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Summary

(3000 words)

The high demand for electrical energy induced by the rapid population growth
has arisen the necessity to develop sustainable and environmentally friendly energy
sources. Nowadays, the global production of energy is still highly dependent on fossil
fuels, which produce harmful carbon emissions. Additionally, the wholesale price of
gas in 2022 was around four times higher than at the start of 2021. Now more than
ever, it is indispensable to gradually move from fossil fuels to renewable energy
sources [1]; however, the electrical production from these sources is discontinuous
and intermittent, and consequently, alternative methods for electrical energy
production and storage are needed.

In this context, fuel cells are one of the most promising technologies to obtain
electrical energy from a wide variety of fuels with good efficiencies and lower emission
of pollutants. In particular, Solid Oxide Fuel Cells (SOFCs) have attracted great
attention in recent years due to their fuel flexibility, good tolerance to impurities in the



fuel and higher efficiencies [2]. In addition, they can operate in reverse mode
(electrolysis) to produce hydrogen from water and electrical energy from renewable
energy sources. In comparison to conventional batteries, fuel cells have several
advantages, such as higher energy density, longer duration and more flexibility.
However, the high operating temperatures of SOFCs (600-800 °C) needed to achieve
a good electrode performance and a sufficient ionic conductivity for the electrolyte,
negatively affect the long-term stability of these devices. For this reason, decreasing
the operating temperature is one of the main goals for the wide implementation of
SOFCs [3]. Most of the investigations in this field in the last few years have been
focused on the development of new materials or improvement of the cell performance
via microstructural engineering of the cell components.

The anode-supported SOFCs are the most common configuration in these
electrochemical devices, in which a thin film electrolyte of several microns is
supported onto a thick porous anode to minimize the ohmic losses of the cell. In this
cell configuration, the anode material is a Ni-cermet due to its high electronic
conductivity and remarkable electrochemical activity for hydrogen oxidation,
but suffers from several degradation issues, such as Ni agglomeration, sulphur
poisoning or carbon deposition when fuelled directly with hydrocarbons [4].

Over the past years, researchers have investigated new electrode materials
and cell configurations to partially solve these issues. One of the most promising
SOFC configurations consists in the implementation of the same electrode material
as both cathode and anode, commonly known as Symmetrical Solid Oxide Fuel Cells
(SSOFCs). This configuration has several advantages when compared to traditional
anode-supported cells, including fewer fabrication steps, better thermo-mechanical
stability and chemical compatibility with the other cell components [5]. More
importantly, the cell degradation induced by sulphur poisoning or carbon deposition
can by partially solved by gas switching in the anode and cathode. In addition, the
possibility of this cell configuration to operate in reversible mode (RSOFC) for CO»
and steam electrolysis is highly attractive due to its multifunctionality and versatility
for local needs, leading to energy storage and also decreasing CO2 emissions [6].
Redox stable symmetrical electrodes with single perovskite-type structure, such as
La(Cr,Mn)0s3.5, (La,Sr)FeOs5 and (La,Sr)TiOs.5 or layered perovskites, such as
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PrBaMn20s+s or SroFersMoos06.5, have been investigated, improving their
electrochemical properties by appropriate doping strategies in A- and B-site.

It is well known that the crystal structure and composition of the electrodes
play a key role in the electrochemical performance; nevertheless, the microstructural
optimization of the electrodes has demonstrated to be crucial to boost the
electrochemical properties at low operating temperatures in both oxidizing and
reducing conditions. In general, electrodes with low porosity and relatively large grain
size are obtained from conventional preparation methods during multiple synthesis
steps and at high sintering temperatures. Such calcination processes lower the active
sites for the electrochemical reactions and thus the electrode performance. Different
deposition methods have been investigated to prepare the electrodes directly onto the
electrolyte surface at low temperatures, such as spray-pyrolysis, pulsed laser
deposition (PLD) or magnetron sputtering. Among them, spray-pyrolysis has
demonstrated to be a simple, cost-effective and versatile technique to obtain
homogenous thin films with different microstructural architectures over large areas at
reduced temperatures (Figure 1) [7,8].

Spray-pyrolysis

\\ : ’,/
Nanocomposites

e

Infilrated Honeycomb  Heteroestructures

Figure 1. Different electrode microstructures obtained by spray-pyrolysis [7].



In order to enhance the electrochemical properties of traditional electrodes,
different microstructural strategies have been explored. Figure 2 shows all the
microstructural architectures investigated in this Thesis: (a) traditional electrodes with
poor ionic conductivity and limited TPB at the electrode/electrolyte interface; (b)
composite electrode formed by the mixture of an ionic and an electronic conductor;
(c) electrodes with mixed ionic-electronic conductivity (MIEC); (d) nanostructured
electrodes with low particle size; (e) nanocomposite electrodes assembled directly
onto the electrolyte; (f) infiltration of the electrode into a porous electrolyte backbone;
(9) exsolution of metal nanoparticles, such as Ni, on the electrode surface; (h) active
layers at the electrode/electrolyte interface and (i) Vertically Aligned Nanostructures
(VANSs) deposited by PLD to act as an active layer.

(a) Traditional electrode (b) Composite (c) MIEC

prpm

Electrolyte Electrolyte Electrolyte

(d) Nanostructured (e) Nanocomposite i (f) Infiltration

Electrolyte Electrolyte Electrolyte

(9) Exsolution (h) Active layer (i) VAN

Electrolyte Electrolyte Electrolyte

Mixed ionic/electronic
conductor

lonic conductor . Electronic conductor

Figure 2. lllustration of different microstructural strategies employed to enhance the
electrochemical performance of SOFC electrodes: (a) traditional electrode, (b) composite
electrode, (c) MIEC, (d) nanostructured electrode (e) nanocomposite electrode (f) infiltrated
electrode, (g) electrode with exsolved metal nanoparticles, (h) electrode with an active layer
and (i) VAN.
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In recent years, the implementation of nanocomposite electrodes has
demonstrated improved electrochemical properties and better thermal stability when
compared to single-phase nanostructured electrodes [9,10]. In particular, the
nanoscale contact between two different phases in a nanocomposite electrode
hinders the grain growth due to cation diffusion limitations at the grain boundary,
avoiding the typical performance degradation observed in nanostructured electrodes
over time due to uncontrolled grain growth. Moreover, the intimate mixture between
an ionic and an electronic conductor extends the triple-phase-boundary (TPB) sites
where electrochemical reactions take place.

In this work, different nanostructured and nanocomposite electrode layers
based on the combination of perovskite-type electrodes, i.e. LaCrOs, SrTiOs or
LaFeOs and the ionic conductor Ceo9Gdo.10195 (CGO) with fluorite-type structure
have been prepared and tested for their implementation in SSOFCs. The electrode
layers were prepared directly onto Zrog4Y0.1601.92 (YSZ) or Lao.eSro.1GagsMgo202.85
(LSGM) electrolytes by spray-pyrolysis. Additionally, pulsed laser deposition (PLD)
was employed for the preparation of active layers [11,12]. For comparison purposes,
the same electrode compositions were prepared as powders from freeze-dried
precursors and then deposited onto the electrolyte by screen-printing method.

The structural characterization of the electrodes was performed by XRD.
Additionally, rocking curve and reciprocal space maps were carried out for the thin
films deposited by PLD. The microstructure was studied by SEM, TEM, HAADF-STEM
and AFM. The chemical composition was analysed by EDS and XPS. A complete
electrochemical characterization was carried out by electrochemical impedance
spectroscopy (EIS) and the four-probe Van der Pauw method. The total conductivity
and polarization resistance of the electrodes were analyzed in different atmospheres
(air, 5% H2-Ar and Hy) at different temperatures and as a function of the oxygen partial
pressure (pO2). The best electrode candidates were tested under real operation
conditions in a fuel cell.

During the development of this Thesis, new electrochemical cells for 3-probe
electrode configuration were implemented in our lab for anodic and cathodic
polarization measurements, as well as conductivity experiments at different oxygen



partial pressures. Distribution of relaxation times (DRT) was employed as an
alternative method to classical equivalent circuits to analyse the electrode
contributions of the impedance spectra.

The main results obtained during this PhD Thesis are discussed in two
different sections: (i) nanocomposite electrode materials for SSOFCs prepared by
spray-pyrolysis deposition (Chapters 4-6) and (ii) nanocomposite active layers
deposited by spray-pyrolysis (Chapter 7) and VANs deposited by PLD (Chapters 8-
9). The most relevant results of each section are briefly summarized below.

(i) In the first section of the Thesis, composite electrode materials with
advanced electrode architectures were prepared by spray-pyrolysis deposition for
their potential application in SSOFCs (Table 1). Since, LaCrOs-based materials were
the first candidates for symmetrical electrodes, several doping strategies in the A-site
with Ca and Sr and in the B-site with different transition metals (Mn, Fe, Ti and Cu)
were tested to obtain nanostructured layers via spray-pyrolysis deposition (Chapter
4). Firstly, we investigated the incorporation of alkaline-earth cations into LaCrOs;
layers; however, secondary phases of (Sr,Ca)CrOs.s were found at temperatures
lower than 1200 °C. Such high calcination temperatures lead to electrode layers with
relatively large grain size and reduced porosity, and consequently, poor
electrochemical performance with polarization resistance values of 1.95 Q cm? at 700
°Cinair.

For this reason, a B-site doping strategy was investigated in
Lao9sCro.75Mo.25035 (M= Mn, Fe, Cu and Ti). These electrodes were deposited by
spray-pyrolysis onto a porous CGO backbone to obtain a composite electrode formed
by CGO particles coated with the LaCrOs-based electrode catalyst. The best
electrochemical properties in both air and Hz atmospheres for Lag.9sCro.7sMno.2503.5
(LCM), i.e. 0.35 and 0.53 Q cm?, respectively, at 700 °C. Alternatively, LCM-CGO
nanocomposite electrodes with different LCM content (0-60 wt.%) were prepared by
spray-pyrolysis at low temperatures directly on the electrolyte surface from a single
aqueous precursor solution.
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Table 1. Composition, fabrication method and electrochemical properties representative
electrode materials investigated in Chapters 4-6. The synthetic methodology and
microstructural strategy employed for the synthesis of powders and layers are indicated as
follows: Freeze-dried powders (FD), composite by powder mixture (PM), composite by co-
synthesis obtained by freeze-drying (Cosyn). Layers deposited directly on the electrolyte by
spray-pyrolysis (SP), infiltration by spray-pyrolysis into a porous backbone (SP-Inf),
nanocomposite by spray-pyrolysis deposition (SP-NC). R, values are given at 700 °C for the
electrodes deposited onto YSZ electrolytes. A# indicates the article. Non published data are
indicated as NP.

Composition ;r:t%z:’r:tion (IE%A:::Z) De::i\t';es?o °C Ref
(mW cm?)
La09sCrOs.5 SP-Inf 0.91/- - A1
La0.9sCro.75CU0 25035 SP-Inf 0.70/- - A1
< La0ssCro75Fe02503.5 SP-Inf 0.52/0.91 - A1
‘% La09sCro.7sMno.25035 SP-Inf 0.35/0.53 470 A1
8
O LaosCro.7sMno 25035 SP 5.1/3.8 - A1
50 wt.%LapesCro.75Mng.2503.5-CGO FD-PM 5.6 - A2
50 wt.%LapesCro.75Mng.2503.5-CGO SP-NC 0.80/0.18 570 A2
(Sro.7Pr0:3)095 TiO315 FD 4.81/- - A3
50 wt.%(Sro7Pro.3)0.95Ti03:5-CGO FD-PM 2.45/- - A3
5 50 W% (S0 Pros)ossTiOs:5-CGO FD-Cosyn 160237 125 A3
g 50 wt.%(Sro.7Pro.3)0.05 TiO2:5-CGO SP-NC 0.50/0.46 354 A3
40 wt.%(Sro.7Pro.3)o.95 Ti03:5-CGO SP-NC 0.50/1.17 - A3
60 wt.% (Sro.7Pro.3)0.05Ti03:5-CGO SP-NC 0.59/0.88 - A3
(Lao.sSro.2)o9sF€0.8Tio203-5 SP-Inf 0.23/0.41 - A4,NP
50 wt.%(Lao.sSro2)09sF€08Ti0203.5-CGO  FD-PM 1.19/- 309 A4.NP
© 50 wt.%(Lao.sSro2)0.0sF€08Ti02035-CGO  SP-NC 0.30/0.58 - NP
":%- (Lao.sSro.2)0.5(Fe0.8Tio.2)0.0Nio.103.5 SP-Inf 0.34/0.11 496 NP
S 50(LaosSro2)o.95(FeqsTio2)09Nio103.5-CGO FD-PM -0.72 617 NP
(LaosSro2)o9sFeosTiosOss SP-Inf 0.67/0.20 - NP
50 Wt.%(LaosSroz)ossFeosTios0s-CGO  FD-PM  8.84/- . NP
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The nanocomposite electrodes, consisting of a mixture of perovskite and
fluorite-type phases, were formed at only 800 °C and more interestingly, they exhibited
a particle size of only 30 nm diameter, in comparison to 122 nm for 100 wt. % LCM,
due to the intimate mixture of LSM and CGO phases at the nanoscale level,
suppressing the cation diffusion and thus the grain growth during the co-sintering
process. The results were compared with those obtained for screen-printed electrodes
by mixing LCM and CGO powders.

The best polarization resistance (Rp) values were obtained for the
nanocomposite electrode with composition 50 wt.% LCM-CGO, 0.80 and 0.18 Q cm?
in air and Hy, respectively, at 700 °C. Furthermore, a remarkable maximum power
density of 570 mW cm-2 at 800 °C was achieved for a 300 um LSGM-supported
SSOFC. The R, of the nanocomposite electrodes were almost one order of magnitude
lower than the same composition deposited by screen-printing (5.6 Q cm2 at 700 °C
in air) due to the higher sintering temperature needed (1100 °C) to achieve adequate
adhesion to the electrolyte. Such high sintering temperature induces a significant grain
growth and the reduction of the TPB length.

SrTiOs-based electrodes were also investigated due to their good redox
stability, as well as carbon and sulphur tolerance. In order to enhance the
electrochemical properties for ORR, a Pr-doping strategy was employed to increase
the electrical conductivity in air due to the variable oxidation states of Pr4*/Pr3*,
Nanocomposite electrodes with nominal composition  (Sro7Pro3)ogsTiO3s5-
Ce0.0Gdo.101.95 (40-60 wt.% SPTO) were directly assembled on the electrolyte surface
by spray-deposition and their properties were compared with the analogous screen-
printed electrodes (Chapter 5).

The lower preparation temperature of the nanocomposite electrodes not only
inhibits the grain growth (~20 nm at 800 °C) but also hinders the formation of layered
ordered extended defects, which have demonstrated to be detrimental to the
conducting properties of SrTiOs-based materials. More interestingly, the electrodes
obtained by co-synthesis were stable at temperatures as high as 1300 °C without the
presence of secondary phases. Ry values of 0.50 and 0.46 Q c¢cm? in air and Ha,
respectively, at 700 °C were obtained for 50 wt.% SPTO-CGO nanocomposite, values
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that were almost an order of magnitude lower than those obtained for the same
composition prepared by screen-printing (Table 1).

Finally, (LaSr)FeOs-5 based perovskite materials were investigated due to
their excellent performance reported as cathode materials (Chapter 6). In order to
improve the redox stability for potential application as both air and fuel electrodes, Ti-
doped compositions were prepared (LaosSro.2)o.95F€1-xTixO3-5-Ce0.9Gdo.101.95 (LSFTy;
x=0.2 and 0.4). Different electrode architectures were tested, including traditional
screen-printed powder electrodes of (a) mechanically mixed powders of LSFTx and
CGO; (b) co-synthesis powders from freeze-dried precursors and nanocomposite
layers directly prepared on (c) the electrolyte and (d) CGO scaffolds. Among them,
the electrodes prepared by infiltration, using spray-pyrolysis, rendered the best
performance as a consequence of the highly enhanced TPB length and higher
electrode porosity. In the case of (Lao.sSro.2)oesFe0.sTio 203 infiltrated electrode, Rp
values of 0.23 and 0.41 Q cm? were obtained in air and Hy, respectively, at 700 °C.
The (Lao.sSro.2)0.95F€0.6Tio.403.5 composition showed R, values of 0.67 and 0.20 Q cm?
in air and Hy, respectively, at the same temperature. Higher Ti-content induced lower
conductivity values and poorer electrochemical properties in air but better
performance in reducing conditions due to the partial reduction of Ti4* to Ti3*.

In addition, Ni-doped LSFTo electrodes were prepared to promote the Ni
metal exsolution on the electrode surface under a reducing atmosphere, thus
improving the HOR activity. Ni nanoparticles of 15 nm diameter were observed for
(Lao.sSro.2)o.95(Feo.sTio.2)0.9Nio.103-5 after reduction, lowering the polarization resistance
values to 0.11 Q cm? at 700 °C in Hz with a remarkable and stable maximum power
density of 617 mW cm-2 at 800 °C.

(i) In the second section of the Thesis, the electrode/electrolyte interface was
tailored in order to minimize the electrode contribution related to the oxide-ion
transport from the TPB to the electrolyte (Chapter 7). Preliminary results revealed a
great influence of the ionic conductivity of the electrolyte on the electrochemical
properties of nanostructured Lao 6Sro.4Coo.2Feo 8035 (LSCF) cathodes. The Ry values
of LSCF deposited onto YSZ, CGO, LSGM and Bi15Y0503 (BYO) decreased as the
ionic conductivity increases, i.e. 0.21, 0.11, 0.09 and 0.058 Q c¢m? at 700 °C,
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respectively. These results showed that the limited ionic conductivity of the electrolyte
is a bottleneck for the electrode efficiency (Table 2).

Table 2. Composition, fabrication method and electrochemical properties of the different
electrode materials investigated in Chapters 7-8. The synthetic methodology and
microstructural strategy employed for the synthesis of powders and layers are indicated as
follows: Commercial powders (Com), layers deposited directly on the electrolyte by spray-
pyrolysis (SP) and layers obtained by pulsed laser deposition in form of single compound
(PLD) or vertically aligned nanocomposite (VAN). R, values are given at 700 °C for the
electrodes deposited onto YSZ electrolytes, when another electrolyte is employed, it is
indicated in parenthesis. A# indicates the article. Non-published data are indicated as NP.

Composition I:r:tr;‘aor:tion g”;z:iz) De:s(;aiz-o °C Ref
(mW cm?)
LageSro4Coo2Feos0ss (YSZ) SP 0.21/- . AB
LaosSro4Coo2Feos0s5 (CGO) SP 0.11/- . A6
LaosSro4Coo2Feos0s:5 (LSGM) SP 0.09/- . A6
w L2065r04C00.2F€05035 (BYO) SP 0.06/- . A6
%’ LaosSro.MnOss Com 1.71/- 790 A7
g LaosSro2MnOs5" SP 0.95/- - A7
50 wt.% LaosSro.MnO3-CGO* SP 0.62/- 1200 A7
50 wt.% Lao.sSro2MnOs5-PreO11* SP 0.46/- - A7
50 wt.% LaosSro2MnO3.5-BYO* SP 0.29/- - A7
oo (LaosSro2)ossFeosTio 035" PLD 6.2/1225.4 - NP
g 50 wt.% (LaosSro2)o.esF€0sTio2035-CGO* VAN 1.1/75.9 - NP

* Composition of the active layer using LaosSro.2MnQOs.5 as cathode.
# Rpvalues are given at 650 °C.

Nanocomposite active layers were studied to boost the electrochemical
performance of the ftraditional LaogSro2MnOss (LSM) air electrode. The
nanocomposite functional layers were prepared by spray-pyrolysis by combining LSM
with different oxide-ion conductors, such as CGO, BYO and PrgO1.
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Among the different active layers, LSM-CGO functional layer displayed
improved microstructural characteristics, including lower particle size and better
adherence to the electrolyte without cracks or delamination after several thermal
cycles. The incorporation of a LSM-CGO functional layer decreased the polarization
resistance of LSM from 1.71 to 0.46 Q2 cm2 at 700 °C. The analysis of the impedance
spectra by equivalent circuits and distribution of relaxation times (DRT) revealed a
faster oxide-ion transport at the electrode/electrolyte interface. More surprisingly, the
active layer also decreased the electrochemical processes that take place on the
electrode surface, indicating that the introduction of the nanostructured active layers
extended the surface active paths to the electrolyte surface. In addition, LSM-CGO
nanocomposite layer provides both electronic and ionic conducting paths, increasing
the TPB sites at the electrolyte interface. A Ni-YSZ/YSZ/LSM-CGO/LSM anode-
supported cell with a LSM-CGO active layer showed a power density of 1.20 W cm-2
at 800 °C, outperforming the values obtained for the same cell without an active layer
(0.79 W cm2 at 800 °C).

Finally, active layers with advanced electrode architectures, deposited by
pulsed laser deposition (PLD), were tested in both oxidizing and reducing
atmospheres. These layers were prepared during two external research stays at the
Technical University of Denmark (DTU) under the supervision of Profs. Nini Pryds and
Vincenzo Esposito. The microstructural and electrical measurements were performed
at the University of Malaga.

Vertically Aligned  Nanostructures (VAN) thin films based on
(Lao.sSro.2)o.98F€0.8Tio2035-Ce0.9Gdo.101.05 (LSFTo2-CGO) were grown epitaxially by
PLD onto different single crystals, STO and YSZ (001), for their implementation as a
functional layer (Chapter 8). VANs were formed by the spontaneous ordering of two
immiscible phases on the substrates, enabling both in-plane and vertical strain with
numerous interfaces to tailor the electrochemical properties. Epitaxial LSFTo-CGO
VAN films showed a dense long-range ordered columnar microstructure with a column
width of about 5 nm perpendicular to the STO (001) substrate.

The conductivity of the LSFT2-CGO VAN was considerably higher than that
observed for the polycrystalline LSFTo2-CGO pellets in Chapter 6 (i.e. 0.0017 and
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0.06 S cm, in air and 5% Ha-Ar, respectively). Additionally, the LSFT2-CGO VAN
showed a R, value of 1.1 Q c¢cm? at 650 °C in air, greatly outperforming that observed
for the epitaxial LSF Ty at the same temperature, 6.2 Q cm2. In a H2 atmosphere, the
Rp values of the LSFTo2-CGO VAN were also significantly lower when compared to
epitaxial LSFTo2, 75.9 and 225.4 Q cm?, respectively, at 650 °C. These results
revealed the great influence of vertical strain engineering on the electrochemical
properties.

In order to boost the performance in reducing conditions and explore the Ni
exsolution process for the first time in a VAN film, (SrooPro.1)ogTiogNio.103-5-
Ce0.9Gdo.101.95 (SPTNO-CGO) were prepared by PLD (Chapter 9). The samples were
reduced at 650 °C in 5% H2-Ar to study the exsolution process in both single and VAN
films. In reducing conditions, the numerous vertical interfaces in the SPTNO-CGO
VAN film provided a good diffusion path for NiO to the surface, followed by a reduction
to Ni-metal: Ni2* + 2e- >Ni0. The particle size, shape and population density of the
exsolved Ni nanoparticles were different for the epitaxial SPTNO and VAN films. In
particular, the SPTNO-CGO VAN film exhibited smaller particle size and higher
population density, which is desirable for different high-temperature energy
applications. The shape of the Ni nanoparticles was also different for the single
SPTNO and SPTNO-CGO VAN films. Spherical nanoparticles were observed in the
SPTNO film while square-shaped nanoparticles were found in the case of the SPTNO-
CGO VAN. These results suggested that the VAN microstructure promotes the
formation of highly oriented Ni nanoparticles.

Reducing treatments at different times provided information about the Ni
migration and nucleation process. Ni-nanoparticles with an average grain size of ~17
nm and a high population density (~100 particles um-2) were obtained at 650 °C for
1 minute, while for longer times (1 to 6 h) the Ni particles grew with an irregular shape
and they were surrounded by a secondary phase, presumably nickel oxide, which is
migrating across the surface. This hypothesis was confirmed by the absence of this
phase at longer calcination times (650 °C for 12 h) and the higher particle size,
suggesting that the growing process has concluded. At this temperature, coalescence
and Ostwald ripening are the most feasible mechanisms due to the nanoparticles are
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close to each other. Interestingly the Ni nanoparticles were stable under several
oxidation/reduction redox cycles.

The presence of vertical nanocolumns with good electronic (SPTNO) and
ionic (CGO) conductivity together with higher Ni nanoparticle density on the films
promoted faster kinetics for fuel oxidation in the VAN sample with Kkchem values of
1.27-10 cm s at 650 °C which was better to that observed for epitaxial SPTNO
measured in the same conditions, 7.53-107 cm s™.
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Resumen

Resumen

(3000 palabras)

La gran demanda de energia eléctrica debida al rapido crecimiento
demografico ha hecho surgir la necesidad de desarrollar fuentes de energia
sostenibles y respetuosas con el medio ambiente. En la actualidad, la produccion
mundial de energia sigue dependiendo en gran medida de los combustibles fésiles,
que producen emisiones nocivas de dxidos de carbono. Ademas, el precio del gas en
2022 era unas cuatro veces superior al de principios de 2021. Por tanto, ahora mas
que nunca, es necesario realizar progresivamente una transicion energética desde
un sistema basado en combustibles fésiles a fuentes de energia renovables [1]. Sin
embargo, la producciéon eléctrica a partir de estas fuentes es discontinua e
intermitente, por lo que se necesitan métodos alternativos de produccién y
almacenamiento de energia eléctrica.

