a broad dispersion. This is in accordance with the n-
parameter value obtained from EC-fit that never overcame 0.60.
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Fig. 5. 24 Distribution of relaxation times for (a) (b) LBC64, (c) (d) NPP, (e) (f)

LSF64 at 460 °C and 600 °C at different oxygen partial pressure.
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Fig. 5. 25 Polarization resistance evaluation at different temperature and different
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Extending the analysis, for each temperature was possible to identify a clear

dependence of Re as a function of p,,, described by well-known relationship:

R, = Log(po!) (5.1)

Three electrodes have a quite constant n — exponent as a function of temperature,
meaning that even the rate determining step does not change between 460 -600 °C. It is
possible to make hypothesis about possible limiting step, and as proposed in literature
(30, 31) oxygen reduction to oxide ion follow these global scheme, using Kroger — Vink

notation:
%02(9) +2e~ + V5 - 0f (5.2)

Oxygen reduction reaction (ORR) is a multi-step reaction, which includes many
processes extremely difficult to separate such as i) gas diffusion ii) adsorption and
dissociation of oxygen on the electrode surface iii) charge transfer. In Table 5. 7 these
processes are summarized with their peculiar n-exponent related with oxygen partial

pressure dependence as reported in (32)

Process Reaction poz n-exponent
Diffusion and adsorption on electrode 0,(9) © 0z4q 1
surface
Dissociation of adsorbed molecular 0zaq © 2044 -1/2

oxygen into atomic oxygen

Charge transfer_from the cathode to Oga + €™ © 05, -3/8
atomic oxygen

Solid-phase migration of oxide ion from 054 © OFpg -1/4
the cathode to the TPB ¢

Reduction monovalent oxide ion at TPB | Otps + €~ © O7pp -1/8

Diffusion of the oxygen ion from TPB to . X
the electrolyte, associate with a charge Orpg + V5 < 0p 0
transfer process

Table 5. 7 List of possible steps involved in ORR and their po2 n- exponent (32)
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In our case LBC64, NPP, LSF64 have an average n-exponent equal to -0.14, -
0.26, -0.24, respectively. This pointing out that LBC64 has a weaker po2> dependence
than other two materials. For this material, based on Table 5. 7, a possible rate
determining step in the oxygen partial pressure range considered is the reduction of
oxide ion at TPB. Nevertheless, NPP and LSF64 have a quite similar oxygen partial
pressure dependence, with a solid phase migration to three phase boundary as controlling
process. In Fig. 5. 26 (a— b) are plotted resistance at low and high frequency at boundary
range temperature (460 — 600 °C) and n-exponent for Eq.(5.1) are summarized in Table
5. 8. However, the complete understanding of mechanism is still open and it will be

faced in future work.

(a) 1000’5460 cC e e 10
): 100 sppee=" :
g '™ e -}
5 _____ I
i o
| e LBCe4 e LBC64
~— o NPP e NPP
o LSF64
10 ol N R N 0,1
0,01 0,1 1
P, (bar)
) ! 1
(b) 600 °C :
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£ 5
e ] {0518
u T
e 1
e LBC64 s LBC64
-~— e NPP s NPP ——~
e LSF64 s LSF64
0,1 . . 0,01
0,01 0,1 1
P, (bar)

Fig. 5. 26 Evaluation of oxygen partial pressure dependence of Rur (right-axis) and
Rir (left —axis) at (a) 460 °C and (b) 600 °C.
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LBC NPP LSF64
NHF Ne N NF NHF NLF
460 °C 0.16 -0.15 -0.10 -0.26 -0.27 -0.27
600 °C -0.07 -0.11 -0.08 -0.28 0.26 -0.21

Table 5. 8 Evaluation of n — exponent po2 dependence at 460 °C — 600 °C for high and

low frequency processes for the three different samples.

The results (Fig. 5. 26 Table 5. 8) confirm how the low frequency process
dominates the global electrode process. For all the materials, po2 dependence obtained
for low frequency subcircuit is completely in agreement with the dependence obtained

from the evaluation of overall electrode resistance (Fig. 5. 25).