En este contexto, las pilas de combustible son una de las alternativas mas
prometedoras para obtener energia eléctrica a partir de una amplia variedad de
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combustibles, obteniendo buenas eficiencias y una menor emision de contaminantes.
En particular, las pilas de combustible de déxido sélido (SOFC) han atraido gran
atencion en los ultimos afios debido a su flexibilidad para utilizar diferentes
combustibles, su buena tolerancia a impurezas en el combustible y sus mayores
eficiencias respecto a los métodos tradicionales [2]. Ademas, pueden funcionar en
modo inverso (electrélisis) para producir hidrégeno a partir de agua y de electricidad
obtenida de fuentes renovables. Ademas, las pilas de combustible presentan una
mayor densidad energética, mayor duracién y mas flexibilidad. Sin embargo, las altas
temperaturas de funcionamiento de las SOFCs (600-800 °C), necesarias para lograr
un buen rendimiento del electrodo y una buena conductividad iénica del electrolito,
afectan negativamente a la estabilidad a largo plazo de estos dispositivos. Por esta
razon, una disminucién de su temperatura de funcionamiento es uno de los
principales objetivos para la implementacion a gran escala de las SOFCs [3]. En los
ultimos afios, la mayoria de las investigaciones en este campo se han centrado en el
desarrollo de nuevos materiales o en la mejora del rendimiento mediante el control
microestructural de sus componentes.

Las SOFC soportadas sobre el &nodo es la configuracion tradicional en estos
dispositivos electroquimicos, en los que un electrolito muy delgado de varias micras
de espesor es soportado sobre un &nodo poroso para minimizar las pérdidas 6hmicas
de la celda. En esta configuracion, el material del anodo es un Ni-cermet debido a su
alta conductividad electronica y su buena actividad electroquimica para la oxidacion
del hidrogeno, pero presenta problemas de degradacion debidos a la aglomeracion
del Ni, el envenenamiento por azufre o la deposicion de carbono cuando se utilizan
hidrocarburos como combustible [4].

En los ultimos afios, los investigadores han estudiado nuevos materiales de
electrodo y otras configuraciones de celda para resolver parcialmente estos
problemas. Una de las configuraciones mas prometedoras consiste en utilizar el
mismo material de electrodo como catodo y como anodo, lo que se conoce como
pilas de combustible de Oxido sélido simétricas (SSOFC). Esta configuracion presenta
varias ventajas en comparacion con las pilas tradicionales soportadas por anodo,
entre las que se incluyen un menor numero de pasos de fabricacion, mejor estabilidad
termomecénica y buena compatibilidad quimica con los demas componentes de la
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pila [5]. Entre ellas, una de las ventajas mas importantes es que la degradacion de la
pila inducida por el envenenamiento por azufre o la deposicion de carbono puede
resolverse parcialmente intercambiando los gases en el anodo y el catodo. Ademas,
la posibilidad funcionar en modo reversible (RSOFC) para la electrolisis de CO, y
vapor es muy atractiva debido a su multifuncionalidad y versatilidad para las
necesidades locales, permitiendo el almacenamiento de energia y también
disminuyendo las emisiones de CO; [6]. Se han investigado diferentes electrodos
simétricos estables en atmosferas oxidantes y reductoras con estructura tipo
perovskita simple, La(Cr,Mn)Os, (La,Sr)FeOss y (La,Sr)TiOs.5 0 perovskita doble,
como PrBaMn20s.5 y SroFe15Moo 5065, mejorando sus propiedades electroquimicas
mediante estrategias de dopaje adecuadas en las posiciones Ay B.

Es bien conocido que la estructura cristalina y la composicion de los
electrodos desempefian un papel fundamental en las propiedades electroquimicas.
Sin embargo, la optimizacion microestructural de los electrodos también ha
demostrado ser crucial para potenciar las propiedades electroquimicas a bajas
temperaturas de funcionamiento para los materiales de catodo y de anodo. En
general, métodos de preparacion convencionales en multiples etapas de sintesis y a
altas temperaturas de sinterizacion dan lugar a electrodos con baja porosidad y con
tamafio de grano relativamente grande. Los mdltiples procesos de calcinacion
reducen los sitios activos para las reacciones electroquimicas y, por tanto, el
rendimiento del electrodo. Se han investigado diferentes métodos de deposicion para
preparar los electrodos directamente sobre la superficie del electrolito a bajas
temperaturas, por ejemplo, spray pirolisis, deposicion por laser pulsado (PLD) o el
magnetron sputtering. Entre ellos, spray pirdlisis ha demostrado ser una técnica
sencilla, econémica y versatil para obtener capas delgadas y homogéneas con
diferentes microestructuras sobre grandes areas a temperaturas bajas (Figura 1)
[7,8].
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Spray pirdlisis

Inflrado Panalde abeja Heteroestructuras

Figura 1. Diferentes microestructuras de los electrodos preparados por spray pirolisis [7].

Con el objetivo de mejorar las propiedades electroquimicas de los electrodos
tradicionales, se han explorado diferentes estrategias microestructurales. La Figura 2
muestra todas las microestructuras investigadas en esta Tesis: (a) electrodos
tradicionales con baja conductividad idnica y TPB limitada en la interfase
electrodo/electrolito; (b) electrodo composite formado por la mezcla de un conductor
i6nico y uno electronico; (c) electrodos con conductividad mixta idnica-electronica
(MIEC); (d) electrodos nanoestructurados con menor tamafio de particula; (e)
electrodos nanocompuestos depositados directamente sobre el electrolito; (f)
infiltracion del electrodo en una capa porosa de electrolito; (g) exsolucion de
nanoparticulas metalicas, como Ni, en la superficie del electrodo; (h) capas activas
en la interfaz electrodo/electrolito y (i) Vertically Aligned Nanostructures (VANs)
depositadas por PLD para actuar como capa activa.
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(a) Electrodo tradicional (b) composite (c) MIEC

Pmpm

Electrolito Electrolito Electrolito

(d) Nanoestructurado (e) Nanocompuesto i (f) Infiltracion

S — .
Electrolito Electrolito Electrolito
(9) Exsolucién (h) Capa activa (i) VAN
Electrolio Electoliio Electrolito

Conductor mixto
electrénico/idnico

Conductor iénico . Conductor electrénico

Figura 2. llustracion de las diferentes estrategias microestructurales empleadas para mejorar
la eficiencia de los electrodos para SOFC: (a) electrodo tradicional, (b) electrodo composite,
(c) MIEC, (d) electrodo nanoestructurado (e) electrodo nanocompuestos (f) electrodo
infiltrado, (g) electrodo con nanoparticulas metélicas, (h) electrodo con una capa activa e (i)
VAN.

En los ultimos afios, la implementacion de electrodos nanocompuestos ha
demostrado mejores propiedades electroquimicas y una mayor estabilidad térmica
en comparacién con los electrodos nanoestructurados monofésicos [9,10]. En
particular, el contacto a nivel nanométrico entre dos fases diferentes limita el
crecimiento del grano por difusion de cationes a través del limite de grano, evitando
la pérdida de rendimiento observada en los electrodos nanoestructurados como
consecuencia de un crecimiento incontrolado del grano. Ademas, una mezcla intima
entre un conductor idnico y uno electrénico aumenta los sitios activos donde tienen
lugar las reacciones electroquimicas.
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En este trabajo se han preparado diferentes electrodos nanocompuestos
para SOFCs basados en la combinaciéon de materiales tipo perovskita, LaCrQOs,
SrTiOs y LaFeOsy el conductor idnico Cep9Gdo.10195 (CGO) con estructura tipo
fluorita. Las capas de electrodos se prepararon directamente mediante spray pirélisis
sobre electrolitos de ZrogsYo0.1601.92 (YSZ) y LaogSro.1GaosMgo20285 (LSGM).
Ademas, se empled la técnica de deposicion de laser pulsado (PLD) para la
preparacion de capas activas [11,12]. Los mismos electrodos se prepararon en forma
de polvo mediante el método del precursor liofilizado y luego se depositaron sobre el
electrolito por el método de serigrafia para compararlos con los electrodos
directamente depositado sobre el electrolito.

La caracterizacion estructural de los electrodos se realizd mediante XRD.
Ademas, se realizaron analisis de rocking curve and reciprocal space maps para las
laminas delgadas depositadas por PLD. La microestructura se estudié mediante
SEM, TEM, HAADF-STEM y AFM. La composicién quimica se analizé mediante EDS
y XPS. Se llevo a cabo una exhaustiva caracterizacion electroquimica mediante
espectroscopia de impedancia y la conductividad en cuatro puntas por el método de
Van der Pauw. La conductividad total y la resistencia de polarizacién de los electrodos
se analizaron a diferentes temperaturas, atmdsferas (aire, 5% H2-Ary Hz) y en funcion
de la presion parcial de oxigeno (pO2). Los mejores electrodos se probaron en
condiciones reales de funcionamiento en una pila de combustible.

Durante el desarrollo de esta Tesis, se implementaron en nuestro laboratorio
nuevas celdas electroquimicas para las medidas de impedancia por 3 electrodos bajo
polarizacion anddica y catddica, asi como celdas para medidas de conductividad a
diferentes presiones parciales de oxigeno. Ademas, se empled el método de
distribucion de tiempos de relajacion (DRT) como alternativa al método de circuitos
equivalentes para analizar las diferentes contribuciones en los espectros de
impedancia.

Los principales resultados obtenidos durante esta Tesis Doctoral se discuten
en dos secciones diferentes: (i) materiales nanocomposites de electrodos para
SSOFCs preparados por spray pirolisis (Capitulos 4-6) y (i) capas activas
nanocomposites depositadas por spray pirdlisis (Capitulo 7) y VANs depositadas por
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PLD (Capitulos 8-9). A continuacion, se resumen brevemente los resultados mas
relevantes de cada seccion.

(i) En la primera seccion de la Tesis, se prepararon electrodos composites
con microestructuras optimizadas mediante spray pirdlisis para su potencial
aplicacion en SSOFCs (Tabla 1). Dado que los materiales basados en LaCrO3 fueron
los primeros candidatos para electrodos simétricos, se probaron varias estrategias de
dopaije en la posicion A con Ca y Sr, y en la posicion B con diferentes metales de
transicion (Mn, Fe, Ti y Cu) para obtener electrodos nanoestructurados mediante
deposiciéon por spray pirdlisis (Capitulo 4). En primer lugar, se investigo la
incorporacion de cationes alcalinotérreos en LaCrOs. Sin embargo, se formaron fases
secundarias de (Sr,Ca)CrOss a temperaturas inferiores a 1200 °C. Estas
temperaturas de calcinacion tan elevadas producen un excesivo crecimiento de
grano, disminuyendo la porosidad de las capas y, en consecuencia, la resistencia de
polarizacién aumenta hasta 1.95 Q cm2 a 700 °C en aire.

Por este motivo, se investigaron dopados en la posicion B en
Lao.98Cro.75Mo.25035 (M= Mn, Fe, Cu y Ti). Estos electrodos se depositaron mediante
spray pirolisis sobre una capa porosa de CGO para obtener un electrodo compuesto
formado por particulas de CGO recubiertas con el electrodo de LaCrOs, mejorandose
las propiedades electroquimicas tanto en aire como en Ha para Lao9sCro.75Mno.2503.5
(LCM), por ejemplo, 0.35y 0.53 Q cm?, respectivamente, a 700 °C. Alternativamente,
se prepararon electrodos nanocompuestos de LCM-CGO mediante spray pir6lisis a
bajas temperaturas directamente sobre el electrolito a partir de una Unica solucion
acuosa con diferente contenido en LCM (0-60 % en peso)
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Tabla 1. Composicién, método de fabricacién y propiedades electroquimicas de los
materiales de electrodo mas representativos investigados en los Capitulos 4-6. La
metodologia de sintesis y la estrategia microestructural empleados para la sintesis de los
materiales en forma de polvos y capas se indican a continuacion: Materiales liofilizados (FD),
electrodo compuesto a partir de mezcla de polvos ceramicos (PM), electrodo compuesto
obtenido por cosintesis (Cosyn). Capas depositadas directamente sobre el electrolito por
spray pirélisis (SP), electrodos infiltrados por spray-pirdlisis sobre una capa porosa (SP-Inf),
nanocomposite mediante spray pirdlisis (SP-NC). Los valores R, se dan a 700 °C para los
electrodos depositados sobre electrolitos de YSZ. A# indica el articulo. Los datos no
publicados se indican como NP.

Método de RyAreH,  Potenciad™

Composicion preparacion (Qcm?) (mWcm?)
LaogsCrOz.5 SP-Inf 0.91/- - A1
La0.9sCro.75CU0 25035 SP-Inf 0.70/- - A1
< LaogsCrozsFeo2s0s5 SP-Inf 0.52/0.91 - A1
:_é_ La09sCro.7sMno.25035 SP-Inf 0.35/0.53 470 A1
S LaoseCrozsMno 25035 SP 5.1/3.8 - At
50 wt.%La0.9sCro.7sMng2503.5-CGO FD-PM 5.6 - A2
50 wt.%La.esCro.75Mno 2503.-CGO SP-NC 0.80/0.18 570 A2
(Sro.7Pro.3)0.05TiO3+5 FD 4.81/- - A3
50 wt.%(Sro.7Pro.3)0.95 TiO3:5-CGO FD-PM 2.45/- - A3
u_é 50 wt.%(Sro.7Pro.3)0.05 TiO2:5-CGO FD-Cosyn  1.60/2.37 125 A3
:;E;- 50 wt.%(Sro.7Pro.3)0.05 TiO2:5-CGO SP-NC 0.50/0.46 354 A3
40 wt.%(Sro.7Pro.3)0.95 Ti03:5-CGO SP-NC 0.50/11.17 - A3
60 wt.% (Sro.7Pro.3)0.05Ti03:5-CGO SP-NC 0.59/0.88 - A3
(Lao.sSro.2)o9sFe0.Tio203-5 SP-Inf 0.23/0.41 - A4,NP
50 wt.%(Lao.sSro2)09sF€08Ti0203.5-CGO  FD-PM 1.19/- 309 A4.NP
o 50 wt.%(Lao.sSro.2)o.95F€08Ti02035-CGO  SP-NC 0.30/0.58 - NP
:;31(Lao,gSro_z)o_gs(Feo_sTio,z)o_gNio_103.5 SP-Inf 0.34/0.11 496 NP
S 50(LaosSro2)o.95(FeqsTio2)09Nio103.5-CGO FD-PM -0.72 617 NP
(Lao.eSro.2)0.05F€06Ti0403.5 SP-Inf 0.67/0.20 - NP
50 wt.%(LaosSro2)o95F€06Ti04035-CGO  FD-PM 8.84/- - NP
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Los electrodos nanocompuestos, formados por una mezcla de fases de tipo
perovskita y fluorita, se obtuvieron a sélo 800 °C y, mostraron un tamario de particula
de s6lo 30 nm de diametro, en comparacioén a los 122 nm del LCM puro. Esto es
debido a una mezcla intima del LSM y CGO a escala nanométrica, que suprime la
difusién de cationes y, por tanto, el crecimiento de grano durante el proceso de
cosinterizacion. Los resultados se compararon con los electrodos obtenidos por
serigrafia a partir de una mezcla en polvo de LCM y CGO.

Los mejores valores de resistencia a la polarizacion (Rp) se obtuvieron para
el electrodo nanocomposite de composicion LCM-CGO con 50 % en peso, 0.80 y
0.18 Q cm2 en aire y Ha, respectivamente, a 700 °C y una potencia de 570 mW c¢cm-2
a 800 °C en una SSOFC de 300 pm soportada sobre LSGM. La R, de los electrodos
nanocompuestos fue casi un orden de magnitud inferior a la de la misma composicion
depositada por serigrafia (5.6 Q cm2 a 700 °C en aire) debido a la mayor temperatura
de sinterizacion necesaria (1100 °C) para lograr una adecuada adhesion al electrolito.
Esta elevada temperatura de sinterizacion induce un importante crecimiento de grano
y la reduccion de los sitios activos (TPB).

También se investigaron electrodos basados en SrTiO3 debido a su buena
estabilidad en condiciones reductoras, asi como a su buena tolerancia a la
contaminaciéon por carbono y al azufre. Con el fin de mejorar las propiedades
electroquimicas para ORR, se emple6 Pr como dopante para aumentar la
conductividad electronica en aire debido a los estados de oxidacion variables del
Pr4+/Pr3+, Los electrodos nanocomposites de composicion nominal (Sro.7Pro.3)0.95 TiO3-
Ce0.9Gdo.101.95 (40-60 % en peso de SPTO) se depositaron directamente sobre la
superficie del electrolito mediante spray pirdlisis y sus propiedades se compararon
con las de los electrodos obtenidos por serigrafia (Capitulo 5).

La menor temperatura de preparacion de los electrodos nanocompuestos
inhibié el crecimiento de grano (20 nm a 800 °C) y dificultd la formacién de defectos
ordenados, que han demostrado ser perjudiciales para las propiedades conductoras
de los materiales basados en SrTiOs;. Ademas, los electrodos obtenidos por
cosintesis son estables a temperaturas de 1300 °C, sin la presencia de fases
secundarias. Se obtuvieron valores de R, de 0.50 y 0.46 Q cm? en aire e Ha,
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respectivamente, a 700 °C para el electrodo nanocomposite SPTO-CGO al 50 % en
peso, valores que fueron casi un orden de magnitud inferiores a los obtenidos para la
misma composicion preparada por serigrafia (Tabla 1).

Por ultimo, se investigaron materiales tipo perovskita basados en
(La,Sr)FeOs5 debido a su excelente rendimiento como materiales de catodo (Capitulo
6). Con el objetivo de mejorar la estabilidad para su posible aplicacién en condiciones
oxidantes y reductoras, se prepararon composiciones dopadas con Ti
(Lao.sSro.2)o.95Fe1xTixO3-CeooGdo.10195 (LSFTx; x=0.2 y 0.4). Se investigaron
diferentes microestructuras para los electrodos, incluyendo electrodos tradicionales
en forma de polvos y depositados por serigrafia a partir de (a) polvos mezclados
mecanicamente de LSFTx y CGO; (b) polvos obtenidos por cosintesis mediante el
método del precursor liofilizado y capas nanocomposites preparadas directamente
sobre (c) el electrolito y (d) capas porosas de CGO. Entre ellos, los electrodos
preparados por infiltracion mediante spray pirdlisis presentaron el mejor rendimiento,
como consecuencia del aumento de los sitios activos y la mayor porosidad. En el
caso del electrodo infiltrado de (Lao.sSro2)o.95Fe0.sTio203-5, se obtuvieron valores de
Rp de 0.23 y 0.41 Q cm? en aire e Hy, respectivamente, a 700 °C. La composicion
(Lao.sSro.2)o.95F €06 Tio 4035 mostrd valores de Ry de 0.67 y 0.20 Q cm2 en aire e Ha,
respectivamente, a la misma temperatura. Un mayor contenido en Ti disminuy6 los
valores de conductividad y las propiedades electroquimicas en aire, pero mejord sus
propiedades en condiciones reductoras debido a la reduccion parcial de Ti4*a Ti%*.

Ademas, se prepararon también electrodos de composicion LSFTo 2 dopados
con Ni para promover la exsolucién del Ni metalico en la superficie del electrodo en
atmésfera reductora, mejorando asi la actividad para HOR. Se observaron
nanoparticulas de Ni de 15 nm de diametro en (Lao8Sro.2)0.95(F€0.8Tio.2)0.oNio.103.5 tras
la reduccidn, disminuyendo los valores de R, a 0.11 Q cm2 a 700 °C en Hy, asi como
una potencia méaxima de 617 mW c¢cm-2 a 800 °C estable con el tiempo.

(i) En la segunda seccion de la Tesis, se modifico la interfaz
electrodo/electrolito para minimizar la contribucién del electrodo relacionada con el
transporte de iones de 6xido desde la TPB al electrolito (Capitulo 7). Resultados
preliminares revelaron una gran influencia de la conductividad idnica del electrolito en
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las propiedades electroquimicas de los catodos nanoestructurados de
Lao6Sro.4Coo2Fen 035 (LSCF). Los valores de R, del LSCF depositado sobre YSZ,
CGO, LSGM y Bi15Y0503 (BYO) disminuyen a medida que la conductividad del
electrolito aumenta, con valores de 0.21, 0.11, 0.09 y 0.058 Q c¢cm2 a 700 °C,
respectivamente. Estos resultados sugieren que la limitada conductividad idnica del
electrolito es un cuello de botella para el rendimiento del electrodo (Tabla 2).

Tabla 2. Composicién, método de preparacion y propiedades electroquimicas de los
diferentes materiales de electrodo investigados en los Capitulos 7-8. La metodologia de
sintesis y la estrategia microestructural empleadas para la sintesis de materiales en forma
de polvos y capas se indican a continuacion: Materiales en polvo comerciales (Com), capas
depositadas directamente sobre el electrolito por spray pirdlisis (SP) y capas de compuestos
monofasicos obtenidos mediante deposicion de laser pulsado (PLD) o Vertically Aligned
Nanostructures (VAN). Los valores de R, se dan a 700 °C para los electrodos depositados
sobre electrolitos de YSZ; cuando se emplea ofro electrolito, se indica entre paréntesis. A#
indica el articulo. Los datos no publicados se indican como NP.

Método de R AreH,  Potencia 800°C

Composicion preparacion (Qcm?)  (mW cm?)
La06Sr04C002F€08035 (YSZ) SP 0.21/- . A6
La06Sr04C00.2Fe0503:5 (CGO) SP 0.11/- - AG
La06Sr04C00.2F€0803:5 (LSGM) SP 0.09/- - A6
~ La06Sr04C00.2F€0503.5 (BYO) SP 0.06/- - A6
S LaosSroMnOss Com 1.71- 790 A7
§ LaosSro2MnOs.5* SP 0.95/- - A7
50 wt.% LaoSrosMnOs-CGO* sp 0.62- 00 A7
50 wt.% LaosSro2MnQOs-5-PrsO11* SP 0.46/- - A7
50 wt.% LaosSro.Mn0Os5-BYO* SP 0.29/- - A7
oo (L208Sro2)o9s5FeosTio203.5* PLD 6.2/225.4 - NP
§ 50 wt.% (LaosSro2)o.ssFe0sTio2035-CGO* VAN 1.1/75.9 - NP

* Composicion de la capa activa empleada, utilizando siempre Lao.sSro2MnO3.5 como catodo.
#Valores de Rpdados a 650 °C.

Se estudiaron capas activas nanocomposites para potenciar las propiedades
electroquimicas del electrodo de catodo tradicional Lao.sSro2MnOs.5 (LSM). Las capas
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funcionales nanocomposites se prepararon mediante spray pirélisis combinando LSM
con diferentes conductores de ion 6xido, como CGO, BYO y PrgO1.

Entre las diferentes capas activas estudiadas, la capa de LSM-CGO mostr6
las mejores propiedades, incluyendo un menor tamafio de particula y una mejor
adherencia al electrolito sin grietas ni delaminaciones tras varios ciclos térmicos.
Ademas, la incorporacion de la capa activa de LSM-CGO disminuyé la resistencia a
la polarizacion del LSM de 1.71 a 0.46 Q2 cm2 a 700 °C. El analisis de los espectros
de impedancia, mediante circuitos equivalentes y distribucion de tiempos de
relajacion (DRT), reveld un mejor transporte de iones Oxido en la interfase
electrodo/electrolito. Sorprendente, la capa activa también disminuyd los procesos
electroquimicos que tienen lugar en la superficie del electrodo, debido a un mejor
transporte i6nico y electronico hacia el electrolito. Ademas, la capa LSM-CGO
proporciona conduccion tanto electrénica como ionica, aumentando la TPB en la
interfaz del electrolito. Una pila de Ni-YSZ/YSZ/LSM-CGO/LSM soportada sobre el
anodo con capa activa de LSM-CGO alcanzé6 una potencia de 1.20 W cm2 a 800 °C,
superando los valores obtenidos para la misma pila sin capa activa (0.79 W cm2 a
800 °C).

Por Ultimo, se analizaron capas activas con microstructuras de electrodo
avanzadas, depositadas mediante deposicion de laser pulsado (PLD), tanto en
atmdsferas oxidantes como reductoras. Estas capas se prepararon durante dos
estancias de investigacion en la Universidad Técnica de Dinamarca (DTU) bajo la
supervision de los profesores Nini Pryds y Vincenzo Esposito. Las medidas
microestructurales y eléctricas se realizaron en la Universidad de Malaga.

Se depositaron por PLD capas heteroepitaxiales con estructura Vertically
Aligned Nanostructures (VAN) basadas en (LaosSro.2)ogsFeosTio2035-Ceo.9Gdo.101.95
(LSFT02-CGO) sobre diferentes monocristales, STO y YSZ (001), para su
implementacion como capa funcional (Capitulo 8). Los VANs se formaron por la
ordenacién espontanea de dos fases inmiscibles sobre los sustratos, obteniéndose
materiales compuestos de numerosas interfaces que modifican las propiedades
electroquimicas. Las capas epitaxiales de LSFTo2-CGO VAN mostraron una
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microestructura columnar ordenada densa con una anchura de columna de unos 5
nm perpendicular al sustrato STO (001).

La conductividad del LSFTo2-CGO VAN fue considerablemente superior a la
observada para el material policristalino de LSFTo2-CGO en el capitulo 6 (0.0017 y
0.06 S cm™, en aire y 5% Hz-Ar, respectivamente). Ademas, el LSFT2-CGO VAN
mostré un valor de R, de 1.1 Q cm? a 650 °C en aire, superando el observado para
el LSFTo. epitaxial a la misma temperatura, 6.2 Q cm2. En atmésfera de Ha, los
valores de Ry del LSFTo2-CGO VAN también fueron significativamente inferiores en
comparacion con el LSFTo 2 epitaxial, 75.9 y 225.4 Q cm2, respectivamente, a 650 °C.
Estos resultados revelaron la gran influencia de la mejora microestructural en las
propiedades electroquimicas.

Con el objetivo de potenciar el rendimiento en condiciones reductoras y
estudiar el proceso de exsolucion del Ni en un VAN por primera vez, se prepararon
capas de (Sro.9Pro.1)o9TiooNio.103-5-Ceo.9Gdo.10195 (SPTNO-CGO) mediante PLD
(Capitulo 9). Las muestras se redujeron a 650 °C en 5% H-Ar para estudiar el
proceso de exsolucion en las capas epitaxiales y el VAN. En condiciones reductoras,
las numerosas interfaces verticales en el SPTNO-CGO VAN proporcionaron un buen
camino de difusion para el NiO hacia la superficie, seguido de una reduccién a Ni
metalico: Ni2* + 2e- >Ni0. El tamario, la forma y la densidad de poblacién de las
nanoparticulas de Ni fue diferente en las peliculas epitaxiales de SPTNO y el SPTNO-
CGO VAN. En particular, el SPTNO-CGO VAN mostrd un menor tamafio de particula
y una mayor densidad de poblacién, lo cual es deseable para diferentes aplicaciones
energéticas a alta temperatura. La forma de las nanoparticulas de Ni también fue
diferente en las peliculas SPTNO y SPTNO-CGO VAN. En la capa de SPTNO se
observaron nanoparticulas esféricas, mientras que en el caso del SPTNO-CGO VAN
se encontraron nanoparticulas de forma cuadrada. Estos resultados sugieren que la
peculiar microestructura del VAN provoca la formacion de nanoparticulas de Ni
orientadas.

Los tratamientos térmicos a diferentes tiempos en atmésfera reductora
proporcionaron informacién sobre el proceso de migracion y nucleacion del Ni. Se
obtuvieron nanoparticulas de Ni con un tamafio de grano medio de ~17 nm y una
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alta densidad de poblacién (~100 particulas um=2) a 650 °C durante 1 minuto,
mientras que para tiempos mas largos (de 1 a 6 h) las particulas de Ni crecieron con
una forma irregular y estaban rodeadas por una fase secundaria, presumiblemente
debida dxido de niquel, que esta migrando a través de la superficie. Esta hipdtesis se
confirmo por la ausencia de esta fase a tiempos de calcinacién mas largos (650 °C
durante 12 h) y el mayor tamafio de las particulas, lo que sugiere que el proceso de
crecimiento ha concluido. A esta temperatura, la coalescencia y el Ostwald ripening
son los mecanismos de crecimiento mas factibles debido a que las nanoparticulas
estan préximas entre si. Curiosamente, las nanoparticulas de Ni fueron estables
después de varios ciclos de oxidacidn/reduccion.

La presencia de nanocolumnas verticales con buena conductividad
electrénica (SPTNO) e idnica (CGO) junto con una mayor densidad de nanoparticulas
de Ni en las capas induce una cinética mas rapida para la oxidacion del combustible
en el SPTNO-CGO VAN con un valor de kchem de 1.27:10-6 cm s a 650 °C, mejor
que el observado para SPTNO epitaxial, 7.53:107 cm s1, medido en las mismas
condiciones.
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Introduction

Introduction

The overuse of fossil fuels as an energy source during the last decade has
caused a drastic increase of greenhouse gases concentration: CO2, CHs4 and N0,
with the consequent acceleration of global warming. Public concern over the impact
of the temperature increase and the highly limited fossil-fuel supplies have induced a
widespread interest in the implementation of new renewable energy resources. In the
last years, the price of fossil fuels, such as coal and natural gas, has dramatically
increased also inducing the skyrocketing price of electricity, which is currently at its
maximum, negatively affecting industries, companies and consumers. For these
reasons, it is crucial to develop a cost-effective infrastructure based on obtaining
energy from renewable sources.

In the last decade, great advances in energy conversion and storage devices
have been achieved, including solar cells, batteries, supercapacitors and fuel cells,
not only obtaining higher efficiency but also lowering production costs [1]. Fuel cells
are electrochemical devices for the efficient conversion of chemical energy into
electricity, which can operate in reverse mode (electrolyser) to produce Hz and other
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fuels from electrical energy of renewable sources. Fuel cells have attracted research
attention because they exhibit high energy conversion efficiency with low pollutant
emissions and they are becoming a cost-competitive alternative due to the advances
in the development of new materials for cell construction. Among the different fuel
cells, Solid Oxide Fuel Cells (SOFCs) are one of the most promising because they
can produce electricity from a wide variety of fuels, including H2, hydrocarbons or
natural gas [2]. SOFCs could play a key role in the initiatives to reverse the negative
impact of the actual fossil-fuel energy system on the climate change, as described in
the Horizon 2020, with promising projects like FlexiFuel-SOFC or QSOFC [3]. Great
efforts to increase cell durability, robustness and reduce production costs have been
carried out by numerous companies around the world [4].

In USA, FuelCell Energy (FCE), LG or Bloom Energy are pioneers in the
development of SOFC power systems, i.e. FCE successfully built and tested in
Pittsburgh a 50-kWe SOFC power device, which was integrated into the electrical grid
with a 55% electrical efficiency and only a degradation rate of 0.9% for 1000 h [5].
Excellent results were also obtained in Japan by Mitsubishi or Kyocera, which
reported a good electrical efficiency of 47% in a cell-stack operating at 700-750 °C
with very high overall energy efficiency (90%) [6]. SOLIDpower in China has also
tested a 1.5 kW power stack continuously running for two years with a 59.6% electric
efficiency [4]. Stimulated by all these excellent results, new projects about improving
the durability of SOFC and also lowering production costs are under-way. The most
promising SOFC cell-stacks prototypes are shown in Figure 1.1.

Figure 1.1. (a) FCE NG SOFC 50-kWe power system operating in Pittsburgh, USA and (b)
LG Fuel Cell Systems SOFC prototype at Stark State College, Ohio, USA [4].
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However, the relatively expensive technology, the high operating
temperatures (700-900 °C) and the coke deposition in the fuel electrode when
hydrocarbons fuels are used, still hinder their wide implementation. In order to
overcome these issues, the researchers have extensively worked on the development
of alternative materials and fabrication techniques to improve the cell performance
and lower the operating temperature.

1.1.  Fuel cell technology

A typical fuel cell consists of different main components (cathode, anode and
electrolyte). Electrical energy can be obtained by the continuous supply of a fuel (i.e.
hydrogen or hydrocarbons) and an oxidant (O2) to the anode and cathode,
respectively. The chemical into electrical energy conversion is carried out in only one
step, reaching 80% efficiency. In contrast, the electrical energy production from fuel
combustion takes place in different steps, in which the chemical energy is firstly
transformed into thermal energy, followed by mechanical energy and finally electricity,
hindering the possibility to reach high efficiencies, mainly due to the thermal to
mechanical transformation (Carnot cycle limitation).

The main advantages of fuel cells as energy conversion devices are:

o High efficiency when compared to other energy sources.
e Low greenhouse gas emissions.

e |mproved environmental quality.

o Fuelflexibility.

o High reliability.

¢ No noise pollution.

The different types of fuel cells are proton exchange membrane fuel cells
(PEMFC), alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten
carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC). Each fuel cell is
suitable for certain applications, like stationary power generation or small portable
devices [7]. Table 1.1 describes the main features of the different types of fuel cells.
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Table 1.1. Features of the different types of fuel cells depending on the electrolyte employed
and the operating temperature.

Prorts:nfsrcahnae”ge Alcaline Pho:gzor'c C:fs:s;‘te Solid oxide
AF F
(PEMFC) (AFC) (PAFC) (MCFC) (SOFC)
Electrolyte Nafion | KOHsolion | HiPOs  |LiCOs KeCO| OdE-ON
conductors
Oxidant Air, O2 Air, O2 Air, Oz Air, CO2, O2 Air, Oz
Fuel H2/CO/CH30H Hz H2/CO; H2/CO Ha/CnHan+2
T (°C) 50-100 90-100 150-200 600-1000 600-1000
Efficiency (%) ~50 ~50 40-80 60-80 65-85
-High cost of Pt |  -High cost -Corrosive -High c.orr03|on -High
. . . , L electrolyte athighT )
Disadvantages | -High fuel purity | -High sensibility L . operating
. . . n -Big size | -Short service
is required  |to fuel impurities . . . temperature
devices life devices

Nowadays, PEMFC and SOFC are the most investigated fuel cells for energy
conversion. However, the low operation temperature (<90 °C) of PEMFCs devices
makes necessary an appropriate water management to simultaneously prevent
dehydration of the membrane, such as Nafion®, and flooding of the electrodes [8].
Other drawbacks are the use of expensive noble metals, Pt (cathode) and IrO2
(anode) for electrode fabrication, as well as the necessity of employing high purity H2
or the electrode poisoning by CO and S traces in the fuel feed [9]. On the other hand,
the high operating temperatures (600-800 °C) of SOFCs induce some advantages,
such as higher efficiency, better tolerance to impurities in the fuel feed and noble
metals are not required. However, such high temperatures limit the materials that can
be employed for cell construction and their lifetime.

1.2.  Solid oxide fuel cells (SOFCs)

Traditionally, all SOFC components are ceramic materials with ionic or mixed
ionic-electronic conductivity, depending on their role in the SOFC device. Figure 1.2a
shows the working operation of a SOFC with an oxide-ion conductor electrolyte. The
fuel (H2) is oxidized in the anode to produce protons and electrons. The electrons
move through an external circuit generating an electrical current and participate in the
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reduction of the oxygen in the cathode generating oxide-ions (O%). Finally, the oxide
ions migrate to the anode through the electrolyte and then react with the protons to
produce H20 in the anode side [2].

(a) e \ ” e

T e

Electrolyte

Anode Catode
H,+ 0% > H,0 + 2¢ 0, +4e> 20%
PC-SOFC
b & () .

LA

Anode Electrolyte Cathode

H, > 2H* +2¢- 0, +4e +4H*> 2H,0

Figure 1.2. Schematic diagram of (a) solid oxide fuel cell (SOFC) with an oxide-ion conducting
electrolyte and (b) solid oxide fuel cell with a proton-conducting electrolyte (PC-SOFC) when
operating with H as fuel.

In the last years, solid oxide fuel cells based on proton-conducting electrolytes
(PC-SOFC) have demonstrated improved electrochemical performance at
intermediate temperatures, which is explained by the greater mobility and lower
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activation energy of protons (H*) when compared to oxide-ions (0%) [10]. In this cell
configuration, the protons migrate through the electrolyte to generate H2O in the
cathode side, thus avoiding the dilution of the fuel gas (Figure 1.2b).

SOFC technology has attracted great attention in recent years compared to
the low-temperature fuel cells due to their numerous advantages, such as fuel
flexibility, versatility or affordability (Figure 1.3). Additionally, the possibility of
developing cell stacks from watt-sized devices to MW systems for both stationary
applications and portable transportation make them very attractive for
commercialization [11].

DIVERSE APPLICATIONS AND COST-EFFECTIVENESS AND
VERSATILITY TO LOCAL NEEDS COMPETITIVENESS
SOFCs that are being developed Various cost studies indicate
range from watt-sized devices to that SOFCs are cost-effective
multi-MW systems for portable trans- and competitive when fully

portation, and stationary applications. developed and produced in

Advanced
Energy
System

FUEL FLEXIBILITY
Besides hydrogen,
suitable fuels for
SOFCs include

MULTI
FUNCTIONALITY

SOFC systems are
capable of operating
natural gas, coal gas, in power generation,
alcohols, biogas, chemical production,
diesel,and others. P and coproduction (of
Compatibility s (

power and chemical)
modes.
ENVIRONMENTAL
COMPATIBILITY
SOFC systems show
significantly reduced carbon

dioxide emissions.

Figure 1.3. Advantages of a SOFC-based energy system. Reprinted with permission,
Springer [11].

As commented previously, the high operating temperatures negatively affect
the long-term stability of the cell, limiting the materials that can be used for cell
components. For this reason, there are some issues that need to be considered to
avoid performance degradation:
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(a) Sulphur deposition

Ferritic high-temperature stainless steels (Crofer 22 APU or SUS430) are
proposed as alternative interconnector materials to the traditional LaCrOs in
order to decrease the construction cost. However, one of the main issues is
the Cr evaporation in the cathode side at high temperatures, resulting in the
formation of (Mn,Cr)s04 and SrCrO4 secondary phases on the electrode
surface [12,13].

Sealing materials based on glass, used to avoid the contact between the fuel
and oxidant feeds, can react with the electrolyte at high temperatures,
generating insulating siliceous phases at the grain boundaries, highly
decreasing the ionic conductivity [14].

Deactivation of the anode due to the sulphur poisoning and carbon
deposition, which block the active sites for electrocatalytic reactions, reducing
the performance of the cell [15]. Even low concentrations of HaS in the fuel
can provoke the adsorption of S on the anode surface (Figure 1.4a),
becoming necessary to explore alternative anode materials to Ni-cermets
[16].

Heating/cooling treatments and reversing the oxidant/fuel atmosphere can

induce cracks or delamination of the cell layers (Figure 1.4b), hindering the
long-term operation of the cells [17].

H, Fueloxlidation

H,

H,

%

Figure 1.4. (a) Proposed mechanism for sulphur poisoning in a Ni-cermet anode and (b)
electrolyte fracture after redox cycling. Reprinted with permission, American Chemical Society
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Nowadays, lowering the operating temperature to the intermediate
temperature range (500-800 °C) is the main challenge for the wide commercialization
of SOFC. In the next sections, the state-of-the-art electrolyte and electrode materials
for SOFCs are briefly commented.

1.21. Electrolyte materials

The main function of the electrolyte is to separate the cathode and anode
sides, as well as provide an ionic conduction path between both materials [2,18]. One
of the most important requirements is that the electrolyte has to be dense to avoid the
contact between both fuel and oxidant gases. The typical electrolytes for SOFC
applications are metal oxides in which the ionic transport occurs via oxide ion or proton
migration. The main requirements for a SOFC electrolyte are:

(i) High ionic conductivity to reduce the ohmic losses, typically a minimum
conductivity of 0.1 S cm- is required at working temperature.

(ii) Negligible electronic conductivity (0e) with electronic transport number (t= ge/
Ototal) lower than 10-3 to avoid the electronic conduction through the electrolyte
and the consequent short-circuit of the cell.

(iii) Good thermal stability at high temperatures in a wide range of oxygen partial
pressures between 1 and 10-25 atm.

(iv) Chemical compatibility with the electrode materials to avoid the formation of
reaction products at the electrode/electrolyte interface, which would result in
a performance loss.

(v) Similar thermal expansion coefficient between the electrolyte and electrodes
to avoid the formation of cracks or layer delamination during the thermal
cycles.

1.2.1.1. ZrO2-based electrolytes

One of the most studied electrolytes is doped-ZrO, with a fluorite-type
structure. This material exhibits three different polymorphs depending on the
temperature and doping level. The undoped compound crystallizes with a monoclinic
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structure between room temperature and 1170 °C, tetragonal from 1170 to 2370 °C,
and finally cubic above this temperature [2]. However, the cubic phase is stabilized at
room temperature by aliovalent doping, i.e. Y3* or Sc3* (Figure 1.5). The composition
with better stability at high temperatures is 8 mol.% Y203-doped ZrOz (Zro.s4Y0.1601.92,
YSZ, yttria-stabilized zirconia), reaching 0.1 S c¢cm' at 1000 °C but rather low
conductivity values at intermediate temperatures (6-10-3 S cm-! at 650 °C) [19].

o Y3+
o Zr4+
© o

7™ Oxygen
< vacancy

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

Figure 1.5. Formation of oxygen vacancies in ZrO, with a fluorite-type structure by Y-doping.

The highest ionic conductivity values were reported for Sc-doping, (Sc203)o.1-
(ZrO2)0.9 (SSZ, scandia-stabilized zirconia) (0.1 S cm! at 750 °C [20]); nevertheless,
the high price of Scandium hinders its implementation for commercial applications. It
is worth mentioning that Y- and Sc-doping produce a lower lattice distortion in ZrO»
and improved ionic conductivity when compared to other trivalent dopants [19]. One
of the main disadvantages of ZrO»-based electrolytes is their low chemical
compatibility with highly efficient cathodes based on cobalt-iron perovskites, such as
Lao.6Sro4Co0.2F€0.8035 (LSCF) or BaosSrosC00.8Fe0203-5 (BSCF) [21,22]. Secondary
phases with very low ionic conductivity are formed at the electrode/electrolyte
interface, such as SrZrOs and LaxZr,0y, drastically lowering the electrochemical
performance under long-term operation [23]. For this reason, protective layers such
as doped-CeO; thin films are required to minimize the SrO diffusion at the interface.
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1.2.1.2. CeOz-based electrolytes

Ce1alnxO2.42 (Ln=Sm3* or Gd3*, x = 0.1-0.2) have been proposed as an
alternative to ZrO,-based electrolytes [24]. The ionic conductivity of doped-CeO; is
significantly higher than that of YSZ. The best ionic conductivity is reported for Sm3+
and Gd3* doping, i.e. 0.01 S cm! at 500 °C for Ceo.9Gdo.10195 (CGO) [25], making
them suitable for intermediate temperature applications. In addition, CGO exhibits
good physical and chemical compatibility with perovskite-type cathode materials.

The main limitation of CeO2-based electrolytes is the partial reduction of Ce#*
(0.97 A) to Ce3* (1.14 A) under reducing conditions (fuel atmosphere), increasing the
electronic conductivity and thus lowering the thermomechanical stability due to the
lattice expansion induced by the larger size of Ce3*. This drawback restricts their use
to temperatures lower than 700 °C [24]. On the other hand, highly doped-CeOa, such
as Ceoslans01.75 (La2Ce20y7), have been also investigated due to their high proton-
conductivity at low temperatures (< 400 °C) [26].

1.2.1.3. LaGaOs-based and other electrolytes

Doped lanthanum gallates with perovskite structure, Lai«SrxGa1yMgyOs-s
(LSGM; x=0.1-0.2, y = 0.15-0.2), have demonstrated to be one of the most promising
electrolyte materials due to their high ionic conductivity and negligible electronic
conductivity in both oxidizing and reducing atmospheres [27,28]. In addition, they
exhibit high chemical compatibility with the most commonly used electrodes in
SOFCs. For this reason, LSGM is widely used in electrolyte-supported SOFCs.
However, the high cost of Gallium, the formation of secondary phases during the
synthesis process, i.e. LaSrGasO7 and LaSrGaOs, and the chemical reactivity with
nickel-based anodes have limited their application in commercial devices [29].
Alternatively, anode-supported Lao2SrosTiO3.5 cells with LSGM thin-film electrolyte
and LSCF-CGO cathode have been also reported, rendering competitive maximum
power density values of 1.12 W cm-2 at 650 °C [30].

Oxide-ion conductors with different crystal structures have been also
proposed for SOFCs, i.e. LazM020g, Lag33(SiO4)s02 and doped-Bio03 [2,31,32].
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Compositions like Bi1sEro403 (ESB), Bi15Y0503 (BYO) and Dyo.0sWo.04Bio.ssO1.56
(DWSB) present ionic conductivity values more than one order of magnitude higher
than those reported for YSZ [33,34]. However, these materials are not redox stable
and the volatilization of Bi-O3 at high temperatures limits their application [35]. The
conductivity values of the most employed oxide-ion conductor electrolytes for SOFCs
are compared in Figure 1.6.

T(°C)

650 600 550 500 450 400

] DWSB: Dyo C!BWDOABiO 8801 56
ESB: Er__Bi, O

047163

o
-
1

0.01

-

m

w
}

Conductivity (Scm™)

1E-4 -

11 12 14 15

1.3
1000/T (K™)

Figure 1.6. Conductivity values of the most employed electrolytes in SOFCs. Dashed lines
indicate the conductivity/electrolyte thickness requirement to ensure good cell performance.
Reprinted with permission, Royal Society of Chemistry [36].

1.2.1.4. Proton-conducting electrolytes

Recently, proton-conducting electrolyte materials (PC-SOFC) have attracted
great attention due to their better conductivity at intermediate temperatures. Most of
the research has been centered on doped-BaCeO3 and BaZrO3 perovskite materials
[10,37]. Despite the fact that BaCeOs electrolytes exhibit high proton conductivity, they
are not stable under H2O and CO, atmospheres. On the contrary, doped-BaZrO;
exhibit improved resistance to carbonation but sintering temperatures close to 1700
°C are needed to achieve densification [37]. For this reason, BaCe1.«ZrO3 solid
solutions or alternative compositions have been explored [10,38]. One of the most
employed electrolytes for PC-SOFCs is BaZro.1Ceo7Y0.1Ybo.103:5 (BZCYYDb) proposed
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by Yang et al. with ionic conductivity values of 6-:102 S cm' at 700 °C in wet air, as
well as excellent resistance to sulphur poisoning and coking [39,40]. The conductivity
values of the most employed oxide-conductor and proton-conductor electrolytes for
SOFCs are displayed in Table 1.2.

Table 1.2. lonic conductivity of the most studied electrolyte in SOFCs. Conductivity values
are given at 750 and 600 °C. Temperature is included when data are not available.

Conductivity (S cm)

Electrolyte 750 9C 600 °C Ref

Zro_s4Yo,1601 92 (YSZ) 1 .6' 1 0'2 2' 1 0'3 [39]
» (ZI'Oz)o,g-(SCzOs)oj (SSZ) 1-10 2:102 [20]
8 Cey9Gdo1015 (CGO) 6102 2102 39]
g Lao,gsro_1Gao,sMgo_QOzss (LSGM) 5102 1.2-102 [41]
é La;Mo20q 8:102 1.3:102 [31]
S Lagas(Si04)s02 1.3:10370°C  6-10+4 [42]
S En4Birs0s 3510170°C 1810 [33]

Dy0.08Wo.04Bi0.8301.56 5.7-10170°%¢ 310 [34]
o BaZrosYo20s5 - 2.0-102 [40]
§ BaCeyoY0.1035 1.8:102 1.8:102 [43]
g BaCey7Zr0.1Y 02035 5102 1.7-102 [39]
s BaCeo7Zro1Yo1Ybo 1035 810 3102 [39]
S LaCe0; 1102 3-10° [44]

1.2.2. Cathode materials

The main function of the cathode is to provide active sites for the oxygen
reduction reaction (ORR; Ox+4e-—207%). In order to achieve good electrochemical
performance, the cathode materials should have: (i) high ionic-electronic conductivity;
(i) high porosity and surface area to allow the gas diffusion to the active sites; (iii)
good chemical compatibility with the electrolyte; (iv) similar thermal expansion
coefficient (TEC) to the electrolyte to avoid delamination between the cell components
and (v) long-term stability in oxidizing conditions at high temperature. In particular,
mixed ionic-electronic conductors (MIECs) with high ionic and electronic conductivity
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are desirable for intermediate temperature applications. Most of the cathode materials
in SOFCs are compounds with single perovskite-type structure (ABQs), double
perovskite (AA'B20s) and Ruddlesden-Popper structure (An+1BnOsn+1) (Figure 1.7).

Single perovskite Double perovskite Ruddlesden-Popper
ABO, AA'B,04 A,+1B,03044

Figure 1.7. Crystal structures of the most common perovskite cathode materials for SOFCs:
(a) Single perovskite, (b) Double perovskite and (c) Ruddlesden-Popper.

1.2.2.1. Single perovskites

Single perovskites (ABOs) are by far the most employed cathode materials
for SOFCs. Typically, in a cubic perovskite structure, the A-cation (12-fold
coordination) is larger than the B-cation (6-fold coordination) and O corresponds to
oxygen atoms (Figure 1.7a).