MIEC performance are highly affected by their capacitance. Fig. 5. 27 reports
capacitance values at high and low frequency at 460 °C and 600 °C, used as examples.
In all temperature conditions both capacitance are considered as chemical capacitance,
and the increasing of the temperature grows up this quantity. As discuss in temperature
influence section, low frequency process has a higher Cchem Value and among the three
cathode material NPP electrode has the highest capacitance. The new perovskite
structure should be favored by its stoichiometry that produce an increment of oxygen
vacancy concentration closely linked with Cchem magnitude. These results have been
confirmed also by experiments at different oxygen partial pressure (Fig. 5. 27 (b) (d));
moreover, Cchem IS unaffected by oxygen partial pressure variation within the pressure
range considered, especially for LBC64 and LSF64 sample. Only NPP electrode show

a slight increment of Cchem for po2 lower than 0.2 bar.
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Fig. 5. 27 Capacitance at (a) (c) high frequency and (b) (d) low frequency,

extrapolated with equivalent circuit analysis at boundary temperature range.
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5.4 Bilayer system characterization

Two different cell configuration have been used to evaluate the activation of thin
dense LSF64 electrode by means a LBC64 thin top layer. A reference LSF64 electrode
with a thickness of 200 nm has been produced, while the bilayer systems have been
obtained with the addition of a LBC layer, changing its structure, as reported in Fig. 5.
28 and Fig. 5. 29 (a) (c). In case (b) (c) 50 nm LBC layer is dense and porous,
respectively. The densification of the structure has been achieved increasing deposition
temperature from 450 °C to 650 °C (Table 5. 3). To properly compare electrode

performance the global thickness was fixed at 200 nm.

Fig. 5. 28 Sketch of cell configuration (1) Platinum current collector (2) Working
electrode (3) counter electrode (4) YSZ electrolyte (5) top layer. Image adapted from

()
LSF - 200 nm : ISFL:fSE!nm EE S B e =
Substrate Substrate Substrate
T T T e R EaNITEEesEEITaNITRIRTERRTERRITARE SRR T Iy
LSF =200 nm BFl:LIESA_(an e —
(a) (b) (c)

Fig. 5. 29 Front sketch of cells used to investigate the effect of a thin LBC top layer.
(a) dense thin film (200 nm) LSF64 (b) dense thin film (150 nm) + dense LBC top
layer (50 nm) (c) dense thin film (150 nm) + porous LBC top layer (50 nm)
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5.4.1 Microstructural characterization

In the previous section the interaction between LSF64 and LBC64 have been
investigated in different conditions. The results show a strong cation interdiffusion
between the two materials with the formation of a new perovskite phase
Bao.099Sro.207L.a0 504F€08C00.203 (named NPP). Nevertheless, in this case two materials
get in touch in a different way, being deposited on YSZ supported at different time. This
choice leads to maintain separate the phases, preserving the initial LSF64 and LBC64

materials as detected by X-ray diffraction analysis reported in Fig. 5. 30.

6000 -
A [ ]
5000 @® LBC64
A LSF64
4000 ¢ YSZ
3000 -

Intensity

2000 +

1000 +

20 30 40 50 60 70 80 90
0()

Fig. 5. 30 X-ray diffraction for bilayer system

5.4.2 Electrochemical characterization

Reference electrode and bilayer systems have investigated by means of
electrochemical impedance spectroscopy in a temperature range of 460 — 600 °C and
varying the oxygen partial pressure between 1 to 0.02 bar. Impedance measurements
have been collected in a frequency range of 10® + 10" with a voltage perturbation of 10

mV using a Novocontrol PotGal electrochemical test station.
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The evaluation of the effects of LBC64 top layer and its geometry on LSF64
dense thin film starts considering the influence of temperature. From Fig. 5. 31, which
reports impedance curves at 460 °C and 600 °C in synthetic air, two consequences are

clear:

I.  the presence of LBC64 top layer drastically reduce polarization resistance in the

whole temperature range.

ii.  the structure (dense or porous) of LBC64 top layer does not affect the
performance of bilayer systems.

The first point, concerning with the polarization resistance drop due to the LBC64
addition, is explained by the different oxygen surface exchange resistance between
LSF64 and LBC64 (9, 32). In fact, the substitution of LSF with LBC at gas-electrode
interface favors surface phenomena. The discussion dealing with the absence of effects
between the dense and the porous structure it is not trivial, and can be related with the
extremely high activity of LBC for surface phenomena that cannot be enhanced by a so

thin porous structure.