LaoeSro4MnOs5 (LSM) is the state-of-the-art cathode material due to its
excellent electronic conductivity (~235 S cm-! at 900 °C) and low reactivity with YSZ
electrolyte [45], but its ionic conductivity is rather low (4:10-8 S cm-' at 900 °C) [46].
Despite the fact that the conductivity of LSM increases with Sr-content, secondary
phases of SrZrO3 are observed in contact with the YSZ electrolyte. In order to solve
this issue, A-site deficient LSM was prepared to avoid the segregation of Sr-based
compounds [47]. Since the ionic conductivity of LSM is relatively low, composite
electrodes are usually prepared by mixing LSM with an ionic conductor, such as YSZ
or CGO, greatly improving the electrochemical performance [48].

One of the best alternatives to the traditional LSM cathodes are doped
lanthanum cobaltites. LaosSro.4C00s.5 (LSC) exhibits electronic conductivity values
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higher than 1600 S cm-! and high values of ionic conductivity (0.4 S cm') at 800° C
[49]. However, the thermal expansion coefficient (TEC) of LSC is relatively high,
above 25-106 K-, and therefore mechanically incompatible with most of the
electrolytes [49,50]. The TEC is lowered by incorporating Fe in the B-site,
Lao6Sro4Co1yFey03.5(0 <y <0.8), in which Lao.sSro.4Coo.2Fe0.803.5 (LSCF) is the most
common composition due to the moderate TEC (15-10€¢ K-1), high electronic
conductivity (320 S cm-" at 700 °C) [22], as well as good ionic conductivity (>102 S
cm ) [51]. Very low polarization resistance is observed for LSCF cathodes, 0.3 Q cm?
at 700 °C [52], values that were further reduced to 0.026 Q cm? at the same
temperature when LSCF-CGO was employed as a composite cathode [53]. However,
it has to be noted that Sr-based compounds are segregated on the electrode surface
during long-term operation, under cathodic polarization and at high temperatures,
lowering the electrode performance and the oxygen reduction kinetics [54]. This
process is partially reverted in anodic polarization, since the oxygen vacancy
concentration at the electrode surface is considerably reduced, thus inhibiting the
segregation of secondary phases due to the stronger attractive force between the
oxygen vacancies and the Sr2* in the lattice [55].

In order to overcome this issue, several approaches have been proposed. For
instance, coating the electrode surface with a thin layer of ZrO2 [56] or CGO infiltration
[57], showing the LSCF-CGO infiltrated cathode a very low degradation rate when
compared with the unprotected LSCF. A-site deficiency has also shown to be crucial
to partially suppress the segregation of Sr-based compounds in LSCF, but partial
degradation is usually observed during long-term operation [58].

Excellent  electrochemical properties were also observed for
Bao5Sro5C008Fe0203.5 (BSCF), achieving polarization resistance values (Rp) as low
as 0.6 Q cm? at 500 °C [21], but a phase transformation from cubic to hexagonal
structure was observed during long-term  operation [59]. Recently,
BaCoo4Fe04Zro1Y0103.5 (BCFZY) with mixed oxide-ion, proton and electronic
conductivity was also proposed for both SOFCs and PC-SOFCs, showing R, values
as low as 0.1 Q cm? at 600 °C [60]. The Ry and conductivity values of the most
employed cathodes for SOFC is displayed are Table 1.3.

50



Introduction

Table 1.3. Electrochemical properties of the most employed cathode materials for SOFCs
with single or layered perovskite-type structure. R, and conductivity values are given at 700
°C. Temperature is included when data are not available at 700 °C.

Electrode ngﬁ:\:?) &o:::c):tlwty Ref
w»  L208Sr02MnOss 3.1 190 [45,61]
2 LaosSr04Co0sa 0.17 1800 [50,62]
S LagsSro4CoozFensOss 0.30 320 [22,53]
% BaosSrosConsFes20ss 0.01 10 [21]
&% BaCoosFeosZroYo10ss 0.1 1.4 600°C [60]
. PrBaC0;0s:s 0.04 1000 [63]
< PrBagsSrsCo0sis 0.19 800 [64]
S SrFersMoosOss 0.65 e50°C 100 [65]
% LazNiOsss 1.2 25 [66]
S Pri2SrosNiOsss 05 130 [67]
~  LayCuOus 0.4 5 [66,68]

1.2.2.2. Double perovskites

Double perovskites with the general formula AA'BB’Og.5 are formed when two
different cations, or the same one with different oxidation states, occupy the same
crystallographic position (Figure 1.7b). This structure can accommodate high oxygen
non-stoichiometry compared to single perovskites [63].

Different electrode materials derived from NdBaCo.0s+5, PrBaCo20s+5 and
GdBaCo20s+5 have been investigated due to their high mixed ionic-electronic
conductivity [63]. Co-free compositions were also explored, such as
NdBaFe1.9Mno.10s:5 or NdBaFe19Nbo 10s:5 with conductivity values higher than 100
S cm at 500 °C [69,70]. It has to be mentioned that promising results were also
achieved for SroFe15Mo0506.5 as both air and fuel electrodes [65].
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1.2.2.3. Ruddlesden-Popper

Ruddlesden-Popper (RP) phases with the following general formula:
An+1BnO3n+1 are composed of ABO3 perovskite layers and n AO layers with rock salt
structure along the c-axis (Figure 1.7c). The most promising materials are those
derived from LnaNiOs+5 and Ln2CuOass, where Ln is a lanthanide cation.

RP phases show lower electronic conductivity when compared to cobalt-
based perovskites (Table 1.3) [66]. However, relatively high surface exchange
coefficients (k=7.57-10-¢ cm s~') and oxygen diffusion kinetics (D=4.15-10-7 cm? s~1)
were reported for ProNiO4+5at 900 °C [71]. Yang et al. studied Pro.xSrxNiOs+s (x= 0.3,
0.5 and 0.8), achieving the best Ry values for Pr12SrogNiOas+s, 0.11 Q cm? at 800 °C
[67]. The Nd2NiOs+5 composition was also explored showing a remarkable maximum
power density (MPD) of 1.26 W cm2 at 800 °C in an anode-supported cell [72].
La2CuOs+s infiltrated into a porous CGO backbone by spray-pyrolysis also rendered
a very low Ry of 0.14 Q cm? at 600 °C [68].

1.2.3. Anode materials

The traditional anode materials are usually composite materials that combine
a ceramic ionic conductor with a metal (cermet) to provide both ionic and electronic
conductivities for the hydrogen oxidation reaction (HOR). The most employed
composite is the Ni-YSZ cermet (typically 60 wt.% NiO and 40 wt.% YSZ) due to its
excellent electrochemical activity for hydrogen oxidation [73], as well as its relatively
low cost when compared to noble metals. However, Ni particles tend to form
aggregates at high operating temperatures, lowering the porosity and reducing the
triple-phase-boundary (TPB), therefore, decreasing cell performance after long-term
operation (Figure 1.8) [74].

Another drawback of the Ni-YSZ anodes is the tendency of Ni-metal to suffer
from sulphur poisoning and carbon deposition. In particular, the carbon formation in
Ni-based cermets is the main problem for hydrocarbon oxidation in SOFCs, being
necessary the use of external reformers to obtain the hydrogen or the implementation
of alternative anode materials [74]. Alternatively, Cu/Co-based cermets have shown
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improved carbon tolerance [76], but lower catalytic activity for fuel oxidation compared
to Ni-based anodes.

Ni Phase I YSZ Phase

Figure 1.8. (a) SEM image of the Ni-YSZ anode and (b,c) 3D reconstruction of the
morphological evolution of the Ni-YSZ anode during long-term operation. Reprinted with
permission, Elsevier [75].

In order to overcome these issues, new anode materials based on redox
stable perovskites have been proposed, including lanthanum strontium chromites (i.e.
Lao.75Sr0.25Cro.sMno5035), lanthanum strontium ferrites (i.e. Lao.sSro2FeosMo203.s,
where M is a transition metal) or strontium titanates derived from SrTiOs, which have
shown excellent results working as anodes with a wide variety of fuels, such as Ha,
CHs, CoHe or syngas [77,78]. Most of these electrode compositions have also been
tested as air electrodes in a new cell configuration that is known as Symmetrical Solid
Oxide Fuel Cells (SSOFC). Due to the relevance of this cell configuration in this PhD
Thesis, the advantages and properties of these electrodes will be further commented
in detail in the next section.

1.3.  Symmetrical solid oxide fuel cells (SSOFCs)

During the fabrication of a single SOFC, several steps are needed to
assemble all the cell layers due to the different compositions of the anode and
cathode. In the last few years, the researchers have deeply investigated alternative
electrode compositions to work as both cathode and anode in a SSOFC. The
advantages of this configuration not only rely on the lower fabrication costs, since the
anode and cathode with the same composition are deposited and sintered in a single
step on the electrolyte, but also the thermo-mechanical stability and chemical
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compatibility between the cell components are improved because only one type of
interface is presented [77,78].

SSOFCs are reversible to operate in fuel cell and electrolyser mode,
depending on the electrical energy consumption and demand (Figure 1.9) [79].
Moreover, one of the most promising advantages of this cell configuration is the
possibility to reverse the gas atmosphere from fuel to oxidant gases and vice versa to
prevent sulphur poisoning or carbon deposition [16].

(a) SSOFC_’ v . (b) SSOEC
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Figure 1.9. lllustration of a symmetrical solid oxide cell with identical electrodes in (a) fuel cell
mode and (b) electrolysis mode.

The SSOFC configuration was proposed for the first time by Ruiz-Morales et
al. and Bastidas et al. in 2006, implementing Lao.75Sr0.25Cro.5Mno 5035 (LSCM) as a
symmetrical electrode [80,81]. The best results were found for the LSCM-YSZ
composite, rendering a YSZ-supported cell a maximum power density of 546 and 347
mW cm-2 at 950 °C, in Hz and CHg, respectively [81]. From this point onwards, several
strategies have been explored to implement the traditional cathode materials in
SSOFCs, which typically show low redox stability under reducing conditions. Most of
the research in the last years has been focused on incorporating transition metals with
higher redox stability in the B-site of (La,Sr)(Fe,Co,M)Os perovskites (i.e. M= Sc?,
Ti4+, Zr**, Nb%*, Mof*, W6*), leading to an improvement of the electrochemical
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properties and lowering the thermal expansion coefficients (TEC) in both oxidizing and
reducing conditions [82].

One of the main drawbacks of this configuration is the difficulty of achieving
good electrocatalytic activity simultaneously in both oxidizing and reducing conditions
[83]. Most of the best SSOFC electrodes are derived from air electrodes, which
typically show high performance in air conditions. However, the electrocatalytic activity
in reducing conditions is rather modest, becoming necessary to implement alternative
doping strategies, such as incorporating noble metals, i.e. Ni, Ru or Pd, that can be
exsolved in reducing conditions on the electrode surface as metal nanoparticles with
improved properties for hydrogen and hydrocarbon oxidation [77,78].

On the other hand, tailoring the electrode microstructure has shown to be
crucial to enhance the electrochemical performance. Not only single perovskite-based
electrodes, such as La(Cr,Mn)Os, (La,Sr)FeOs.5 or (La,Sr)TiOs.5, have been deeply
explored, but also layered perovskites with good phase stability, SroFe15Moo50s-5 or
PrBaMn0s.:5. The most important compositions are discussed below.

It is worth mentioning that non-redox stable electrodes, such as LSCF [84],
LaoNiOs+5 [85] or PrBaFe2Os:s [86] have also been tested in SSOFCs. These
materials suffer a severe phase transformation in reducing conditions into different
components, including large amounts of metal particles, which considerably improve
the electrochemical properties. This electrode configuration is known in the literature
as quasi-symmetrical electrodes (Q-SOFCs) due to the different composition of the
fuel and air electrodes. Despite the improved performance of quasi-symmetrical
electrodes, the significant microstructural changes during redox cycles could
detrimentally affect the electrode stability. Additionally, the reversibility of these
electrodes needs to be further investigated because in some cases, the original phase
is not recovered after the reoxidation process in air.

1.3.1. La(Cr,Mn)Os-based electrodes

Traditionally, La(Cr,Mn)Os-based materials were employed as
interconnectors and fuel electrodes due to their high redox stability at elevated
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temperatures [87]. After the pioneer work of Ruiz-Morales et al. for
Lao75Sr025CrosMnos035  (LSCM) as  symmetrical electrode [81], numerous
researchers have tried to improve the performance of LSCM by different doping
strategies in A- and B-site of the perovskite as well as by microstructural optimization.

Rath et al. studied different transition metal dopants in Lag 7Cao.3Cro.sMo203-5
(M= Fe, Mn, Co, Ti and Ni), improving the electrocatalytic activity in the following
order: Ti < Co < Fe = Ni < Mn with Ry values in Hz ranging from 0.36 to 0.12 Q cm? at
800 °C [88]. Zhang et al. tested Lao.7A0.3Cro.sMno503.5 (A=Ca, Srand Ba), not showing
significant differences in terms of conductivity (~27 S cm-' at 800 °C for all samples)
or Ry values (~0.5 Q cm2 at 900 °C) in air [89].

Ce-doped samples were also studied due to the high activity of cerium for
hydrocarbon oxidation. The electrochemical activity of Lag.75-xCexCrosMno 5035 (x=0-
0.375) for H2 oxidation increased with the Ce-content [90]; however, the resistance to
sulphur poisoning decreased for highly doped samples (x>0.15).

Recently, a Bi-doped Lao 65Bio.1Sr0.25Cro.5Fe0.503-5-Ce.9Smo.101.95 composite
electrode was investigated [91]. A LSGM-supported cell delivered MPDs of 280 and
260 mW cm2 using Hz and syngas as fuels, respectively (Figure 1.10). Ni-doping in
Lao 75Sr0.25Cro.5sMno3Nio 2035 was also explored in order to promote Ni metal
nanoparticle exsolution on the electrode surface. However, high R, values were
obtained in air and Hz, 1.6 and 1.1 Q cm2 at 800 °C, respectively [92].
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Figure 1.10. (a) Cross-sectional SEM image of LaossBio.1Sr0.25CrosF€0503.5-Ce09Smo.101.05
composite electrode on LSGM electrolyte. Impedance spectra in (b) air and (c) H: at different
temperatures and (d) |-V-P curves of the LSGM-supported cell of the pristine electrode
(LSCrF) and the Bi-doped sample (Bi-LSCrF). Reprinted with permission, Elsevier [91].
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1.3.2. (La,Sr)FeOs-based electrodes

(La,Sr)FeOs-based (LSF) air electrodes have demonstrated high efficiency in
air conditions but they typically show very low redox stability as fuel electrodes due to
severe decomposition or phase transformation in reducing conditions [18,93]. In order
to overcome this issue, numerous doping strategies have been implemented by
incorporating less reducible cations, i.e. Ti4*, Zr4*, Nb5*, Mo8* and W6* in the B-site of
the perovskite.

In this context, Fernandez-Ropero et al. tested SrFeg 75Mo.2503.5 symmetrical
electrodes (M= Cr3+, Ti4+, Zr4+, V/5* Nb5*, Mof* and W6+) [94]. The Ti-doped sample
showed the lowest Ry values in air at 700 °C (0.25 Q cm2), while the lowest values in
5% Ho-Ar were obtained for Zr-doped samples (0.3 Q cm?), significantly lower to that
observed for the Ti-doped sample (1.5 Q cm2) [94]. Later, dos Santos-Gomez et al.
studied the SrogsFerxTixOs3s (x= 0, 0.2, 0.4 and 0.8) series by spray-pyrolysis
deposition into a porous CGO backbone [95]. The SrogsFeosTio203.5-CGO
composition rendered R, values of 0.1 and 0.4 Q cm? at 700 °C in air and wet
5% Ha-Ar, respectively. These R, values were considerably lower than those observed
for the analogous screen-printed powder electrodes, 0.55 and 1.4 Q cm? in air and
wet 5% Ha-Ar, respectively, at the same temperature. Additionally, a remarkable MPD
of 700 mW cm-2 at 800 °C was obtained for the electrodes prepared by spray-pyrolysis
onto a 300 um thick LSGM-supported cell. These findings further confirm the
necessity of tailoring the electrode microstructure to achieve high electrochemical
performance in both oxidizing and reducing conditions. The SrFeogWo203+5
composition was also explored by Cao et al. showing remarkable R, values of 0.084
and 0.20 Q cm? in air and Hy, respectively, at 800 °C with a high MPD of
931 mW cm2 at 850 °C for a LSGM-supported cell [96].

Outstanding  results were also  observed for  Mo-doped
Lao5Sro.5Fe09Moo.103:5 with Ry, values as low as 0.08 and 0.09 Q cm? at 850 °C in air
and Hy, respectively [97]. Alternative Ga or Sc-doping strategies were also explored,
Lao.7Sro3Fe0.7Gan3035 and LaosSro.4Feo.9Sco.103.5[98,99]. One of the most promising
results was recently obtained in 2021 by Hou et al. for the Lao3Sro7FeogTio. 1035
symmetrical electrode [100]. Low polarization resistance values were observed in both
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air and Hz conditions, 0.022 and 0.15 Q cm2, respectively, at 800 °C, as well as high
MPD and current density of 847 mW cm2 and -1.9 A cm2in SOFC and SOEC modes,
respectively. Ni and Ru were also incorporated into LaFeOs-based electrodes to
achieve nanoparticle exsolution in a reducing atmosphere. SrosCeo2Fe0.95RU0.0503-5
showed in-situ exsolution of SrO, CeO2 and Ru-nanoparticles, which were responsible
for the great MPD achieved for a LSGM-supported cell, 846 and 330 mW cm-2 at 800
°C for Hz and C3Hs, respectively [101] (Figure 1.11).

Voltage / V
Power / W cm™

200 05 10 15 20 25 30 35
Current/ A cm’2

Figure 1.11. (a) SEM image, (b) HAADF-STEM image and (c,d) EDS mapping of the surface

of SrosCeo2FeqssRu0.05035in Hz at 800 °C. Ru nanoparticles are observed after reduction. (e)

I-V-P curves at different temperatures in H, atmosphere of the symmetrical electrode onto a

LSGM-supported cell. Reprinted with permission, American Chemical Society [101].

Tian et al also reported Ni-Fe exsolved nanoparticles in a
LaosCaon4FeosNio2035-CGO composite, showing rather low R, values in air and Ha,
0.24 and 0.13 Q cm2, respectively, at 800 °C [102].

1.3.3. (La,Sr)TiOs-based electrodes

Titanates have been considered highly promising fuel electrodes due to their
great stability under reducing conditions and their high resistance to sulphur poisoning
[103]. Typically, titanate-based electrodes show high electronic conductivity in
reducing atmospheres due to the partial reduction of Ti4* to Ti®*; however, they are
electrically insulating materials in air conditions, hindering their implementation as air
electrode. For this reason, a partial substitution in A- and B-sites are necessary. For
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instance, Pr-doping significantly enhances the electrical conductivity with values of
0.4 Scminairand 150 S cm-"in 10% Ha-Ar for SrooPro.1TiOs+s at 800 °C [104].

A pioneer work from Canales-Vazquez et al. on La13Sr23Ti1xFexOs+s (x=1/8-
0.5) electrodes demonstrated a considerable increase of the electronic conductivity in
air with increasing Fe-content, meanwhile similar conductivity values were observed
in reducing conditions, regardless of the Fe content [105]. Martinez-Coronado et al.
investigated the LaosSro5C005Ti0.503.5 electrode for its implementation in SSOFCs,
achieving conductivity values of 25 and 0.05 S cm-' at 800 °C in air and 5% H2-Ar,
respectively [106].

1.3.4. Srz2Fe15Mo05065 and PrBa(Fe,Mn).0s.5

Layered perovskites have attracted great attention due to their improved
conducting properties in both air and Hz atmospheres. One of the most promising
layered perovskites is SroFetsMoos065 (SFM), which shows high electrical
conductivity in both air and Hz, 550 and 310 S cm-", respectively [65].

Several doping strategies have also been explored to enhance the
electrochemical properties of the pristine SFM. Yang et al. partially substituted Fe by
Co in SraFe1.3C002M0o 506.5-CGO, showing R, values of 0.036 and 0.047 Q cm2 in air
and Hy, respectively, at 850 °C, as well as a MPD of 986 mW cm at the same
temperature [107]. The formation of Ni-Fe nanoparticles was observed in
Sr1.95Fe14Nio.1Moos0e.5 after reduction but the R, values were similar to that of
undoped SFM in other works [108].

PrBaFe20s+5 and PrBaFes¢Nio4Os+5 compositions have also demonstrated
good redox stability up to 800 °C [109]. The exsolution of Ni-Fe nanoparticle in the Ni-
doped composition rendered R, values as low as 0.034 Q cm? at 650 °C in Ha.
However, PrBaMn;0s:5 has shown the most promising results in terms of redox
stability and tolerance to sulphur poisoning and coke resistance [110]. The R values
were 0.25 and 0.46 Q cm? in air and Ho, respectively, at 800 °C, values that were
further decreased after PrgO11 infiltration, i.e. 0.016 and 0.20 Q cm?, in air and Hy,
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respectively, at 800 °C. Table 1.4 shows the polarization resistance values in oxidizing
and reducing conditions and the power densities of the most relevant SSOFCs.

Table 1.4. Electrochemical properties of the most important symmetrical electrodes reported
in the literature [111]. R, and power density values are given at 800 °C. Temperature is
included when data are not available at 800 °C.

R, Air R, Hz Power Density

Electrode (Q cm)) Qem) (MW em?) Ref
Lao.75Sr0.25Cro.sMno 5035 0.35%0°C  (.30%0°C 300%0°C (YSZ)  [80]
Lao.755r0.25Cro.sMno.503.5-YSZ 0.27900°C 0.34900°C  5469%0°C (YSZ)  [81]
Lao7CaosCrosMno 203 - 0.12 230 (LSGM) [88]
Lao5Bi0.1Sr025Cro sMnos03.5-SDC  2.90 0.32 280 (LSGM) [91]
Lao.75S10.25Cr05sMno.3Nio 203-5 1.6 1.1 - [92]
SrFeo75Zr025035 0.1 700%C 0.370%C . [94]
B SrossFensTio2055-CGO 0.1 0.07 700 (LSGM)  [95]
§ SrFeosWo203.5 0.08 0.20 931 9%0°C (LSGM) [96]
%_ LaosSrosFeqsMog 1035 0.08 80°C  (,098%0°C 40 80°C (LSGM) [97]
) LaosSrosFeqsWo.103.5 0.08 0.16 617 (LSGM) [112]
& Lao7SrosFenrGansOss - - 489 (LSGM) [98]
LaosSro4FeosSco 1035 0.015 0.29 560 (LSGM) [99]
Lao3Sro7FeosTio 03 0.022 0.15 847 (LSGM) [100]
LaosCao.4FeosNio2035-CGO 0.24 0.13 300 (LSGM) [102]
Sro.sCeo.2Fe0.95RU0.0503.5 - - 846 (LSGM) [101]
Lao5Sr05C005Ti0503-5 - - 110 (LSGM) [106]
SraFe15M0o506.5 0.24 0.27 650 850°C (LSGM)  [65]
& SraFer3C002M005065-CGO 0.036 8%0°C  0.046 850°C 986 %0°C (LSGM) [107]
= SrygsFe14Nio.1M0os06.5 0.08 0.11 500 (LSGM) [108]
5 PrBaFe,Oss 14560°C 007560 7060°C(SDC)  [109]
S PrBaFe:oNio:Oss 38950 0,03460°C 1200 (SDC)  [109]
& PrBaMny0s:s 0.25 0.46 245 (LSGM) [110]
T LaosSr1aMnOsss 087 207 59 (LSGM) [113]

After a short overview of the recent advances in symmetrical electrodes for
solid oxide fuel cells, we can conclude that not only new doping strategies are needed
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to improve the electrode performance, but also alternative fabrication methods to
optimize the electrode microstructure.

The traditional screen-printing deposition, followed by sintering at high
temperatures to ensure adequate adhesion between the cell components, is still
widely used. However, alternative deposition methods, such as spray-pyrolysis, could
be further explored to obtain nanostructured electrodes at low temperature with
advanced architectures and improved electrochemical properties.

1.4.  Strategies to improve the electrode performance

The electrode materials for SOFCs have been traditionally obtained by solid-
state reaction synthesis, followed by a screen-printing deposition at high sintering
temperatures [2]. However, the electrodes obtained from this method show relatively
high grain size and low porosity due to the high sintering temperatures needed to
ensure a good adhesion to the electrolyte. The rather low specific surface area of the
electrodes deposited by this method limits the active sites for electrochemical
reactions, lowering the electrochemical performance. In comparison, electrode
materials with larger surface area show considerably better electrochemical
properties due to the extended triple phase boundary (TPB) length.

Different strategies have been proposed to enhance the electrochemical
performance by microstructural optimization: (a) the incorporation of a second phase
with good ionic conductivity (such as doped-CeO> or Bi>O3) to increase the TPB length
[46]; (b) the implementation of mixed ionic-electronic conductor (MIEC) electrodes to
extend the TPB to the whole electrode surface [2]; (c) the infiltration of an active
electrode into a porous electrolyte backbone [114]; (d) the preparation of
nanostructured electrodes at reduced temperature; (e) the preparation of
nanocomposite layers by advanced chemical and physical deposition techniques
[115]; (f) the incorporation of active or barrier layers to improve the oxide-ion transport
at the cathode/electrolyte interface [116] or (g) the exsolution of metal nanoparticles,
such as Ni, Ru or Pd, to improve the efficiency for the fuel oxidation in the anode [117].
A schematic representation of these microstructural strategies can be found in the
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summary (Figure 2). In this section, the most promising techniques mentioned above
to enhance the electrode efficiency are discussed in detail.