Distribution of relaxation times in Fig. 5. 32 provides important information
about the process more affected by the presence of LBC64 top layer. It is evident that
the low frequency peak strongly decreases by the presence of new material over LSF64.
At 460 °C, Fig. 5. 32 (a), LSF64 has the main peak at low frequency not complete, and
this is also in accordance with EIS curve shape and depends by lower frequency
boundary range. In bilayer system, area under this peak drastically downs and the peak
itself is localized at higher frequency, pointing out a faster process. This result is in
agreement with material properties and with the improvement caused by the presence of
LBC64 at gas interface.
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Fig. 5. 31 Electrochemical impedance spectroscopy at (a) 460 °C and (b) 600 °C for

three electrode systems on YSZ substrates.
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Moving at upper boundary temperature, 600 °C, the same behavior has been
identified with a noteworthy decrease of electrode resistance at low frequency. In this
case peak frequency shift is less pronounced than this at 460 °C, but occurs confirming

the benefits brought about LBC64 presence.

From DRT is also clear that the process at low frequency considered above
controls electrode performance. In particular, this resistance represents at least the 90 %
of global resistance for pure dense thin LSF 64 film in the all operating conditions
considered, then the overall electrode resistance can be approximated with its value. This
hypothesis will be confirmed by equivalent circuit analysis presented below. For other
two electrode configurations the ratio RLe/Rp is included in a wider range (0.7 + 0.98);

however, also for these cases Rir remains ascribable to the limiting process.
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Fig. 5. 32 Distribution of relaxation times at (a) 460 °C and (b) 600 °C at 21% O, for

all the three electrodes considered.
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Distribution of relaxation time evidences the presence of two processes. As just
introduced above, low frequency impedance arc is enough predominant to consider
negligible the high frequency part. From these considerations, the equivalent circuit
analysis has been proposed employing the most used electrical circuit composed by

Rel(RHFQHF)(RLFQLF). The discussion will be primarily focus on low frequency section.

The first parameter evaluate has been the global polarization resistance (Rp), and
the natural logarithm of reciprocal values are graphed in Fig. 5. 33 at different oxygen
partial pressure. It can be observed that for each sample, activation energy changes
decreasing the oxygen partial pressure, while on the polarization resistance, po2 has an

opposite effect. All the activation energy values are reported in Table 5. 9.

Oxygen Partial Pressure S::"Ei’c'te(:;l) S:EZ!?:,;Z) sz:r;fie(e(\:;)
100 % O 2.02 1.68 1.64
50 % O 1.98 1.63 1.59
21 % Oy 1.97 1.60 1.55
10 % O2 1.95 1.57 1.53
5% O 1.93 1.55 1.49
2% O 1.89 151 1.43

Table 5. 9 Activation energy values at different oxygen partial pressure calculated in a
temperature range of 460 — 600 °C. (1): Dense LSF64 (200 nm) (2): Dense LSF64
(150 nm) + Dense LBC top layer (50 nm) (3): Dense LSF64 (150 nm) +Porous LBC64
top layer (50 nm).
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Fig. 5. 33 Arrhenius plot for (a) dense thin film (200 nm) LSF64 (b) dense thin film
(150 nm) + dense LBC top layer (50 nm) (c) dense thin film (150 nm) + porous LBC
top layer (50 nm) at different oxygen partial pressure.
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Activation energy values for LSF64 extrapolated in Fig. 5. 33 and summarized
in Table 5. 9 are in agreement with those reported in literature for dense LSF thin film
electrode (33). The addition of LBC64 top layer decreases the activation energy up to
25 %, as a function of top layer structure and oxygen partial pressure. The positive effect
it is explainable by the decreasing of activation energy of the process related with surface
phenomena and which occurs at low frequency, as introduced above during DRT
discussion. LBC64 provides a higher electrocatalytic activity than LSF64, especially for
the oxygen surface reaction (9). Nevertheless, the results highlight also that a LBC top
layer with a porous structure (Sample C Table 5. 9) has a lower activation energy than
the dense one (Sample B Table 5. 9).

Further information concerning resistance and activation energy for single
processes at high and low frequency as a function of temperature and at different oxygen
partial pressure, are reported in Fig. 5. 34 (a-f) and Table 5. 10 for all the samples.
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Fig. 5. 34 Arrhenius plot for (a — ¢) Rurand (d —f) Rer for reference dense LSF64
sample and two bilayer electrode system at different oxygen partial pressure (100% -
2% O3) and temperature (600 — 460 °C).



LSF MEETS LBC: WHAT HAPPENS? 178

Resistance at high frequency (Rxr) has not a unique trend for all the electrodes;
pure dense LSF64 sample shows a not clear trend (Fig. 5. 34 (a)) especially for
temperature higher than 540°C; one possible reason about this uncertainty can rise from
equivalent circuit analysis. In fact, fit at high frequency has a quite higher error (over
20%) and then can introduce inaccuracy. Nevertheless, for this sample the arc refers to
the high frequency resistance is less than 1% of the total polarization resistance and not
affects the fitting results and discussion about the main electrode process at low

frequency.