1.41. Composite electrodes

One of the first strategies to enhance the electrode efficiency is the
preparation of composite electrodes, which are usually formed by mixing an electronic
conductor with an oxide-ion conductor. This electrode configuration enlarges the TPB
length, highly improving the electrochemical performance, even for highly efficient
electrode materials. i.e. 1.20 Q cm2 for LSCF and 0.27 Q cm2 for LSCF-CGO (40:60
wt.%) at 600 °C [118].

The composite electrodes not only exhibit better electrochemical properties
but also lower the thermal expansion coefficients (TECs). It has to be noted that cell
delamination, attributed to the TEC mismatch, is one of the most serious problems for
cell degradation during thermal cycles [82]. For this reason, it is recommendable to
prepare electrode materials with similar TEC values to those of the most common
electrolytes, such as YSZ, CGO and LSGM, 10-106, 12.5-10% and 10.4-10 K1,
respectively [119].

The preparation of composite powders in one step by co-synthesis has been
successfully used to obtain different electrodes, such as LSM-ESB, Smg5Sro5C003-5-
Ce0.9Smp.101.95 (SSC-SDC), LSCF-CGO or BSCF-CGO [115,120-122]. One of the
main advantages of nanocomposite electrodes is the inhibition of the grain growth due
to the nanoscale contact between two different materials. The intimate mixture
between two phases with different electrical properties induces a higher concentration
of active sites for electrochemical reactions. These nanocomposite electrodes
rendered remarkable results when compared to the traditional composite electrodes
obtained by physically mixing powders. For instance, BSCF-CGO nanocomposite
cathode rendered a MPD of 2 W cm2 at 550 °C in Hz, with almost negligible
degradation for 300 h under a current density of 1 A cm-2[120].

However, these materials have to be screen-printed onto the electrolyte and
then calcined at relatively high temperatures (T = 1000 °C) to achieve adequate
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adhesion to the electrolyte. Such thermal treatment induces a large grain growth,
lowering the electrocatalytic performance [123,124].

1.4.2. Nanocomposite electrodes by spray-pyrolysis

The grain growth could be limited by directly depositing the nanocomposite
electrodes onto the electrolyte surface. On this way, spray-pyrolysis deposition has
demonstrated to be a highly versatile and low-cost technique to obtain nanostructured
electrodes at intermediate temperatures [125]. The first attempt to synthesize a
nanocomposite electrode by spray-pyrolysis deposition was made in 2005 by
Princivalle et al., successfully obtaining LSM-YSZ nanocomposite films from a single
precursor solution [126]. Later on, LSM-CGO nanocomposite cathodes were prepared
by dos Santos-Gomez et al [127]. The LSM-CGO nanocomposite exhibited a grain
size of only 15 nm compared to 50 nm for the blank LSM cathode. More interestingly,
aNi-YSZ/YSZ/LSM-CGO single cell with the nanocomposite cathode showed an MPD
of 1.4 W cm2 at 800 °C compared to 0.8 W cm? for the analogous cell with the screen-
printed cathode (Figure 1.12) [127].
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Figure 1.12. (a) HAADF-STEM image and (b) EDS analysis of LSM-CGO nanocomposite
deposited by spray-pyrolysis. (¢) SEM image of the Ni-YSZ/YSZ/LSM-CGO single cell and (d)
[-V-P curves at 750 °C. Reprinted with permission, Elsevier [127].

Sar et al. prepared LSCF-CGO by electrostatic spray deposition with coral
and columnar microstructures, depending on the deposition temperature [128]. In
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another work, dos Santos-Gomez et al. studied the LSCF-CGO nanocomposite by
spray-pyrolysis with different LSCF contents. The R, values decreased from 0.29 Q
cm2 for the pristine LSCF to 0.16 Q cm? for the 50 wt. % LSCF-CGO nanocomposite
at 600 °C [129].

Despite the fact that excellent results have been observed for nanocomposite
cathodes, there are not related studies about their application as anode materials or
symmetrical electrodes (SSOFC).

1.4.3. Infiltration method

The infiltration method is a highly promising strategy to improve the electrode
performance. It consists in the impregnation of a cation precursor solution into a
porous backbone to obtain a partial or complete coating of an electrode with good
electrocatalytic activity [114,130]. After the infiltration process, a thermal treatment is
used to decompose the precursors, obtaining discrete particles (Figure 1.13a) or a
continuous film on the backbone surface (Figure 1.13b).

Figure 1.13. (a) SEM image of LSCM-YSZ composite impregnated with Pd. Reprinted with
permission, Elsevier [131]. (b) SEM image of a YSZ backbone infiltrated with LSM. Reprinted
with permission, Electrochemical Society [132].

Typically, a MIEC is infiltrated into an electrolyte backbone in several
infiltration steps to ensure percolation and good electronic conductivity, maintaining
the inner porous structure of the backbone. This method leads to new functional
materials with advanced microstructure at a lower preparation temperature than
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conventional screen-printing deposition, as well as relatively high stability over time,
i.e. LSM-SSZ prepared by infiltration showed almost negligible degradation at 650 °C
under 150 mA c¢m2 for 500 h [133].

Despite the fact that excellent results have been achieved for infiltrated
electrodes, some drawbacks still hinder their industrial implementation. One of the
main problems is the reproducibility and homogeneity of the infiltrated electrodes,
because this process is carried out manually. Furthermore, multiple
infiltration/calcination steps are necessary to obtain a good amount of infiltrated
material, becoming a time-consuming process. In order to solve this problem, high
concentrated solutions are used. In addition, complexing agents, such as
ethylenediaminetetraacetic acid (EDTA) or citric acid, are required to stabilize the
cation solution. In this context, several studies revealed that a high concentration of
complexing agent could provoke delamination in the electrolyte backbone due to
severe decomposition during the thermal treatments [134].

1.4.3.1. Infiltration method by spray-pyrolysis

Spray-pyrolysis deposition method has been recently used to prepare highly
efficient nanostructured electrodes in only one deposition step with high reproducibility
over large areas. In this way, spray-pyrolysis is one of the best alternatives to the
classical infiltration method, in which a diluted precursor solution is sprayed into a
porous backbone layer [125].

The first attempts to use spray-pyrolysis as an alternative method to the
classical infiltration were made by dos Santos-Gomez et al. in 2015 [61]. An LSM
cathode was infiltrated into different porous backbones of YSZ, CGO and BYO, which
were previously deposited onto YSZ electrolytes. The microstructural study revealed
a double-layer electrode, composed of a backbone homogenously coated by LSM
particles and a ~ 500 nm top layer of LSM, which acted as a current collector. The
LSM content infiltrated into the electrolyte backbone and the thickness of the top layer
were tailored by changing the deposition conditions, i.e. deposition temperature and
time. All infiltrated electrodes showed low R, values when compared to those
observed for the screen-printed LSM cathode (1.4 Q cm? at 650 °C), achieving the
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best results for the LSM-BYO configuration, 0.06 Q cm? at the same temperature [61].
This alternative preparation method was also used with different single perovskite-
type electrodes, such as LaogeSro4CorxFexOss (x= 0, 0.2, 0.8 and 1) and
BaCoo4Fe0.4Zr0.1Y0.103.5 [135,136].

One of the best results was obtained for PrBaC020s:5 (PBC) deposited onto
a CGO backbone (Figure 1.14a,b), showing R, values as low as 0.027 Q cm? at 600
°C, one order of magnitude lower than those observed for the screen-printed
electrode, 0.22 Q cm? [137]. Interestingly, the spray-pyrolysis electrodes showed a
lower degradation rate of 2 uQ cm2h-"compared to the screen-printed electrodes (65
MQ cm2 h1), which was attributed to the lower preparation temperature and lower
chemical reactivity between the cell components (Figure 1.14c). A Ni-
CGO/CGO/PBC-CGO anode-supported cell rendered a stable MPD of 0.95 W cm2 at
600 °C (Figure 1.14d).
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Figure 1.14. (a,b) SEM images of PBC electrode deposited by spray-pyrolysis onto a CGO
backbone at different magnifications. (c) Variation of the R, over time for the PBC-CGO
deposited by screen printing (FD) and spray-pyrolysis (SP-CGO) and (d) I-V-P curves of the
spray-pyrolysis electrodes at different temperatures. Reprinted with permission. Royal Society
of Chemistry [137].
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A similar approach was also proposed by infiltrating a protective CGO coating
into the LSCF cathode to avoid the segregation of Sr-based compounds during long-
term operation [57]. The coated electrodes not only showed a lower degradation rate
over time but also better electrochemical activity due to the extension of the TPB sites.
The MPD of the anode-supported cell with the coated electrode, 500 mW cm2, was
slightly higher than that observed for the unprotected cathode, 390 mW c¢cm2 at 600
°C.

1.4.4. Active layers

The incorporation of active and barrier layers at the electrode/electrolyte
interface has demonstrated to lower the activation energy of the oxide-ion transport
at this region, greatly boosting the electrochemical properties of several air electrodes
[116,138]. In order to obtain these layers, different methods have been employed,
such as screen-printing, spin coating, spray-pyrolysis, sputtering or pulsed laser
deposition [125,139-142].

Traditionally, barrier layers such as SDC or CGO have been deposited by the
screen-printing method to avoid the reaction between YSZ electrolyte and Co-based
electrodes [143]. The main disadvantage of the screen-printed method is the relatively
high porosity and high sintering temperature required (~1200 °C) to ensure a good
adhesion to the electrolyte. Furthermore, recent studies observed SrO diffusion from
the LSCF phase through porous CGO barrier layers, inducing the formation of SrZrO;
at the electrode/electrolyte interface [144,145].

Wachsman et al. revealed that BiOs-based functional layers, such as
Bi16Ero403 (ESB) or Bi15Y0503 (BYO), highly enhanced the -electrochemical
performance of SOFC cathodes due to their higher oxide-ion conductivity when
compared to doped-CeOz or YSZ electrolytes [146]. However, these layers were
obtained by screen-printing or dip-coating and then calcined at high sintering
temperatures, leading to partial evaporation of Bismuth [147]. For this reason,
alternative deposition methods at lower fabrication temperatures are needed to obtain
protective and functional layers. Among all the deposition methods described above,
spray-pyrolysis and pulsed laser deposition have rendered the most promising results.
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1.4.4.1. Active layers deposited by spray-pyrolysis

Spray-pyrolysis has been used to obtain protective CeO,-based layers to
avoid the reaction between LSCF and YSZ [148,149]. For instance, Molin et al.
prepared dense CGO layers with different thicknesses (300, 700 and 1500 nm) to test
the influence of the thickness and porosity in the cell degradation [148]. The NiO-
YSZ/YSZICGOILSCF cell with a 700 nm thick CGO film rendered the best
performance, ~1 W cm=2 at 750 °C, as well as the lowest ohmic and polarization
resistances and stability over time. The authors observed that porous CGO barrier
layers or dense layers with low thicknesses (300 nm) do not prevent cation
interdiffusion between the cell layers, whereas higher ohmic resistance was induced
with thicker barrier layers (1500 nm). dos Santos-Gomez et al. also prepared by spray-
pyrolysis dense CGO layers between the porous LSCF cathode and YSZ. The authors
concluded that a low sintering temperature is the key to avoid the formation of SrZrO;
at the LSCF/YSZ interface [149].

Additionally, Zapata-Ramirez et al. tested CGO, CeosPro2019 (CPO) and
SrFeosMoo.1035 active layers to improve the electrochemical properties of a
SrFeo.sMoo.1035-CGO cathode. Among them, the CPO active layer rendered the best
results, decreasing the R, values in air from 0.67 to 0.2 Q cm? at 650 °C. In this case,
the mixed ionic-electronic conductivity of the CPO interlayer extended the surface
paths for ORR [150]. Sharma et al. prepared LnoNiO4 (Ln= La, Pr) porous functional
layers, lowering the R values from 3.33 to 0.08 Q cm? at 600 °C for the electrodes
without and with active layer, respectively [151]. Later on, the same authors proposed
a PrsO11 porous functional layer topped with LSCF, which rendered one of the lowest
Ry values reported to date, 0.02 Q cm?2 at 600 °C [152].

Recently, Kamecki et al. studied different active layers, LSC, SSC, LSCF and
PreO11to enhance the electrochemical properties of LSCF cathode [153]. The best
results were found for the LSC active layer with a Ry of 0.107 Q cm? at 600 °C
compared to 0.5 Q cm2 without an active layer. A Ni-CGO anode supported cell with
and without LSC functional layer reached MPD values of 1.22 and 0.74 W cm-2 at 600
°C, respectively (Figure 1.15) [153].
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Figure 1.15. (a) Cross-sectional SEM image of LSC active layer deposited by spray-pyrolysis
onto CGO, (b) impedance spectra of the different cell configurations at 600 °C in air and (c) I-
V-P curves of the Ni-CGO supported cell without and with LSC active layer. Reprinted with
permission, Willey [153].

Most of the research has been focused on active layers composed of a single
material, which can show a considerable increase of the grain size during long-term
operation at high temperatures. In this sense, nanocomposite active layers are
expected to exhibit improved properties due to the inhibition of the grain growth during
the sintering process of the electrodes at high temperatures.

1.4.4.2. Active layers deposited by pulsed laser deposition

Pulsed laser deposition (PLD) has recently received considerable attention to
obtain active layers for SOFCs due to its better control of the film quality, thickness,
morphology and stoichiometry. The most common cathode materials, such as LSM,
LSC, LSCF and BSCF have been successfully obtained by PLD as dense layers [142)].
Numerous studies have confirmed the great benefits of implementing an active layer
deposited by PLD. For instance, Su et al. incorporated a LSC layer between the CGO
electrolyte and the screen-printed LSC, showing this configuration higher MPD than
the cell without active layer, 0.27 and 0.16 W cm2 at 650 °C, respectively [154]. Similar
results were observed for a SSC active layer [155]. Haile et. col. incorporated a 100
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nm PrBaosSro5C01.5Fe050s+5 layer between a BaZro4Ceo4Y0.1Ybo.103 electrolyte and
the screen-printed electrode, considerably reducing the ohmic losses of the cell due
to the improved electrolyte-electrode contact, resulting in a performance increase of
~30% in both fuel cell and electrolysis modes [156,157]. Additionally, ceria-based
buffer layers deposited by PLD have been successfully implemented to avoid the
typical reaction between Co-based electrodes and YSZ electrolytes [158].

Recently, a new strategy based on Vertically Aligned Nanostructures (VAN)
obtained by PLD has been proposed, in which two immiscible phases are
simultaneously grown on a given substrate, obtaining a columnar microstructure with
large vertical interfaces [15,159]. The unique nanostructure ordering of a VAN has
demonstrated to promote excellent results in the field of magnetic materials,
ferroelectrics, ionic conductors and fuel cells [160-162]. In a VAN structure, the
spontaneous growth of nanocolumns of two different materials is influenced by the in-
plane strain, the substrate orientation and the vertical interfacial strain due to the
simultaneous growth of the nanodomains, leading to an out-of-plane coherence [159].
MacManus-Driscoll et col. highly boosted the ionic conductivity of Sm-doped CeO2 by
one order of magnitude in an SDC-STO VAN with vertical interfaces when compared
to plain SDC films (Figure 1.16). The nanopillar structure with vertical strain induced
a fast ion conduction through the interface and the SDC nanocolumns of 10 nm width,
findings that were confirmed by Scanning Probe Microscopy (SPM) mappings [161].

Figure 1.16. (a) Cross-sectional HRTEM image of the SDC-STO VAN fim with a
nanocheckerboard structure and (b) HRTEM image showing the SDC-STO vertical interfaces
and the epitaxial growth. Reprinted with permission, Springer Nature [161].
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Different VANs have been tested for their implementation in SOFC, such as
LSM-SDC [163], LSC-CGO [164], PBC-CGO [165] and LSC-(Lao5Sro5)2Co04 [166].
All of them reported enhanced electrochemical properties when compared to the cells
without active layers. For instance, in 2021, Develos-Bagarinao et al. implemented a
LSCF-CGO VAN active layer between a porous LSC cathode and a YSZ/CGO
electrolyte in an anode-supported cell [167] (Figure 1.17). The polarization resistance
of the cell with a LSCF-CGO active layer decreased by ~ 50% when compared to the
cell with LSCF active layer, 0.036 and 0.07 Q cm? at 600 °C, respectively.

Figure 1.17. (a,b) HAADF-STEM image of LSCF-CGO nanocomposite active layer at
different magnifications, (c) EDS analysis and (d) SEM image of the Ni-YSZ/YSZ/CGO/LSFC-
CGO/LSC single cell. Reprinted with permission, Springer Nature [167].

Recently, a redox stable Lao.75Sro.25Cro5Mnos035-CeosSmo2019 (LSCM-
SDC) VAN active layer was reported by Sirvent et al., working simultaneously in both
oxidizing and reducing atmospheres. The Ry, values of the VAN active layer were 27.8
and 14.7 Q cm? at 750 °C in air and Ha, respectively, outperforming the R, of the single
LSCM, 264 and 40 Q cm? in air and H> at the same temperature [168].
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These promising results confirmed the influence of implementing
nanocomposite active layers at the electrode/electrolyte interface for air and fuel
electrodes.

1.4.4.3. Ni exsolution in thin films deposited by PLD

One of the most promising approaches to enhance the performance of fuel
electrodes is the incorporation of active metals into the crystal structure of the
perovskite, i.e. Ni, Ru or Pd, which are exsolved into metal nanoparticles on the
electrode surface after a reduction treatment [117,169]. Among them, Ni incorporation
has demonstrated excellent results in hydrogen and hydrocarbon fuelled SOFC due
to its lower cost compared to other noble metals. In recent years, numerous studies
on highly efficient SOFC electrodes containing Ni exsolved nanoparticles have been
reported in the literature, in which the nature of the Ni exsolution process in thin films
deposited by PLD has attracted great attention [117,169-171].

In a recent report, the influence of the surface orientation of the substrate in
the exsoluton of Ni-nanoparticles was investigated by depositing
Lao2Sro.7TiooNio103-5 films onto STO substrates with (001), (110) and (111)
orientations [172]. The authors observed that the interfacial energies play a critical
role in the morphology and nucleation of the Ni-exsolved nanoparticles, showing (001)
and (111) oriented samples larger particle size and lower particle density when
compared to (110)-facet.

In another study, the influence of the in-plain strain on the exsolution of Ni-
nanoparticles in Lao2Sro.7TiooNio1O3-5 was explored by depositing the film onto
different substrates: (LaAlO3)o.3(Sr2TaAlOs)o7 (LSAT) (001), STO (001), DyScOs
(DSO) (001) and GdScOs (GSO) (110), with a lattice misfit strain (f) for the pristine
films of -1.5, -0.5, +0.4, and +1.2%, respectively [173] (Figure 1.18). The results
revealed that the compressive strained films (negative f values) generated a
considerably larger number of exsolved Ni nanoparticles when compared to the
tensile strained films (positive f values), obtaining an average Ni-nanoparticle size as
low as 5 nm for the films deposited onto LSAT substrate.
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Figure 1.18. (a,b) SEM image of Lao2Sro.7TioeNio.1O3-5 deposited by PLD onto LSAT and GSO
(001) and reduced at 550 °C for 80 h in pure H,. (c) HAADF-STEM image and (d) EDS
mapping of the reduced film on LSAT. (e,[f) Bright-field STEM images at different
magnifications of a Ni exsolved nanoparticle. Reprinted with permission, Springer Nature
[173].

However, the exsolution of metal nanoparticles has only been studied in
epitaxial films of single compounds. Since VANs have rendered excellent results for
multiple energy applications, the study of the Ni exsolution process for the first time in
films with columnar microstructure is very promising and challenging.
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Objectives

Objectives

The main aim of this PhD Thesis is the preparation and characterization of
novel nanocomposite layers with different electrode architectures for their
implementation in symmetrical SOFCs. In order to achieve this goal, spray-pyrolysis
deposition is proposed as a low-cost, versatile and scalable method to obtain
electrode layers with different morphologies directly onto the electrolyte surface at low
temperatures. In addition, pulsed laser deposition is also employed to obtain Vertically
Aligned Nanostructured (VANSs) layers. The most relevant specific objectives are
summarized below:

e Preparation of novel nanocomposite layers with different microstructural
architectures by using the spray-pyrolysis deposition method.

e Preparation of VANs and epitaxial films by pulsed laser deposition for potential
application as active layers in both oxidizing and reducing atmospheres.
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Study the structure, microstructure and thermal stability of the nanocomposite
layers in both oxidizing and reducing conditions for their potential application in
Symmetrical Solid Oxide Fuel Cells.

Evaluate the relationship between the structure, microstructure and composition
of the nanocomposite layers and their electrochemical properties.

Compare the properties and efficiency of the nanocomposite layers with those
obtained by traditional screen-printing deposition.

Test the performance and long-term stability of the nanocomposite layers in real
SOFC conditions.
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Experimental methods

Experimental methods

This chapter describes the synthesis and preparation of the materials in form
of powders and layers, as well as the experimental techniques employed for their
characterization.

3.1.  Freeze-drying precursor method

The polycrystalline powders were prepared by the freeze-drying precursor
method (FD). This synthesis method has been widely employed in materials science
to obtain ultrafine powders [1]. In SOFC field, this is typically used to synthesize both
electrolyte and electrode materials from a homogeneous aqueous solution, which is
dehydrated by vacuum sublimation in a freeze-dryer. Figure 3.1 shows a P-T diagram
of an aqueous solution.
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This method usually leads to nanostructured materials with reduced particle

size at lower sintering temperatures and shorter times when compared to the
traditional solid-state reaction method. The resulting polycrystalline powders show
improved properties due to the lower particle size and larger surface area.

a2

Critical point
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Figure 3.1. P-T diagram showing the freeze-drying process of an aqueous solution.

(i)

The freeze-drying process can be divided into different steps (Figure 3.2):

Firstly, a diluted aqueous solution was prepared from the different metal salts in
stoichiometric amounts with a total cation concentration of 0.1 mol L. The salts
employed in this work were mostly nitrates because of their high solubility in
water. These were previously studied by thermogravimetric analysis to
determine the correct water content. Additionally, ethylenediaminetetraacetic
acid (EDTA) was added as complexing agent in a 1:1 ligand:metal molar ratio
to avoid the cation precipitation during the preparation process. The pH of all
solutions was fixed between 6 and 8, obtaining transparent solutions (Figure
3.2a).

Once the precursor solution is obtained, it is dropwise added into liquid nitrogen
in a big beaker under constant stirring to avoid drop coarsening (Figure 3.2b).
The fast frozen ensures the cation homogeneity of the starting solution during
the cooling process.
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(i)  The frozen drops were transferred to a round flask, connected to the Freeze-
drier (Scanvac Coolsafe) and dehydrated by vacuum sublimation for 2 days
(Figure 3.2c,d). The temperature and pressure of the condenser were -110 °C
and 0.05 mbar, respectively.

(iv)  The dried precursors were immediately heated at 300 °C for 1 h in a furnace to
prevent rehydration. During this process, the organic matter was partially
decomposed, considerably increasing the volume of the precursor powders
(Figure 3.2e). Finally, the precursor is calcined at ~800 °C to achieve
crystallization and completely remove carbonaceous species (Figure 3.2f).

(@) Homogenous solution (b) Freezing process (liquidN,) ~ (€)  Freeze-drying

€) Precursor calcined (300°C) () Precursorat800°C

Figure 3.2. Different steps employed to obtain precursor powders by the freeze-drying
method.

3.2.  Preparation of electrolyte pellets

Commercial powders of Zrog4Y0.1601.92 (YSZ, Tosoh), Ceo.9Gdo.101.95 (CGO,
Rhodia) and Lao.9Sro.1GaosMgo.202.85 (LSGM, Kceracell) were used for the electrolyte
preparation. The powders were pressed uniaxially into pellets of 10 and 1 mm of
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diameter and thickness, respectively, and then sintered at 1400 °C for 4 h to achieve
relative densities above 95 %.

For the preparation of infiltrated electrodes into a porous backbone, porous
CGO layers were previously deposited onto dense YSZ pellets by screen-printing a
slurry of 50 wt.% CGO powders and Decoflux™ binder (Zschimmer and Schwarz).
The porous CGO backbone was sintered at 1100 °C for 1 h to ensure sufficient
adhesion with the electrolyte.

3.3.  Spray-pyrolysis deposition

Spray-pyrolysis is a versatile technique to prepare layers with different
compositions, such as metal oxides and composite materials, with a wide variety of
morphologies on different substrates [2]. In comparison to other deposition
techniques, such as spin-coating, pulsed laser deposition (PLD) or magnetron-
sputtering, spray-pyrolysis has demonstrated to be an efficient and economical
approach, showing several advantages: (i) automatable, scalable over large areas
and highly reproducible; (i) simple preparation of layers in just one deposition step,
lowering fabrication costs and time and (i) high vacuum is not necessary to achieve
high-quality films [2-5].

The spray-pyrolysis process is relatively simple. Firstly, a precursor solution
was prepared and then sprayed onto a heated substrate (Figure 3.3). The substrate
was placed on an aluminium block, which has inside four thermal resistances to
homogeneously heat the substrates. The temperature was measured with a K-type
thermocouple and controlled by a Eurotherm 3208 PID. The flow rate of the precursor
solution (20 mL h-') was controlled by a syringe pump (Micrux NE-300). In order to
achieve high reproducibility and homogeneity over large areas, the aluminium block
was continuously moved under the spray nozzle by an electric motor.

The precursor solution was atomized by Venturi effect in a spray nozzle using
compressed air. The resulting fine drops impacted on the heated substrate surface,
evaporating the solvent and thermally decomposing the precursors, obtaining a layer.
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Air Precursor solution
1l A
ﬂ%] Atomizer B
Temperature
Substrates controller

Electric motor

Figure 3.3. lllustration of the spray-pyrolysis system employed to obtain thin fims on a
substrate.

In general, the morphology and thickness of the layer can be easily tailored
by controlling the deposition conditions, such as the precursor solution (salts
employed, concentration, complexing agents or solvents), the nature of the
atomization process (ultrasonic, pneumatic or electrostatic), the substrate (chemical
composition, deposition temperature, nebulizer-substrate distance). The most
relevant parameters to control the film morphology are summarized in the next
paragraphs:

e  Precursor solution composition. The composition of the precursor solution is
one of the most important parameters to optimize the layer morphology, i.e.
metal salts, solvent, cation concentration, additives, solution viscosity and
surface tension because they will affect the size of the atomized droplets:

—  Metal salt: Although any metal salt can be potentially employed for preparing a
precursor solution, the solubility and decomposition temperature are two very
important factors that will determine the morphology of the film [6]. Inorganic
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metal salts like nitrates, chlorides, carbonates, oxalates and acetates can be
used. However, the decomposition temperature of the nitrate salts is usually
lower, avoiding the presence of undesired residues such as Cl from chloride
salts.

—  Complexing agents: In order to avoid the cation precipitation in the precursor
solution and favour the phase formation, complexing agents like
ethylenediaminetetraacetic acid (EDTA) or citric acid have been successfully
employed in our research group for the synthesis of the different electrode
layers. In addition, they have demonstrated to play a key role in the phase
formation of different air electrodes, such as SrFeogTio2035 or PrBaC020s:5
[7,8].

—  Solvent: The choice of the right solvent is very important due to each one has a
particular viscosity, vapour pressure, surface tension and solubility properties
for the salts. All these will affect the droplet formation and then, to the
morphology and quality of the film. Water is widely used because most metal
salts are highly soluble in this solvent. Furthermore, it is safe and minimizes
costs. However, organic solvents like ethanol, glycerol or acetic acid are also
used. In this study, only water was used as a solvent.

e  Deposition temperature. The deposition temperature significantly affects the
evaporation of the atomized droplets and the decomposition of the precursors.
Hence, the deposition temperature is one of the most important parameters to
optimize the layer morphology. In particular, thin and dense layers are obtained
at high temperature, due to the complete decomposition of the precursors. On
the other hand, porous and thick layers are obtained at low temperatures
because of the remaining solvent and carbonaceous species in the as-
deposited layer, which induce porosity after calcination at higher temperatures
(Figure 3.4a,b).

e  Atomization process. The precursor droplet size and velocity depend on the

atomizer. Ultrasonic, pneumatic and electrostatic nebulizers are the most used
in spray-pyrolysis deposition. In this PhD thesis, we have employed a pneumatic
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atomizer, which has several advantages like higher atomization rate and droplet
velocity, as well as easier scalability. In a pneumatic atomizer, the precursor
solution is atomized by a high-speed air flow, generating the droplets by the
Venturi effect (Figure 3.4c). It has to be noted that it is critical to obtain a uniform
droplet size distribution and an optimal nozzle-substrate distance to achieve
high-quality films.

Air flow

Precursor
solution

T (c)
[

(a) (b) Electrode
Electrode

tT

/ Droplets

Figure 3.4. Schematic representation of (a) dense and thin film obtained at high deposition
temperature, (b) thick and porous film obtained at low temperature and (c) pneumatic
atomizer.

In this PhD thesis, a homemade spray-pyrolysis equipment was employed to
obtain nanostructured electrodes and active layers with different morphologies and
compositions on different electrolyte materials. For the spray-pyrolysis deposition, an
aqueous precursor solution containing stoichiometric amounts of the metal nitrates
was prepared with a final cation concentration of 0.02 mol L-'. Additionally, EDTA was
added as a chelating agent in different ligand:metal molar ratios, between 0.25:1 and
1:1, depending on the electrode composition. Table 3.1 shows the metal salts
employed for the preparation of the precursor solutions in Chapters 4-7.

The deposition temperature to obtain homogeneous films with good adhesion
to the electrolyte was optimized for the different electrode compositions (250-450 °C).
The nozzle-substrate distance, solution flow rate and air pressure were fixed to 25
cm, 20 mL h-'and 2 bars, respectively. The deposition time for the electrode films and
thin active layers was 60 and 30 minutes, respectively. After the deposition, the
electrodes were slowly calcined in air at 800 °C for 1 h to achieve crystallization (2 °C
min-).
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Table 3.1. Reagents (supplied by Merck) and EDTA:Metal molar ratio used for the preparation
of the different layers by spray-pyrolysis. Purity is indicated in parentheses.

Chapter 4 Chapter 5 Chapter 6 Chapter 7
La(NO3)s:6H20(99.99%) [Sr(NO3)2(99%) La(NO3)3:6H20(99.99%) |La(NOs)s-6H20(99.99%)
Cr(NO3)s'9H20(100%)  [Pr(NOs)s'6H20(99.9%) [Sr(NO3)2(99%) Sr(NO3)2(99%)
Sr(NOs)2 (99%) TI[OCH(CHs)2J4(97%)  [Fe(NO3)2:9H20(99.99%) [Mn(NO3)2:6H20(98%)
Ca(NO3)2'4H20(99%)  [Ce(NO3)s-6H20(99.99%)Ti{OCH(CH3)214(97%)  [Pr(NOs)s-6H20(99.9%)
Mn(NO3)26H20(98%)  (Gd(NO3)3:6H20(99.9%) INi(NO3)2'6H20(97%)  (Ce(NOs)s'6H20(99.99%)
Fe(NOs)2-9H20(99.99%) Ce(NO3)s'6H20(99.99%) (Gd(NOs)s-6H20(99.9%)
Ti[OCH(CHa)2]4(97%) Gd(NO3)3-6H20(99.9%)  [Bi(NO3)s'6H20 (99.99%)
Cu(NO3)2:3H20(100%) Y(NOs)3-6H20(99.8%)
Ce(NOs)3-6H20(99.99%)

Gd(NO3)s'6H20(99.9%)

EDTA:Metal (0.25:1)  [EDTA:Metal (1:1) EDTA:Metal (0.25:1)  [EDTA:Metal (0.25:1)

3.4. Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) is a physical technique that ablates a target
material with a high-energy pulsed laser in a vacuum chamber. Each pulse of the laser
vaporizes and ionizes a part of the target surface, generating a plasma plume
composed of ions, atoms and electrons, which condense on the substrate growing a
thin film (Figure 3.5).

The most important components of a PLD equipment are the optical system,
the excimer laser, the vacuum chamber, the target/substrate holders and the heating
system [9-11]. Different parameters, such as pulse repetition frequency, pressure in
the chamber and gas employed (i.e. Oz, N2 or Ar), deposition temperature or target-
substrate distance are crucial to achieve good quality films with high crystallinity and
homogeneity.
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Figure 3.5. (a) Schematic representation of a PLD system and (b) PLD equipment at the
Technical University of Denmark (DTU).

The main advantages of PLD to deposit thin films are: (i) high quality and
homogenous films with thicknesses ranging from 5 to 200 nm, (i) the possibility to
obtain films with a complex cation stoichiometry and (iii) the growth rate can be tailored
because of the pulsed nature of the film deposition. However, the slow deposition rate,
the reduced deposition area and the optimization of the parameters to obtain high-
quality films are some of its main drawbacks. Interestingly, thin films with different
microstructural architectures can be obtained; for instance, single compounds,
multilayer materials (composed of two or more alternating layers) or Vertically Aligned
Nanostructures (VAN) of two different materials with a columnar microstructure [9].

In this PhD thesis, the PLD technique was employed to deposit VANs of
(Lao.sSro.2)o.95Fe0.8Tin2035-CGO, and (Sro.7Pro3)o.95Tio.oNio1035-CGO on different
(001) single crystals of SrTiO3 (STO), YSZ and (LaAlO3)o3(Sr2TaAlOs)o7 (LSAT). The
properties of the VANs were compared to those obtained for the single films.

The targets for the PLD deposition were prepared by solid-state reaction from
the corresponding oxides or carbonates, La203, SrCO3, Fe203, TiO2, PrsO11 and NiO
(Merck, purity >99.5%), previously heated at 1000 °C for 1 h. All the powders were
mixed in stoichiometric amounts in an agate mortar for 15 min and then calcined at
1200 °C for 1 h. After that, the powders were grounded in a planetary ball mill
(Pulverisette 7) in absolute ethanol media. The dry powders were uniaxially pressed
into disks of 25 cm of diameter and sintered at 1400 and 1500 °C for 1 h for LSFTo2

101



Chapter 3

and SPTNO, respectively, with a heating and cooling rate of 5 °C min-'. A similar
procedure was followed for LSFT2-CGO and SPTNO-CGO targets (50 wt.%), where
the commercial CGO powders were mixed with the LSFTo2 and SPTNO powders
(previously calcined at 1200 °C). Finally, the powders were pressed into disks of 25
cm of diameter and sintered at 1300 and 1400 °C for 1 h for LSFTo2-CGO and
SPTNO-CGO, respectively. In all cases, the relative density was higher than 97%.

The equipment employed for the deposition was a Surface PLD with a KrF
laser (Coherent Lambda Physic GmbH) with a target-substrate distance of 18 mm and
a vacuum pressure of 6.67-10-3 mbar in Oz at 650 °C and repetition rate of 10 Hz for
20 min. This research was carried out during two research stays for a total of 7 months
at DTU Energy Conversion and Storage at the Technical University of Denmark
(DTU), under the supervision of Profs. Nini Pryds and Vincenzo Esposito.

3.5. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive analytical technique to study the
crystallographic structure of materials. XRD is based on exposing a crystal to an
incident X-ray beam, which has a wavelength similar to the interatomic distance in an
ordered crystal structure, producing a scattering by the electrons of the atoms (Figure
3.6a).

(@)

Incident beam Scattered beam
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% 2dsin@ =ni
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Figure 3.6. Representation of (a) the interaction of the X-Féy incident beam with the sample
in a 6-28 XRD measurement, (b,c) rocking curve and (d) reciprocal space map.

Because of the structural periodicity, the interaction between the material and
the beam light creates constructive interferences at certain scattering angles,
according to the Bragg's law (Eq. 3.1):
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2dpy Sin 6=nA (Eq. 3.1)

where dh is the interplanar distance, (h,k,/) are the Miller indexes, 6 is the incident
angle of X-ray beam, n is a positive integer number and A is the wavelength of the
incident radiation. A complete XRD pattern is obtained by varying the incident angle
of the X-ray beam.

In this PhD thesis, XRD with a Bragg-Brentano geometry was employed to
determine the crystal structure, lattice parameters, phase identification and
quantitative analysis using the Rietveld method. These measurements were
performed using a PANalytical X’'Pert PRO equipped with a Ge(111) monochromator
using CuKys monochromatic radiation or a PANalytical Empyrean with CuKg ,
radiation between 26=10-100° with a step of 0.01°, both located at the “Servicios
Centrales de Apoyo a la Investigacion (SCAI)” at the University of Malaga. The
crystallise size of the samples was estimated by the Scherrer's equation from the
broadening of the peaks in the XRD pattern (Eq. 3.2).

_0.94A
where [ is the full width at the half maximum of the peak corrected with the instrument
broadening by using a standard LaBs material.

Additionally, rocking curve, reciprocal space mapping and phi-scan analysis
were performed for the characterization of epitaxial films deposited by PLD. These
studies were carried out in a Rigaku Smartlab at DTU. The phase identification was
carried out using the X’Pert High Score software.

- Rocking Curve analysis (RC)

This technique was used to study the thickness, strain and lattice mismatch
on thin layers obtained by PLD. The rocking curve of a specific crystal reflection
provides valuable information about the quality of the crystalline lattice. In these
measurements, the sample angle (w) is scanned with the detector angle (26) fixed,
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when the Bragg angle is previously obtained [12]. The resulting plot of w vs intensity
is known as a rocking curve (Figure 3.6b,c).

- Reciprocal Space Mapping (RSM)

Reciprocal Space Mapping (RSM) can be employed to determine the
structural properties of epitaxial films such as layer tilting, lattice relaxation or crystal
quality. This is an extension of the rocking curve technique to study the strain or
mismatch in a thin film [13-15]. These measurements are obtained by collecting
series of w-26 scans at different omega offsets (Figure 3.6d).

3.5.1. Rietveld method

The Rietveld method is used to analyse the X-ray diffraction patterns by fitting
different parameters, such as background, scale factor, cell parameter and atomic
positions, among others. Previous to the refinement, the crystal structure of the
sample has to be identified to further obtain the calculated patterns [16-18]. The
Rietveld refinements were carried out using the GSAS program, which takes into
account not only the Bragg peaks but also the entire angular region, including the
background, the peak width and intensity. The refinement of the X-ray diffraction
pattern is based on minimizing a function Sy by the method of least squares (Ec. 3.3):

Sy= X Wi(Y)-Yeao) (Ec. 3.3)

where W is a weighting factor, Y; is the experimental intensity and Ycac is the
calculated intensity at the ith step. The quality of the fit can be determined by different
parameters such as the residual Rr and the weighted residual Rup, disagreement
factors that should be lower than 10% to confirm the good fitting of the experimental
X-ray diffraction data. The starting structural models for the Rietveld analysis were
obtained from the Inorganic Crystal Structure Database (ICSD).
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3.6.  X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is used to characterize the chemical
composition and oxidation states of the elements presented on the material surface.
X-ray radiation is used to induce the photoexcitation of the electrons from the different
atoms of the sample (Figure 3.7a). The released electrons have a characteristic
kinetic energy that is proportional to the binding energy of the electron of a certain
atom (Eq 3.4). After detecting the kinetic energy of the electrons, the binding energy
can be calculated just by knowing the wavelength of the incident photoelectrons [19-
21].

KE=E-(BE + ¢) (Eq 3.4)

where KE is the measured kinetic energy of the photoelectron; E, is the initial energy
of the incident photoelectron; BE, is the binding energy of the electron and @, is the
energy lost, which depends on the instrument.

a
( ) Efermi
X-ray
photon
Binding
energy

Core level

Figure 3.7. (a) Representation of the XPS process and (b) XPS instrument used in this work.

The samples were characterized in a Physical Electronics PHI-
VERSAPROBE Il using a monochromatic AlKq source (1486.6 eV, 15 kV) (Figure
3.7b). The studied area was fixed to 200 um and the vacuum in the chamber was
maintained below 2.0-107 Pa during the spectra acquisition. Before the
measurements, the spectrometer was calibrated using the Cu 2p372, Ag 3d%2 and Au
4f72 hands with binding energies of 932.7, 368.3 and 84.0 eV, respectively.
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3.7.  Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is used to study the microstructure of
the materials. In this technique, an electron beam is focused on the sample surface,
being possible to obtain images from both backscattered electrons (BE) and
secondary electrons (SE), respectively. In the case of the backscattered electrons,
areas with higher atomic number (Z) appear “brighter”, since the probability of an
elastic interaction is higher for large atoms. On the other hand, secondary electron
detectors give better information about the surface and microstructure of the sample.
This technique was employed to study the morphology, porosity, electrode thickness
and grain size of the materials. Previous to the SEM characterization, due to the poor
conductive properties of the samples, an iridium layer of ~2 nm thickness was
deposited by sputtering.

The samples were analysed in a Dual Beam Field Emission Scanning
Electron Microscope with a Focused lon Beam (FESEM-FIB, Helios Nanolab 650) at
the University of Méalaga (Figure 3.8a). The electron beam is generated from a
tungsten single crystal at a relatively low voltage, achieving higher resolution than a
traditional SEM with a thermionic gun. Energy dispersive X-ray spectroscopy (EDS,
Oxford instruments) was employed for the chemical characterization of the materials
(Figure 3.8b,c). This technique was crucial to confirm the formation of nanocomposite
materials, the formation of reaction products at the interface between the different
layers of the cell, as well as cation interdiffusion between the cell components. It has
to be noted that for quantitative analysis, it is necessary a previous calibration with
different standards. In principle, all elements from Beryllium to Uranium can be
detected but the accuracy and sensibility of the measurement of light elements with Z
<10 is lower due to the adsorption of the heavy atoms present in the sample.

Additionally, this microscope incorporates a focused ion beam (FIB) of Ga3*
to prepare ultrathin lamellas of the thin films prepared by PLD, which were further
analysed by Transmission Electron Microscopy (TEM).
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Figure 3.8. (a) FESEM-FIB Helios Nanolab 650 and (b,c) EDS mapping showing the cation
distribution.

3.8.  Transmission electron microscopy (TEM)

This technique consists in the transmission of a highly focused electron beam
through an ultrathin sample at an ultra-high vacuum. The interaction between the
electrons and the sample generates an image, which can be focused and monitored
by a CCD camera. TEM is widely used to analyse the microstructure at the nanoscale,
the lattice defects, grain size or deeply study the crystalline structure. There are
different working modes when operating in a transmission electron microscope.

One of the most employed modes is bright field imaging, in which the image
is produced by the non-diffracted electron beam that passes through a very thin film
(Figure 3.9a,b). The thicker particles appear darker than the thin areas, also giving
information about the sample thickness. This mode is very useful to identify crystal
lattice defects or atomic ordering. In the diffraction mode, the Selected Area Electron
Diffraction (SAED) patterns are obtained from the diffracted electrons of the sample,
where polycrystalline areas produce a ring pattern (Figure 3.9¢c) meanwhile a single
crystal generates a spot pattern (Figure 3.9d). The HRTEM images were analysed
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with the Digital Micrograph software from Gatan to determine the interplanar distances
and the fast Fourier transform (FFT) of the crystalline domains.

’? i
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Figure 3.9. (a) Bright field and (b) HRTEM image; (c) ring and (d) SAED pattern obtained by
electron diffraction; () HAADF-STEM image and (f) EDS analysis.

A Talos F200X was employed for the TEM characterization. This TEM can
operate in both bright and dark field modes and also scanning transmission electron
microscopy (STEM). STEM scans a very focused electron beam over the sample in a
raster pattern. High Angle Annular Dark Field (HAADF)-STEM images provides
information about the morphology of the sample, which can be combined with EDS
analysis to obtain information about the chemical composition of the sample (Figure
3.9¢,f) [22,23].

3.9.  Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) was employed for studying the surface
topography of the samples prepared by PLD with an extremely sharp tip attached to
a small cantilever [24,25]. The two main operating modes are the contact and tapping
modes. When the tip contacts the sample surface, the cantilever bends, process that
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is controlled by a laser and a photodetector generating an image (Figure 3.10a),
obtaining information about the sample morphology.

F ________ Photodiode

Laser beam

Tip

Figure 3.10. (a) lllustration of the AFM technique and (b) image of the Bruker AFM.

In tapping mode, the cantilever vibrates near its resonance frequency, moving
the tip up and down close to the sample surface. The resonance frequency of the
probe is affected by the irregularities of the sample surface, but a piezoelectric system
is employed to maintain the same tip-surface distance. This fact causes a variation of
the cantilever height depending on the sample morphology, information that is
collected by the photodetector to generate the image.

A Bruker Icon Dimension AFM working in tapping mode with a silicon nitride
tip and a typical XYZ scan range of 10 x 10 x 10 um? was employed to characterize
the samples prepared by PLD (Figure 3.10b).

3.10. Electrical measurements
3.10.1. Electrochemical impedance spectroscopy (EIS)

The electrochemical properties of the different electrodes for SOFC
applications were studied by Electrochemical Impedance Spectroscopy (EIS). This
technique has been used to determine the electrolyte resistance, including bulk and
grain boundary contributions; the polarization resistance of the electrodes in two and
three-electrode configuration at open circuit voltage and different dc-bias, respectively
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[26-28]. The different electrochemical processes that take place in a single fuel cell
were also determined by EIS, such as ohmic resistance, cathode and anode
contributions (i.e. charge transfer, diffusion limitations, etc.)

EIS is based on applying a sinusoidal voltage with a variable frequency (w) to
a sample and measuring the transient current generated [29]. The applied voltage can
be described as follows (Eq. 3.5):

E(t) = Eo-sen(wt) (Eq. 3.5)

where E(t) is a voltage as a function of time, E, is the dc voltage amplitude and w is
the angular frequency.

The current generated in the electrochemical system can be described as
(Eq. 3.6):

I(t) = lo,-sen(wt+¢) (Eq. 3.6)

where I(t) is the current as a function of time and ¢ is the phase shift between the
voltage and the current. Similarly to the Ohm’s law, the impedance can be described
as (Eq. 3.7):

Z(t)= ) = S SN WD) ) o jgs (Eq. 3.7)

Hence, the impedance can be also written as a function of real and imaginary
components (Eq. 3.8):

Z(w)=|Z|(cos ¢ +jsen ¢)=Z (w)+Z"(w) (Eq. 3.8)

The plot of the imaginary component (Z") and the real component (Z') is
known as impedance spectra or Nyquist plots. In polycrystalline materials, the
conductive species have to go through both the bulk and the grain boundary region.
The resistance of the conduction at the grain boundaries is different and thus the
capacity associated with this process is also different. For this reason, two arcs are
observed in an ionic-conductor ceramic electrolyte (Figure 3.11).
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Additional resistance contributions are observed at low frequencies, which are
related to electrode processes, such as charge transfer and diffusion or interfacial
processes at the electrode surface. The resistance of each process can be obtained
from the diameter of each arc. The capacity of each process can be determined from
the relaxation frequency (the frequency at the maximum of each contribution) with the
following equation (Eq. 3.9):
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Figure 3.11. (a) Impedance spectra and (b) schematic representation of a ceramic material
showing the bulk, grain boundary and electrode contributions to the total resistance.

3.10.2. Equivalent circuit analysis

EIS spectra of a solid oxide cell typically show different contributions
attributed to the electrolyte resistance, i.e. bulk and grain boundary conduction in the
electrolyte and different electrode processes, such as oxygen/hydrogen
adsorption/dissociation and oxygen/hydrogen atom reduction/oxidation on the
electrode surface, gas diffusion or charge transfer at the electrolyte/electrode
interface, etc. All these processes have different resistance and capacitance values
(Table 3.2). Each contribution in the impedance spectra can be ideally simulated by
an equivalent circuit formed by a resistance in parallel with a capacitor, which is a
semicircle with centre in the real Z" axis. In order to fit all the contributions of a cell, a
linear combination of several RC elements can be used.
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Table 3.2. Typical capacity values for different processes in a ceramic fuel cell [27].

Process Capacitance (F cm™)
Bulk 10-12

Secondary phases 101

Grain Boundary 108-10-1
Electrode/material interface 105107
Electrochemical reaction 10+

Sometimes, these processes cannot be simulated by using ideal (RC)
elements because depressed arcs are observed with the centre below the Z" axis.
This phenomenon can be explained by the fact that the relaxation frequency has not
a single value but a discrete distribution due to the presence of inhomogeneities in the
materials. In this case, the ideal capacitance (C) is substituted by a constant phase
element with a capacitance value (Eq. 3.10):

Zope= ﬁ (Eq. 3.10)
where Q is a pseudo-capacitance and n ranges between 0 < n < 1 [30]. In the
particular case of n=1, the impedance is equal to an ideal condenser [27,31,32]. In
order to fit the impedance spectra, several serial (RQ) elements were employed to
simulate the electrode contributions to the overall electrode polarization. In addition,
an inductance L and a series resistance Rs are also included to take into account the
inductive effects of the electrical connections of the cell and the ohmic contribution of
the electrolyte, respectively (inset Figure 3.11a). For each electrode contribution, the
resistance Rj, the pseudocapacitance Q; and the exponential parameter n; were
obtained. These parameters are related to the real capacitance C; by the following
relation (Eq. 3.11):

(RiQu)tim;
R

C= (Eq. 3.11)

The EIS measurements were performed in a Solartron 1260 FRA (frequency
response analyzer) with an ac amplitude of 50 mV at high temperatures and 100 mV
at low temperatures (T < 350 °C), in a frequency range from 106 to 102 Hz. The
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measurements were taken at different temperatures between 800-200 °C on cooling
with a stabilization time of 30 minutes between consecutive measurements under
different atmospheres (Air, 5% Ha-Ar and Hz) in a homemade electrochemical cell
(Figure 3.12). The impedance spectra were analysed and adjusted with Zview and
Zplot software. For the electrochemical measurements, CDT temperature controller
software with Eurotherm 808 was employed.