The other two samples, with LBC64 as top layer, show a Rur linear trend (Fig.
5. 34b-c), but weakly affected by the oxygen partial pressure. The slight dependence by

po2 leads to a decrease of Rur lowering the oxygen partial pressure.

Sample AW Sample B® Sample C®
RupEat | RirEat | RurEaw | RirEae | RupEat | Rir Eat

QY% QY% (eV) (eV) (eV) (eV)

100 % O - 2.04 1.14 1.78 1.30 1.68
50 % O - 2.00 1.12 1.71 1.24 1.63
21 % O - 1.98 1.11 1.66 1.19 1.59
10 % O2 - 1.96 1.10 1.62 1.21 1.56
5% O - 1.94 1.16 1.57 1.29 1.50
2% O - 1.89 1.22 1.52 1.40 1.44

Table 5. 10 Activation energy values at different oxygen partial pressure calculated in
a temperature range of 460 — 600 °C for processes at high and low frequency. (1):
Dense LSF64 (200 nm) (2): Dense LSF64 (150 nm) + Dense LBC top layer (50 nm)
(3): Dense LSF64 (150 nm) +Porous LBC64 top layer (50 nm).
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Fixed operating temperature, Rp variation as a function of oxygen partial pressure
highlight a clear change in the slope, illustrated in Fig. 5. 35. Dense thin film made by
only pure LSF64 has an n-exponent equal to 0.51 while at the presence of LBC64 top

layer corresponds a value close to 0.23.

Previously it has been introduced how the value of this parameter can help to
make hypothesis regarding the rate determining step. In agreement with literature an n
value equal to 0.51 is associable to a dissociation of adsorbed molecular oxygen into
atomic oxygen at electrode surface, while 0.23 is close to 0.25 related with a solid-phase
migration of oxide ion from the cathode to the TPB. The variation proposed here about
the limiting step is in accordance with material properties, and results previously
discussed in DRT analysis. The addition of LBC64 as top layer at gas/electrode interface
drastically decrease the surface process resistance, which dominated LSF64 electrode,

and then the transport of oxygen ion became limiting.
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Fig. 5. 35 Dependence of polarization resistance on oxygen partial pressure
dependence at 600 °C.



LSF MEETS LBC: WHAT HAPPENS? 180

5.5 Summary

Lao.eSro4FeosOs and LaosBaosCoO3 were tested in several thin film electrode
configurations. First of all, particular attention has been dedicated to evaluate interaction
between these two materials in different conditions. Microstructural results showed a
strong interdiffusion between materials in two particular conditions. Interdiffusion
occurred (i) when two powders were sintered after mixing process at, and (ii) in PLD
chamber depositing LSF64 and LBC64 simultaneously starting from two difference

pellets.

Microstructural analysis identified a new perovskite phase (NPP) with a
stoichiometry of Bao.oseSro.297L-a0.504F€0.8C00.203. NPP electrode was electrochemically
tested in a porous thin film configuration (100 nm) and compared with reference
materials. Impedance results highlighted an improvement of performance for the new
electrode material; a possible explanation of this enhancement is the increase of
chemical capacitance directly associable with oxygen vacancy concentration involved

in the electrode process at low frequency, controlling the global kinetic.

Interactions between LSF64 and LBC64 were avoided in the bilayer system,
preserving both phases. Two different bilayer systems were prepared and compared with
pure dense thin LSF film. They consisted in a LSF64 layer covered by a LBC64 top
layer: in the first case top layer had a dense structure, in the second case the layer was
porous. The presence of LBC64 at gas/electrode interface drastically decrease electrode
polarization resistance. DRT analysis and then equivalent circuit modeling of impedance
data at different temperature and oxygen partial pressure attributed this performance
improvement to the enhancement of low frequency process, related with oxygen surface
phenomena. This explanation is in accordance with material properties; indeed, LBC64

surface is more active towards oxygen surface exchange than LSF64.
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CHAPTER G

Summary and perspectives

In this thesis old cathode materials such as LSM, LSCF and BSCF were
considered, looking for a new way to exploit their properties (LSM) or to improve
stabilty (LSCF, BSCF). Moreover, based on their complementary properties also LSF

and LBC were investigated in mixing systems.

A particular attention was paid also on interpretation of impedance data using
distribution of relaxation times and equivalent circuit modeling; a combination among
them was proposed to obtain a more reliable data analysis, highlighting strengths and

weaknesses of this integrate approach.

The first material investigated was LSM deposited onto YSZ electrolyte.
Different morphology were obtained changing the sintering temperature; this allows to
have sample with a different TPB and volume extension. Electrochemical results
highlights a kinetic transition of oxygen reduction reaction mechanism as a function of
applied overpotential. The threshold bias was 0.2 V, below this limit value the
electrocatalytic process was dominated by a surface path, while for higher values a new
bulk path was activated. Besides DRT and EC analysis, the regime transition was
supported by the introduction of geometric index able to explain the phenomena from a

morphological point of view.

A further confirmation regarding the difference nature of LSM under a cathodic
bias was provided by a physically based model developed by the Department of Civil
and Industrial Engineering of University of Pisa. This model is based on surface path
only considering system co-limited by adsorption/diffusion of oxygen and charge
transfer reaction at TPB at electrode/electrolyte interface. After model calibration,
simulated impedance are able to describe real data only for overpotential value lower
than 0.2 V. Increasing bias more, model diverge from experimental data, suggesting the

activation of a new bulk path neglected by simulation.
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Based on these results a new route for LSM application in IT-SOFC cathode has
been proposed in the last section of Chapter 3. The material was infiltrated in LSCF and
BSCF scaffolds to improve their stability. The presence of a discrete LSM film over the
surface not only decrease the degradation rate of two materials but increase material

performance, showing a new possible application.

LSCF and BSCF are the leading actor of Chapter 4; they were mixed with three
different volume ratio, and samples were called (BL30, BL50, BL70). All the new
electrodes showed a very promising performance in temperature range of 500 — 650 °C,
with one of the lowest polarization resistance value reported in literature for perovskite-
based SOFC cathode (BL70 @ 650 °C 0.021 Q cm?).

DRT analysis highlights a change in the kinetic mechanism from 500 °C to 650
°C, moving from a system co-limited by oxygen surface phenomena and solid-state
diffusion to a kinetic governing by charge — transfer. These results were confirmed by
equivalent circuit analysis performed using two different circuits at low and high

temperature.

BL70 remained the most interesting system even after ageing test. In fact it
showed a degradation rate in the order of 10° Q cm? h', at least one order of magnitude

lower than reference materials.

In Chapter 5 other two perovskite materials were combined. LSF (stable) and
LBC (high electrocatalytic activity) were mixed. Their interaction were studied in
different environments. The first, was during a traditional sintering stage, which led to
the formation of a new perovskite phase Bao.ogoSro.297L30.504F€08C00203, called NPP.
The same phase was obtained also when LSF and LBC interact for the first time inside

the PLD chamber under completely different working conditions.

A thin film NPP electrode was deposited onto YSZ substrates and
electrochemically tested. It showed an increase in performance compared with reference
materials, and analysis regarding the kinetic mechanism has been carried out, studying
the influence of temperature and oxygen partial pressure. The main reason for
performance improvement could be the high concentration of oxygen vacancy evaluated

by means of chemical capacitance.
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Lastly, two bilayer systems was investigated; it was made by a dense LSF thin
film covered by a LBC top layer. All the layers were deposited by PLD technique and
both the materials were detected in the tested samples. They differed for LBC layer
structure, which was dense in the first case and porous in the second one. The presence
of Co-based perovskite on the top of the electrode drastically reduced polarization
resistance due to the enhancement of oxygen surface activity. This behavior was well
highlighted by DRT analysis that show a strong fall of peak at low frequency, closely

related with this kind of phenomena.

Results of this thesis open new perspectives about the employment well-known

electrode material as cathode for IT-SOFCs:

1. LaixSrxMnOs will be optimized as stabilizing phase for porous scaffold,

providing also an active surface for oxygen reduction reaction.

2. BSCF — LSCF composite electrode performance will require a deeper ageing
analysis, and if the obtained results will be confirmed they can be a very
promising electrode materials even for temperature close to 600 °C.
Moreover, another interesting point will be the study of LSM — infiltration on

these cathodes a solution to improve stability.

3. LSF64-LBC64 system will be tested in a porous electrode closer to
commercial application. The main idea is based on the preparation of LSF64
scaffold electrode that will be impregnated by a LBC64 phase, in order to
reproduce the last thin film system proposed in Chapter 5.
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