Figure 3.12. (a) Image of the electrochemical cell (b) Pt wires and thermocouple and (c) the
cell connections.

3.10.3. Distribution of relaxation times (DRT)

In some cases, the different contributions in the impedance spectra appear
overlapped and they cannot be differentiated by equivalent circuit fitting. In this case,
distribution of relaxation times (DRT) is an alternative approach to deconvolute EIS
spectra [33]. The interpretation of EIS data by equivalent circuit models is sometimes
challenging and less accurate because it is necessary to have a hypothesis about
how many processes compose the spectra. This step is crucial to correctly identify the
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number of electrochemical processes, avoiding misattributions and over-fitted data
[33-35].

One of the main advantages of the DRT method is that a model or previous
knowledge about the electrochemical system is not required (Figure 3.13). In order to
elucidate the specific electrochemical processes, the impedance spectra can be
modelled as:

. (I
Zorr(=2imL#R +Ry [~ 109 gjog ¢ (Eq. 3.11)
where L,, R, fand y(logt) are attributed to the inductance of the equipment, ohmic
resistance of the electrolyte, frequency and DRT, respectively. The y(logt), DRT,
determines the time scale distribution. The time constant, T, can be also expressed

as (Eq. 3.12), where w is the angular frequency:
1 _1
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Figure 3.13. (a) Impedance spectra with an unknown number of processes and (b) DRT
spectra clearly showing the different electrode contributions.
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In this PhD thesis, the inversion of the impedance data to DRT was carried
out by the DRTtools software developed by Ciucci et col. [36], which is based on
employing the Tikhonov regularization [37]. This software leads to a plot with different
peaks related to relaxation processes of each contribution. Additionally, the area
under the peak is proportional to the resistance of each contribution. Thus, the
resistance of the different processes of an impedance spectrum can be determined
from the deconvolution of the DRT data.

3.10.4. Variation of the polarization resistance under a dc bias

Typically, the electrode polarization resistance (Rp) is studied under Open
Circuit Voltage (OCV) in a symmetrical cell configuration (2-probe method). However,
the electrode response under OCV cannot be directly extrapolated to a real SOFC
due to the electrode overpotential during the fuel cell operation, drastically affecting
the electrochemical performance [38].

In order to study the performance of the cell at different overpotentials, the
impedance spectra were collected at different external dc-current using a three-probe
configuration (Figure 3.14) [38,39]. A circular working (WE) and counter electrodes
(CE) were deposited symmetrically onto dense electrolyte pellets of 20 mm of
diameter. A Pt-ring surrounding the working electrode was employed as a reference
electrode (RE) for the 3-probe configuration. The electrodes were tested by EIS at
different temperatures under both cathodic and anodic polarization between 0 and +
0.4 V using a Zahner XC potentiostat/galvanostat/FRA.

(a) RE

Pt WE (3-probe set up)
d>3L

L
Electrolyte

v\CE

Figure 3.14. (a) lllustration of the 3-probe electrode configuration employed in this PhD thesis
and (b) homemade electrochemical cell.
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3.10.5. Impedance spectra at different oxygen partial pressure (pO2)

The electrode processes involved in the oxygen reduction reaction (ORR) are
not only dependent on the temperature but also depend on the oxygen partial
pressure (pO2). The relationship between the resistance of the rate-limiting steps of
the electrode polarization and the oxygen partial pressure can be described as follows
(Eq 3.13):

R=R"(p0,)™ (Eq. 3.13)

where R? is a constant and the exponent m provides information about the species
involved in the ORR. The main electrochemical processes involved in the ORR are
identified from the reaction order m. In particular, the process with negligible pO>
dependence (m = 0) is associated with oxide-ion transport at the electrode/electrolyte
interface. The oxygen dissociation and diffusion processes show a stronger
dependence on the oxygen partial pressure with m= 1/2 and 1, respectively. Similar
elemental rate-limiting steps can be obtained for the hydrogen oxidation reaction
(HOR). Further information about the rate-limiting steps and the reactions involved in
both ORR and HOR are summarized in Figure 3.15 and Tables 3.3 and 3.4.

Figure 3.15. lllustration of the different (a) ORR and (b) HOR sub-reactions.
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Table 3.3. Rate-limiting steps and the corresponding reaction orders m for the oxygen
reduction reaction.

Reaction Description m Ref.
o .

Oxo, electrode 9 Oxo, electrolyte ,ﬁ,)] e I;Zg;foci;?: on from the P8 to O [40;41]

Oait & 2 Oy One electron reduction 3/8 [42]

Oute 2 0w One electron reduction 1/8 [42]

Oa 26+ V', 2 0% Charge transfer 1/4

02,24 2 2044 Oxygen dissociation 12 [43,44]

02,gas 2 02, ad Oxygen adsorption 1

Table 3.4. Rate-limiting steps and the corresponding reaction orders m for the hydrogen
oxidation reaction.

Reaction Description m Ref.
o .

Oxo, electrolyte > Oxo, electrode 8 trl]f;C]C_)}l;’pBO ration from eleCtrOIyte 0 [40,41]

H2020* € > HoOgas Desorption of the water molecules | 0 [45]

2Haq + 0%, > V', + HoOqq +2¢” | Formation of water molecules 1/4 [45,46]

H2,ad = 2H, a¢ Hydrogen dissociation 112 [47]

H2, gas = H2, 20 Hydrogen adsorption 1 [45]

EIS measurements as a function of the pO2 were collected by using an
electrochemical cell equipped with an oxygen pump and a YSZ sensor (Figure 3.15c).
The pO2 was changed by varying the applied potential to the oxygen pump to
remove/incorporate O into the gas tight cell. The pO, was continuously monitored
with a YSZ sensor.

3.10.6. Total conductivity by Van der Pauw method

The electrical conductivity of mixed ionic-electronic conductors cannot be
determined by impedance spectroscopy in a two-probe configuration due to their low
resistance. In this study, the four-probe Van der Pauw method was employed to
determine the electrical conductivity of dense pellets and thin film materials [48,49].
The main requirements to obtain accurate results are that the film has to be
homogeneous in both composition and thickness and the electrical contacts must be
very small compared to the sample size (ideally, point contacts are desirable). One of
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the most important advantages of the Van der Pauw method is the use of samples
with different shapes (Figure 3.16).

(a) Rag,co™ Vaglleo (b)

L

Figure 3.16. (a) Representation of the Van der Pauw method, (b) thin layer deposited by PLD
on a single crystal and (c) dense pellet both with the 4-probe connections for the electrical
measurement.

Four-point contacts of Pt-ink were symmetrically painted at the edge of the
samples (Figure 3.16a). A dc current was applied between C and D (Icp) and the
voltage between A and B was measured (Vag). The resistance (R) is then determined
from the equation (Eq. 3.14):

R= 48 (Eq. 3.14)
cD

If the 4-contacts are symmetrically distributed (L1=L2) in the sample,
Ras,co=Rac,gp and the conductivity is determined from (Eq. 3.15):

Oge= —2 (Eq. 3.15)

TdRAB CD

The Van der Pauw method was used to obtain the conductivity of the thin
films deposited by PLD (Figure 3.16b) and different polycrystalline dense pellets
(Figure 3.16¢). In addition, the Van der Pauw method was employed to study the
conductivity as a function of the pOz in a tight gas cell (Figure 3.17).
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Steel springs

Gas inletand outlet

Aluminatube  YSZsensor  Fymace

Figure 3.17. (a) Scheme of the equipment employed for the conductivity measurements as a
function of the pO, by the Van der Pauw method, (b) furnace with the gas-tight system and
(c) electrochemical cell.

The samples were reduced in 5% Ho-Ar until no variation in the conductivity
was observed. The electrical measurements were acquired during the reoxidation
process (24-48 h). A YSZ sensor was employed to constantly monitor the oxygen
partial pressure inside the cell. The current and voltage in the sample were measured
with a Keithley 2700 multimeter and a Yokogawa 7651 source was employed to apply
the voltage.

3.11.  Fuel cell tests

The performance of the materials with better electrochemical properties was
tested under real operation conditions in a single SOFC. Electrolyte-supported cells
with an LSGM electrolyte (300 um thickness) and a Ni-YSZ/YSZ anode-supported
cells (with 5 pym of electrolyte thickness) were investigated (Figure 3.18).
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@) Cathode (d) s
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Electrolyte |
Anode
i

Cell connections |

Thermocouple
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Figure 3.18. Representation of (a) anode-supported cell and (b) electrolyte-supported cell.
(c) Photograph and (d) representation of the electrochemical setup employed for fuel cell test.

Anode-supported cells: The Ni-YSZ cermet was prepared from an aqueous
mixture of 60 wt.% NiO by dissolving Ni(NO3)2:6H20 in distilled water and adding
40 wt.% YSZ powders. The mixture was slowly heated under continuous stirring
until dryness. The dried mixture was calcined at 800 °C for 1 h to obtain the NiO-
YSZ composites. The resulting powders were pressed into pellets of 13 mm in
diameter and 1 mm in thickness and then pre-sintered at 1200 °C for 1 h. A thin
YSZ electrolyte layer was deposited onto the pre-sintered pellets by airbrushing
and then sintered at 1400 °C for 4 h to reach high densification (Figure 3.18a).

Electrolyte-supported cells: Commercial LSGM powders (Kceracell) were pressed
into pellets of 13 mm diameter and pre-sintered at 1100 °C for 1 h. After the
calcination process, the pellets were polished with sandpaper and sintered at
1400 °C for 4 h to obtain dense pellets of 300 um thickness (Figure 3.18b).

Electrode deposition: The powders and nanostructured electrodes were deposited
by screen-printing or spray-pyrolysis through a 0.2 cm? circular shadow mask. Pt-
paste was screen-printed to act as a current collector and Pt-wires were employed
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to connect the samples to the electrochemical cell (Figure 3.18c,d). The single
cells were sealed on top of an alumina tube with a ceramic based sealant
(Ceramabond 668, Aremco). After that, the sealant was slowly dried at room
temperature for 3 h and then heated in a furnace at 180 °C for 2 h with a
heating/cooling ramp of 1 °C min-1. Finally, a glass (Thinner, Aremco) was applied
and then calcined at 600-800 °C for 2 h with a heating/cooling ramp of 1 °C min-!
to fully seal the cell.

After reaching the desired operating temperature, the fuel gases (wet 5% Ho-
Ar and Hy) were constantly fed to the anode, meanwhile static air was used in the
cathode side. After reducing the anode material for several hours and checking that
the Open Circuit Voltage (OCV) is close to the theoretical one (1.1 V for Hz), I-V curves
and EIS data were collected at different temperatures using a Zahner XC
potentiostat/galvanostat/FRA. The stability of the cells was also evaluated after long-
term operation (100-150 h) at a constant current density.
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LaCrOs-based electrodes

The electrochemical properties of LaCrOs-based electrodes have been
traditionally improved by doping in the A-site of the perovskite with alkaline-earth
cations (Ca?*, Sr2* or Ba2*) and the B-site with transition metals (Sc?*, Ti4*, Mn3*, Nb5*
or Mo®*). Among all compositions studied, Lao.75Sr0.25CrosMnos035 (LSCM) has
rendered the most promising results as a symmetrical electrode [1,2]. In this chapter,
A-site and B-site doping strategies in LaCrO3 pristine material were investigated to
obtain single-phase electrode layers at low sintering temperatures. Additionally,
different  microstructural approaches ie. nanostructured, infiltration and
nanocomposites were prepared by spray-pyrolysis deposition and tested to improve
the performance in both oxidizing and reducing conditions.
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41.  A-site doping, (Lao.sAo.2)0.98CrOs.5 (A=Ca and Sr), and phase formation

Firstly, an A-site doping strategy with alkaline-earth cations was tested by
depositing (Lao.sAo.2)0.98CrO3.5 (A= Ca and Sr) electrodes by spray-pyrolysis onto YSZ
substrates at 300 °C for 1 h and then calcined at different temperatures between 650-
1200 °C. It is worth mentioning that the electrodes were prepared with A-site
deficiency to minimize the possible segregation of alkaline-earth based compounds
on the electrode surface. Further information about this work can be found in the
articles A1 and A2.

Figure 4.1a shows XRD patterns of (LaosSro2)o.08CrOs.s layers at different
sintering temperatures. A monoclinic monazite-type structure (s.g. P21/n) with LaCrO4
composition was identified as the main crystalline phase after calcination at 650 °C.
Above 800 °C, Cr%* in LaCrO4 is reduced to lower oxidation states, inducing a phase
transformation to a perovskite-type structure.

o
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Figure 4.1. (a) XRD patterns of (LaosSro.2)o.9sCrOs.5 electrodes deposited onto YSZ pellets
and calcined in air at different temperatures. (b) XRD patterns of the reduced and reoxidized
layers at 800 °C.
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Nevertheless, at temperatures lower than 1100 °C, a secondary phase of
SrCrO4.5 was identified. Thus, a single (LaosSro.2)o.98CrO3-5 electrode is not obtained
after calcination temperatures as high as 1200 °C. The amount of SrCrO4.5 estimated
by Rietveld quantification decreased from 19 to 8 wt.% at 800 °C and 1100 °C,
respectively. Similar findings were observed previously for LagsCao2CrOss and
LaosSro2CrOs5 [3,4]. Such high sintering temperature is undesirable due to a
significant grain growth, as well as a loss of electrode porosity, negatively affecting
the electrode performance. An alternative approach was used to obtain single-phase
electrodes of Sr-doped LaCrOs. The layers were calcined in 5% Hz-Ar at 800 °C for
24 h to reduce the Cré*5* in SrCrO4.5 to lower oxidation states. Figure 4.1b shows the
XRD patterns before and after the reduction treatments. SrCrOs4s phase is not
observed after reduction; however, it is again visible after reoxidation in air. These
findings suggest that SrCrO4.5 becomes amorphous after the reduction process and it
crystallizes again in air atmosphere. Hence, the formation of a solid solution in Sr-
doped LaCrQzis not possible at temperatures lower than 1200 °C. Further attempts
were made for the preparation of Ca-doped LaCrOs layers, obtaining the same results.

Figure 4.2 displays SEM images of the (Lao.sSro.2)0.08CrO35 electrodes after
calcining at 1200 °C in air for 1 h. The electrode shows a laminated morphology,
characteristic of an electrode deposited by spray pyrolysis, but with very low porosity
due to the high sintering temperature required to obtain a single-phase electrode;
however, the average particle size is still in the nanoscale range ~120 nm.

Figure 4.2. (a,b) SEM images at different magnifications of the (LaosSro2)o9sCrOs.s layers
sintered at 1200 °C.
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Nevertheless, the electrochemical characterization of (Lao.sSro2)0.08CrOs.5 by
impedance spectroscopy reveals polarization resistance values (Rp) of 1.95 Q cm? at
700 °C in air, which is still lower than those observed for the screen-printed
LaosCap2CrOs.5 (6.3 Q cm2 at 800 °C) [9].

4.2.  B-site doping strategy in Lao.ssCro.7sMo.2503.5 (M= Mn, Fe, Cu and Ti)

Since high sintering temperatures are needed to obtain single-phase
compounds of alkaline-earth doped LaCrOs3, an alternative approach of B-site doping
was investigated. Chromium was partially substituted with transition metals in
Lao98Cro.75Mo.25035 (M= Mn, Fe, Cu and Ti).

All these electrodes were deposited by spray-pyrolysis onto a porous CGO
backbone layer previously fixed on YSZ electrolytes (section 3.2). Additionally,
LaogsCro.75Mo25035 (M= Mn and Fe) powders were prepared by a freeze-drying
precursor method to compare the results obtained from traditional screen-printing
deposition with those obtained by spray-pyrolysis deposition directly on the
electrolyte.

The XRD patterns show the formation of single-phase materials for all
compositions after calcining at 800 °C for 1 h in air. The redox stability of the layers
was also tested in 5% Ho-Ar at 800 °C for 24 h (Figure 4.3a). Phase transformation
and secondary phases are not observed for Mn, Fe and Ti-doped samples; however,
the Cu-doped sample shows a minor secondary phase identified as Cu metal,
generated by metal exsolution from the perovskite structure upon reduction, which is
explained by the higher reducibility of Cu2* compared to the rest of transition metals
investigated [6].

The Rietveld method was employed to determine the lattice parameters and
cell volume of the electrodes obtained by freeze-drying and spray-pyrolysis. Three
different crystalline phases are observed for the samples deposited by spray-
pyrolysis; YSZ and CGO with cubic fluorite structures (s.g. Fm3m), and doped-LaCrO3
with an orthorhombic perovskite-type structure (s.g. Pbnm) (Figure 4.3b).
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Figure 4.3. (a) XRD patterns of LaogsCro.sMo25035 (M= Mn, Fe, Cu and Ti) onto YSZ
electrolytes with a CGO backbone calcined at 800 °C in air and then reduced in 5% Hz-Ar at

800 °C for 24 h. (b) Rietveld analysis of LaCrOs electrode calcined at 800 °C in air as a
representative example.

The cell volumes and fitting parameters of Lao.9sCro7sMo.2503.5 (M= Mn, Fe,
Cu and Ti) electrodes prepared by spray-pyrolysis and freeze-drying are summarized
in Table 4.1. In general, the unit cell volume of the perovskite structure increases with
increasing the ionic radii of the substituted transition metal, from 234.549(2) A3 for
undoped LaCrOs to 236.678(2) A3 for Fe-doped LaCrOs. In a reducing atmosphere of
5% Ha-Ar, a slight unit cell expansion is observed due to the partial reduction of the
B-site cations to lower oxidation states.

This minor variation of the unit cell volume is consistent with the similar
thermal expansion coefficients (TEC) of LaCrOs-based electrodes in both air and
hydrogen atmospheres, i.e. 8.1-8.6:10¢ K1 [7]. These findings reveal that these
electrodes would have good mechanical compatibility with the electrolyte, avoiding
delaminations or cracks during successive oxidation/reduction cycles in real SOFC
operation conditions [8,9]. It is worth mentioning that the cell volume values obtained
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for the electrodes deposited by spray-pyrolysis are very similar to those obtained for
the freeze-dried powders prepared at high temperature.

Table 4.1. Structural parameters of Lao.ssCro.7sMo25035 (M= Mn, Fe, Cu and Ti) electrodes in
air and 5% H,-Ar atmospheres deposited by spray-pyrolysis onto YSZ substrates (SP) and
prepared by the freeze-drying precursor method (FD).

Composition ;I' Preparation Volume (A3) Rup (%)

(°C) method Air 5% Hp-Ar  Air/H2
Lag9sCrOs.5 (LC) 800 SP 234.549(2) 234.679(2) 4.9/5.2
Lao.eeCro.7sMng.2503.5 (LCM) 800 SP 234.912(2) 235.725(2) 5.7/6.6
Lao.seCro.75F€02503.5 (LCF) 800 SP 236.678(2) 236.803(2) 8.6/6.8
La0.98Cro.75CU0.2503.5 800 SP 235.386(2) 235.130(2) 7.8/9.8
LaossCro7sTio.25035 800 SP 234.800(2) 234.679(2) 8.1/8.9
La0ssCrOs5(LC) 1500 FD  234641(3) 234790(3) 35/5.2
LaossCrozsMno2s0ss (LCM) 1500 FD  235121(3) 236425(3) 5.7/66
Lao.eeCro.7sF€02503.5 (LCF) 1500 FD 236.744(3) 237.154(3) 7.2/6.8

The local crystal structure and cation distribution were studied by TEM (Figure
4.4). The HAADF-STEM image and EDS analysis of the Mn-doped sample, obtained
by spray-pyrolysis at 800 °C, show that the electrode is formed by particles with 100-
200 nm in diameter with an uniform cation distribution. No visible secondary phases
are detected in accordance with the XRD results. HRTEM analysis shows high
crystalline particles without the presence of amorphous domains. Furthermore, the
orthorhombic crystal structure is confirmed by the analysis of the interatomic distances
dha along the [101] projection, which matched well with those determined from XRD
analyses.
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Figure 4.4. (a) HAADF-STEM image and (b-d) EDS analysis of the LaggsCro.7sMno 25035

electrode obtained by spray-pyrolysis and calcined 800 °C for 24 h. (e,f) HRTEM image
showing a perovskite-type structure.

Further information about the oxidation states of the elements in oxidizing and
reducing conditions studied by XPS can be found in Appendix 1.

4.2.1. Influence of the deposition temperature on the electrode performance

The deposition temperature is a crucial parameter to tailor the electrode
microstructure and performance of the electrodes obtained by spray-pyrolysis,
especially for those deposited into porous CGO backbones. The infiltration strongly
depends on the substrate temperature since the solvent evaporation rate and
precursor diffusion are seriously influenced by this parameter. In this case,
Lao.98Cro.75Mno 2503.5 (LCM) electrode is described as a representative example. It is
worth mentioning that the infiltration process was carried out in a single deposition
step, contrary to the traditional wet infiliration method where several
infiltration/calcination steps are required to reach a minimum amount of loading
material. Figure 4.5 clearly shows that the electrode microstructure is influenced by
the deposition temperature.
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Figure 4.5. SEM images of (a) CGO backbone before infiltration. LCM electrode deposited

by spray-pyrolysis onto a CGO backbone (LCM-Inf) at (b) 250 °C and (c) 350 °C and then

calcined at 800 °C. (d) Impedance spectra at 700 °C in air of LCM electrodes deposited

between 250 and 350 °C. (e) Temperature variation of the polarization resistance for the

different electrodes.

At low deposition temperatures (250 °C) (Figure 4.5b), the CGO porous
backbone is almost fully coated by LCM particles, whereas a partial coating is
observed at higher temperatures (350 °C) (Figure 4.5¢). This is explained by the
higher decomposition rate of the precursor droplets during the deposition process,
partially limiting the infiltration. The amount of LCM electrode infiltrated into the CGO
backbone was estimated by weight difference before and after the deposition process,
taking values of 40:60 and 20:80 LCM:CGO wt.% ratios at deposition temperatures of
250 and 350 °C, respectively.
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The influence of the microstructure on the electrochemical properties was
studied by impedance spectroscopy. Figure 4.5d shows the impedance spectra at 700
°C of LCM deposited at different temperatures between 250 and 350 °C for 1 h. At
least two different electrode contributions are observed for all samples, where the
process at low frequency (LF), usually associated with electrochemical reactions on
the electrode surface [10,11], is the main contribution to the overall polarization
resistance. In particular, the samples deposited at lower temperatures show a higher
LF contribution, which can be related to the lower TPB density in the fully coated
electrode because of the predominant electronic conductivity of LCM. However, a
partial coating of CGO leads to an enhanced contact and higher surface area between
CGO, LCM and the oxygen gas, providing a larger TPB length. The analysis of the
electrode polarization resistance (Rp) as a function of the temperature further confirms
the greater electrochemical performance of the partially coated electrodes (Figure
4.5¢)

4.2.2. Electrochemical characterization of Lao.9sCro.7sMo.2503.5 (M= Mn, Fe, Cu
and Ti) electrodes

Figure 4.6 shows impedance spectra at 700 °C in different atmospheres of
Lao.98Cro.75Mo.25035 (M= Mn, Fe, Cu and Ti) series deposited at 350 °C onto a YSZ
electrolyte with a CGO backbone. Impedance spectra in air revealed two different
electrochemical processes for the different electrode compositions. The equivalent
circuit (inset Figure 4.6a) was employed for the fitting of the impedance spectra, where
L is an inductor associated with the electrochemical cell configuration, Rs is the ohmic
resistance of the cell and two RQ elements are employed to simulate the electrode
response, in which constant phase elements Q are used instead of capacitors to better
represent the depressed arcs.

Ti-doped sample shows the highest R, values in air, (2.08 Q cm? at 700 °C)
(Figure 4.6a,c) which can be linked to not only the lower oxygen vacancy
concentration in the structure after Ti#*-doping in B-site but also to the presumably
poor electronic conductivity of this phase in air due to the redox stability of Ti#*. The
LaCrOs-undoped sample showed polarization resistance values of 0.91 Q cm? at 700
°C in air, relatively higher than those observed for Cu, Fe and Mn-doped electrodes,
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0.70, 052 and 0.35 Q cm? respectively, at the same temperature.
Lao.98Cro.75F€0.2503.5 (LCF) and Lao.ssCro7sMno25035 (LCM) electrode compositions
rendered the most promising electrochemical performance in air and were tested in
5% Hz-Ar and 100% H2 atmospheres.
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- - .\\\l\
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Figure 4.6. Impedance spectra at 700 °C in (a) air and (b) 5% Hx-Ar and 100% H: of
LaogsCro.75Mo.2503.5 (M= Mn, Fe, Cu and Ti) samples deposited at 350 °C by spray-pyrolysis
into a CGO backbone. Total polarization resistances as a function of the temperature in (c)
air and (d) 5% Hz-Ar and 100% Hz. The inset of (a) displays the equivalent circuit used to fit
the impedance spectra.

The impedance spectra in diluted hydrogen show a broad arc at low
frequencies between 1.5 and 0.1 Hz with relatively high capacitance values, 0.1-0.16
F cm2 (Figure 4.6b). These findings suggest that this electrode contribution can be
related to gas diffusion limitations induced by the use of diluted hydrogen [12]. This
hypothesis was further confirmed by the drastic reduction of this contribution when the
fed gas was switched from 5% H2-Ar to 100% Ha, decreasing the polarization
resistance of LCM from 3.8 to 0.53 Q cm?2 at 700 °C, respectively. The Fe-doped
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sample showed higher polarization resistance, i.e. 0.91 Q c¢m? at 700 °C when
compared to that observed for LCM (0.53 Q cm?) (Figure 4.6b).

The conductivity LaogsCrOss-based electrodes were studied from pellets
obtained from freeze-dried powders, which were sintered at 1500 °C for 4 h. As can
be seen in Figure 4.7, the microstructure and relative density of the samples are highly
affected by the electrode composition.

: " e 1E-6 LL— 1 . 1 . 1 A 1 A 1
: b 800 700 600 500 400 300
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Figure 4.7. SEM images of the pellet surface of the (a) LaoesCrOss and (b)
LaogsCro.75Mno.2503.5 samples sintered at 1500 °C for 4 h in air. The relative density of each
sample is indicated in the figures. (c) Total conductivity in air and 5% Ho-Ar for pristine
LaoseCrOsz5 and LaogsCrozsMo25035 (M= Mn and Fe) samples as a function of the
temperature.

Undoped LaggsCrOs.5 shows very low sinterability with a relative density of
only 70% after sintering at 1500 °C for 4 h (Figure 4.7a). However, such results are
not surprising, since previous reports have observed that the densification mechanism
of LaCrOs-based materials occurs via evaporation-condensation of chromium oxide
species in oxidizing conditions, instead of the typical grain boundary diffusion
mechanism. For this reason, sintering temperatures as high as 1700 °C in a reducing
atmosphere are necessary to achieve densification of undoped LaCrO3 [13]. In
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contrast, the doped samples show high relative density at the same sintering
temperature; as can be seen in Figure 4.7b for LCM, as a representative example.

The total conductivity of some selected samples was analysed by the four-
probe Van der Pauw method in air and 5% Hz-Ar (Figure 4.7¢). The conductivity in air,
mainly attributed to electron-hole conduction, varies from 0.81 to 0.33 S cm-! for Fe-
and Mn-doped samples at 700 °C, respectively, values that are slightly higher than
that observed for the pure LaggsCrOss, 0.31 S cm at the same temperature.
However, these conductivity values are considerably lower than those reported for A-
site doped LaCrOs electrodes, which can be explained by the increase of the hole
concentration and p-type conductivity, i.e. LaosCao2CrOs.5 (31 S cm- at 800 °C) [14]
and Lao.755r0.25Cro.5Mno503.5 (25.3 S cm at 800 °C) [5].

In a 5% Ho-Ar atmosphere, the total conductivity decreases due to the
reduction of B-site cations to lower oxidation states with the consequent decrease of
charge carrier concentration. The best conductivity values are found for Mn-doped
sample, 0.11 S cm-" at 700 °C, which are slightly higher than those observed for the
Fe-doped sample and the pristine LaCrOs;, 0.06 and 0.03 S c¢cm at 700 °C,
respectively. The lower conductivity values showed by the Fe-doped sample can be
attributed to the easier reduction of Fe cation compared to Mn ions, decreasing the
concentration of charge carriers. It is worth mentioning that these conductivity values
are comparable to those obtained for Lao.75Sr0.25Cro.sMnos03.5 anode in 10% Ho, i.e.
0.2 Scm " at 800 °C [5].

4.3.  Lao.gsCro.75Mno2503.5-CGO nanocomposite electrodes

The preparation of composite electrodes by combining a perovskite-type
electrode with predominant electronic conductivity and an ionic conductor, such as
CGO, is one of the main strategies to improve the electrode performance [15-17].
Based on this idea, Lao.gsCro.7sMno2503.5-Ce0.9Gdo.101.95 (LCM-CGO) nanocomposite
layers were prepared for the first time by spray-pyrolysis deposition directly on the
YSZ electrolyte surface by using an aqueous precursor solution containing
stoichiometric amounts of the corresponding nitrate salts. It is worth mentioning that
quartz substrates were employed for a better analysis of the composition and structure
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of the nanocomposite electrodes, since polycrystalline YSZ and LSGM substrates
show XRD peak overlapping with LCM and CGO phases, hindering a correct phase
identification.

Figure 4.8 displays XRD patterns onto quartz substrates at 800 °C of
Lao.98Cro.75Mn0 2503.5-Ce09Gdo.10195 (LCM-CGO) electrodes with different LCM
content (40, 50, 60 and 100 wt.%). Hereafter the electrodes are denoted as xLCM,
where x represents the wt. % of LCM. For better comparison, the XRD pattern of the
CGO layer obtained under the same conditions is included. Two different phases are
identified in the XRD data, assigned to an orthorhombic perovskite (s.g. Pbnm) and a
cubic fluorite (s.g. Fm3m) without additional diffraction peaks assigned to secondary
phases.
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Figure 4.8. (a) XRD patterns of LCM-CGO nanocomposite electrodes deposited by spray-
pyrolysis onto quartz substrates and calcined at 800 °C for 1 h in air. (b) XRD patterns of
50LCM after annealing in air and 5% Ho-Ar at different temperatures.

The thermal stability of the nanocomposite electrodes was confirmed by
annealing the layers at 1000 °C for 5 h in air, not showing any structural transformation
or additional phases (Figure 4.8b). In addition, the nanocomposite electrodes are
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stable in a reducing atmosphere (5% H-Ar) at 800 °C for 12 h, confirming their
potential use as symmetrical electrodes (Figure 4.8b).

Rietveld fitting of the samples deposited onto quartz showed that the cell
volume at 800 °C of 100LCM obtained by spray-pyrolysis, 235.050(2) A3, is similar to
that obtained for the same composition obtained by the freeze-drying method,
235.121(3) A% (Table 4.2 and Figure 4.9). In the case of the nanocomposite electrodes
deposited by spray-pyrolysis, the cell volume for the LCM constituent slightly
decreases from 235.616(3) A3 for 40LCM to 234.934 (3) A3 for 60LCM. Regarding the
CGO component, the cell volume increases from 159.202(4) A3 for the single CGO
layer to 162.383(2) A3 for 60LCM, suggesting a minor cation exchange between LCM
and CGO phases during the co-sintering process.

Table 4.2. Structural and microstructural parameters of LCM-CGO composite electrodes with
different LCM contents deposited on amorphous quartz substrates and YSZ and LSGM
pellets.

Composition .(I:,C) Substrate Lc\ﬁlume (A(S:)G 0 (\I"v(t:.% (Ro};‘)’
100LCM 800 FD 235.121(3) - 100 35
100LCM 1000 FD 234.801(3) 100 23
100LCM (Hy) 800 FD 235.732(3) 100 3.8
100LCM 800 Quartz 235.050(2) 100 74
60LCM 800 Quartz 234.934(2) 162.383(2) 58 4.1
40LCM 800 Quartz 235616(2) 161.698(2) 32 46
50LCM 800 Quartz 235171(2) 162.017(2) 47 56
50LCM 1000 Quartz 234.389(2) 159.247(2) 54 45
50LCM (Ha) 1000 Quartz 234.843(2) 150.428(2) 54 47
CGO 800 Quartz - 159.202(4) - 28
50LCM 1000 YSZ 235.028(2) 160.953(2) 51 1.9
50LCM 1000 LSGM 234.971(2) 161.031(2) 54 3.9

140



LaCrOs-based electrodes
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Figure 4.9. Rietveld plots of 50LCM nanocomposite deposited onto (a) quartz (b) YSZ and
(c) LSGM at 800 °C for 1 hin air.

The incorporation of La3* (1.16 A) into the CGO lattice, with a higher ionic
radius than Ce#*(0.97 A) could explain the increase in the lattice cell volume [18]. This
minor cation exchange between LCM and CGO phases is not expected to induce
detrimental effects on the electrocatalytic activity of the LCM-CGO electrodes. In fact,
Ce-doped LaCrO3.5 materials showed improved performance for fuel oxidation due to
the high catalytic activity of Ce4*/Ce3* redox pair [19]. Additionally, the phase
quantification obtained by Rietveld analysis was similar to the nominal one, which
further confirms the composition of the xXLCM nanocomposites. In 5% Ha-Ar, similar
trends to that discussed for the infiltrated electrodes are observed.

Figure 4.10a shows the HRTEM images of 50LCM calcined at 800 °C, which
is composed of nanoparticles of 10 nm diameter of both LCM and CGO phases as
confirmed by the interplanar distances dnw of the different crystals. Interestingly, the
HAADF-STEM image of 50LCM show that the nanostructure is retained with particle
size lower than 50 nm after annealing at 1000 °C for 5 h, further confirming the
improved thermal stability of the nanocomposite electrodes (Figure 4.10b). The
composition and homogeneous distribution of LCM and CGO phase in the
nanocomposite electrodes are further confirmed by EDS analysis (Figure 4.10c).
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Figure 4.10. (a) HRTEM image of 50LCM nanocomposite calcined at 800 °C for 1 h (b)
HAADF-STEM image of 50LCM after calcination at 1000 °C in air and the corresponding (c)
EDS elemental mapping distribution. The inset of (a) shows the electron diffraction pattern
with the main reflections attributed to a cubic fluorite structure.

The total polarization resistance in air of XLCM (x= 40, 50, 60 and 100 wt.%)
series decrease considerably for the nanocomposite electrodes compared to 100LCM
with Ry values of 5.60, 1.11, 0.77, and 0.92 Q cm? for 100LCM, 60LCM, 50LCM, and
40LCM, respectively, at 700 °C. In 100% Ho, the lowest R, values were also found for
50LCM, i.e. 0.18 Q cm2 at 700 °C compared to 0.54 Q cm? for 60LCM and 3.8 Q cm?
for 100LCM, respectively, at the same temperature.

Since the best electrochemical performance of all nanocomposite electrodes
was observed for the 50LCM, this composition was further studied for its
implementation as a symmetrical electrode (SSOFC).
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44. Electrode architecture optimization for highly boosting the
electrochemical properties

In this section, the electrochemical properties of Lao.esCro.7sMno 25035 (LCM)
electrodes prepared with different microstructural designs are studied. In particular,
four different electrode configurations will be compared and analysed in detail: (i) pure
LCM deposited by spray-pyrolysis (100LCM); (i) 50 wt.% LCM-CGO mixed powder
composites deposited by traditional screen-printing (50LCM-P); (iii) LCM electrode
infiltrated by spray-pyrolysis into a CGO backbone (LCM-Inf) and (iv) 50 wt.% LCM-
CGO nanocomposite deposited by spray-pyrolysis directly on the electrolyte (50LCM).
The electrodes deposited by spray-pyrolysis were prepared in the same conditions
mentioned in previous sections. The 50LCM-P was prepared by mixing powders of
LCM (freeze-drying) and CGO (Rhodia) and then screen-printed onto YSZ
electrolytes, followed by a calcination at 1100 °C for 1 h to ensure adequate adhesion
to the electrolyte.

The microstructure of the LCM electrodes obtained by different
microstructural strategies is compared in Figure 4.11. The screen-printed 50LCM-P
composite electrode shows a particle size lower than 1 um after sintering at 1100 °C
for 1 h, as well as high porosity that ensures adequate gas diffusion (Figure 4.11a).
The 100LCM electrode obtained directly on the electrolyte by spray-pyrolysis is
composed of aggregates of particles of 150-200 nm diameter after the calcination at
800 °C for 1 h (Figure 4.11b). The electrode infiltrated into the CGO backbone, LCM-
Inf, shows a partial coating of the CGO surface by LCM particles of ~150 nm diameter
(Figure 4.11c,e). Interestingly, in the case of the nanocomposite electrode, 50LCM,
the particle size is drastically reduced to 30 nm diameter after annealing at 800 °C
(Figure 4.11d,f). This finding can be attributed to the co-sintering of both LCM and
CGO that ensures a nanoscale contact of both phases, limiting the cation diffusion at
the grain-boundary region and therefore suppressing the grain growth [20-22)].
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100LCM

Figure 4.11. SEM images at different magnifications of (a) 50LCM-P electrode deposited by
screen-printing, (b) 100LCM obtained directly on the YSZ electrolyte by spray-pyrolysis, (c)
LCM-Inf obtained by the infiltration of LCM into CGO backbone by spray-pyrolysis and (d)
50LCM deposited by spray-pyrolysis. (e) and (f) show zoomed images of the LCM-Inf and
50LCM microstructures, respectively.

Figure 4.12 compares the impedance spectra in air at 700 °C for the different
electrode configurations. 50LCM-P and 100LCM show similar and relatively high
values of polarization resistance (Rp), 5.60 and 5.10 Q cm2, respectively, due to the
low mixed ionic-electronic conductivity of pristine 100LCM and the low TPB length of
50LCM-P for ORR (Figure 4.12a). In contrast, the infiltrated (LCM-Inf) and
nanocomposite (50LCM) electrodes, exhibit lower R, at the same temperature, 0.35
and 0.80 Q cm? in air at 700 °C, respectively. This improvement can be explained by
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the larger contact area between LCM and CGO phases, which increases significantly
the TPB length for the ORR (Figure 4.12b).
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Figure 4.12. (a) Impedance spectra at 700 °C in air and (b) total polarization resistance as a
function of the temperature for the different electrode architectures. (c) Impedance spectra at
700 °C in 5% Hz-Ar and 100% Hzand (d) total polarization resistance as a function of the
temperature for the different electrode architectures.

In reducing conditions, the total polarization resistance strongly depends on
the hydrogen concentration as observed previously in section 4.2.2. Figure 4.12c
displays the impedance spectra for some selected electrode configurations in 5% Ho-
Ar and 100% Haz. In 5% Ha-Ar, the low-frequency process is the dominant contribution
to the overall polarization resistance with a large capacitance of ~ 0.2 F cm2 for all
electrodes and the corresponding resistance decreases considerably in 100% H2 with
a pO2 dependence of (pH2)~09, indicating that this process is possibly attributed to gas
diffusion limitations due to the use of diluted hydrogen [23,24]. The high frequency
(HF) electrode response exhibits a low dependency on the Ha concentration and it is
presumably attributed to oxide-ion transport at the electrode/electrolyte interface [25].

145



Chapter 4

In 100% Hz, 50LCM shows a remarkably low R, of 0.18 Q cm? at 700 °C,
when compared to 3.8 and 0.53 Q cm? for 100LCM and LCM-Inf, respectively. It is
worth noting that these values are among the best reported in the literature for
LaCrOs-based fuel electrodes in 100% Hz, ie. 0.3 Q cm? at 900 °C for
Lao.75Sr0.25Cro.sMno 5035 [26]; 0.4 Q cm? at 800 °C for LaoesBio.1Sro25CrosFeqs03-
SDC [27]. These values are also comparable to other efficient fuel electrodes such as
SroFe15M0o 5065 (0.45 Q cm? at 800 °C) [28] or SmogSro2CrosFeosTio.15RU0.05035
(0.2 Q cm? at 800 °C) [29].

Additionally, the activation energy of R, varies from 1.2 eV for 100LCM to 1.0
eV for 50LCM, which are lower than those values observed in an air atmosphere (1.9
and 1.5 eV, respectively) due to the lower activation energy needed for HOR
compared to ORR. The better performance in reducing conditions of 50LCM can be
attributed to the synergetic effect of CGO and LCM phases. Interestingly, nanoscale
LCM is reported to exhibit improved oxide-ion diffusivity and surface coefficients
compared to the bulk material [30]. In particular, the surface exchange kinetics of
nanoscale LaooSro1CrOs.5 were three orders of magnitude higher through the grain
boundary region, fact that would explain the great performance of the 50LCM with
nanometric particle size. Furthermore, the presence of CGO nanoparticles with higher
reducibility (Ce#*+ e- — Ce3*) increases both the ionic and n-type electronic
conductivity of the nanocomposite electrodes [31].

Since LCM-Inf and 50LCM rendered the best polarization resistance values
in a symmetrical configuration in both oxidizing and reducing conditions, they are
further characterized to get deeper insights into the nature of the electrochemical
processes for ORR and HOR. Firstly, the impedance spectra were acquired as a
function of the oxygen partial pressure (pO2) to elucidate the different processes
involved in the ORR. The resistance of each electrochemical process is pO.-
dependent: R « (pO,)", where the exponent m provides information about the nature
of the species involved in the ORR sub-reactions, which are discussed in section
3.10.5 [32]. Two main electrode contributions were observed for both LCM-Inf and
50LCM (Figure 4.13a,b). For both electrodes, the process at high frequency (HF) is
nearly independent of pO», indicating that atomic or molecular oxygen is not involved
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in this electrode contribution, and therefore, it can be assigned to oxide-ion transport
at the electrode/electrolyte interphase (O%, electrode 2 0%, electroiyte) [33,34].
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Figure 4.13. Impedance spectra at 700 °C as a function of the oxygen partial pressure (pO-)
of (a) LCM-Inf and (b) 50LCM. Dependence of the HF and LF resistances as a function of
the pO; of (c) LCM-Inf and (d) 50LCM.

The low frequency (LF) process is the main contribution to the overall
polarization resistance for both electrode configurations but exhibits a different pO.-
dependence. In the case of LCM-Inf, the exponent m takes a value of 1/4 and it can
be associated with charge transfer on the electrode surface (Oag + 26" + Vo, 2> 0%))
[35] (Figure 4.13c). In contrast, 50LCM shows a different power law dependence with
m close to 3/8, which is attributed to oxygen dissociative adsorption followed by
charge transfer (Oag+ e > Q) [36] (Figure 4.13d). The different rate-limiting steps
for the LF contribution in the infiltrated and nanocomposite electrodes can be
associated with the different electrode morphology and porosity. 50LCM shows lower
porosity compared to LCM-Inf due to the presence of the thick CGO backbone and
consequently, the oxygen adsorption/dissociation on the electrode surface is
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hindered. However, no evidence of oxygen diffusion limitations (with m=1) is
observed, confirming that the porosity of this electrode is high enough to act as an
efficient cathode material in a wide pO2 range.

The influence of the dc-current bias on the electrode polarization was also
studied by three-probe electrode configuration under both cathodic and anodic
polarization as described in section 3.10.4. The corresponding impedance spectra of
50LCM are displayed in Figure 4.14a,b.
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Figure 4.14. Impedance spectra at 700 °C of 50LCM at different dc bias under (a) cathodic
and (b) anodic polarization in a three-probe configuration in air. (c) Total electrode polarization
resistance as function of the applied dc-bias at different temperatures. (d) Variation of the Rur
and Rr electrode contributions at 700 °C in air.

Firstly, it is important to remark that the polarization resistance values in three-
electrode configuration are similar to those observed in two-electrode configuration
(symmetrical cells). After applying a cathodic polarization, the total R, slightly
decreases from 0.60 Q cm? at open circuit voltage (V=0) to 0.41 Q cm? at -0.4 V at
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700 °C. This improvement of R, is usually attributed to a reduction of the electrode
due to a decrease of pO2 under cathodic current [37,38]. These findings confirm that
the current density accumulates or removes oxygen vacancies at the reaction sites.
A higher effect on the electrochemical response is observed after applying a dc bias
atlower temperatures, i.e. R, decreases at 500 °C from 68 to 11 Q cm?2 under cathodic
polarization (Figure 4.14c). A further reduction of the R, is observed when the dc
polarization is reversed to anodic mode, reaching 0.26 and 5.3 Q cm2at 0.4 V at 700
and 500 °C, respectively (Figure 4.14b). This better performance under anodic
polarization has previously been associated with an increase of the pO2 in the oxygen
electrode, improving the electro-hole conductivity [39].

In order to get further information about the influence of the dc bias on each
electrode contribution, the impedance spectra are analyzed by equivalent circuits. The
Ry contribution, attributed previously to oxide-ion transport at the interface, is not
affected by the applied dc current due to the good mixed ionic-electronic conductivity
of the nanoengineered electrode and the fast charge transfer process at the interface
(Figure 4.14d). Interestingly, the Rir contribution, assigned to electrochemical
processes at the electrode surface, is considerably decreased at intermediate
temperatures with the dc bias, following a trend similar to that observed with the pOo.
This finding indicates that the variation of the oxygen vacancy concentration at the
reaction sites under dc bias has a positive effect on the electrochemical properties, as
reported previously for other air electrodes such as SrCoo9Ta0.103-5, SrFeosM0og.103.5
and LazNiO4+5[37,39,40].

When a dc bias was applied in wet 100% Ha, the R, under cathodic
polarization decreases from 0.29 to 0.15 Q cm2 at 700 °C (Figure 4.15a,c). However,
this increases when an anodic polarization is applied, i.e. 0.55 Q cm2 at +0.4 V (Figure
4.15b,c).
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Figure 4.15. Impedance spectra at 700 °C of 50LCM at different dc bias under (a) cathodic
and (b) anodic polarization in a three-probe configuration in 100% H,. (c) Total electrode
polarization resistance as a function of the applied dc bias at 700 °C. (d) Variation of the Rur
and Ryr electrode contributions at 700 °C in 100% Ho.

The charge transfer process (HF contribution) remains constant under both
anodic and cathodic polarization, whiles the LF electrode process decreases under
cathodic polarization but increases under anodic polarization (Figure 4.15d). A similar
trend was observed for Lao3Sro.7Feq7Cro303-5 and Sr1gBao2FersMoos0e-5 under
anodic polarization [41,42]. Further research at different pH.O and pH> is needed to
better identify and understand the different electrode processes involved in the

hydrogen oxidation reaction (HOR) and hydrogen evolution reaction (HER).
4.5.  Fuel cell tests

The performance of LCM-Inf and 50LCM electrodes was tested in real SOFC
operation conditions. LSGM electrolyte-supported cells (300 pm thickness) were
prepared and the electrodes were symmetrically deposited onto both faces of the
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electrolyte by spray-pyrolysis and calcined at 800 °C for 1 h, as described in previous
sections.

Figure 4.16a,b confirmes that the open circuit voltage (OCV) for both cells is
close to the theoretical Nernst potential (1.1 V), confirming a good sealing of the cell
and no gas leakage across the LSGM electrolyte.
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Figure 4.16. |-V-P curves of the LSGM-supported cells with (a) 50LCM and (b) LCM-Inf
symmetrical electrodes at different temperatures using wet H, as fuel and static air as oxidant.
(c) Impedance spectra of the 50LCM symmetrical cell. (d) Stability tests at 750 °C for 100 h
for both cells and (e) cross-sectional SEM image of the 50LCM symmetrical cell after
electrochemical characterization.

The 50LCM/LSGM/50LCM cell achieves maximum power density values of
570, 420 and 286 mW cm2 at 800, 750 and 700 °C, respectively (Figure 4.16a). On
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the other hand, the LCM-Inf/lLSGM/LCM-Inf symmetrical cell with infiltrated electrodes
showed maximum power densities slightly lower, 470, 223, 140 mW cm2 at 800, 750
and 700 °C, respectively (Figure 4.16b). These findings agree with the better
performance of 50LCM, determined by impedance spectroscopy in symmetrical cell
configuration in reducing conditions.

The ohmic resistance (Rs) of the cells are similar and they increase with
decreasing temperature, taking values of ~0.3 and ~0.5 Q c¢m2 at 800 and 700 °C,
respectively for 50LCM (Figure 4.16¢). These values agree with those expected for a
300 pm-thick LSGM electrolyte.

Itis also worth noting that the maximum power densities obtained in this study
were higher than those reported for LaCrOz-based symmetrical electrodes, i.e. 175
mW cm?2 at 800 °C for a 300 pm thick LSGM-supported cell with
Lao65Bi0.1Sr0.25Cro 5Fe0.5035-SDC electrodes [27] or 300 mW cm2 at 900 °C for a 200
pm thick YSZ supported cell with Lao.75Sr0.25Cro.sMno.503 electrodes [26]. In addition,
the power densities are comparable to LaCrOsz-based anodes with exsolved noble
metal particles, using highly active cathode materials such as LSCF. For instance,
303 mW cm-2 at 800 °C Lao.sSro.2CrooPdo.103.5-CGO/LSGM (400um)/LSCF [43] or
530 mW cm-2 at 800 °C for Lao.eSro.2Cro.s2Ruo.18035-CGO/LSGM(400 pm)/LSCF-
CGO [44].

The durability tests at 750 °C for 100 h confirmed a stable maximum power
density for both cell configurations (Figure 4.16d). Cell delamination or cracks were
not observed in the single cell by SEM after the electrochemical characterization
further confirming the stability of the nanostructured electrodes at intermediate
temperatures (Figure 4.16e).

All these results show the great importance of tailoring the electrode
microstructure to enhance the electrochemical properties. Among all the
microstructural strategies and electrode compositions studied, the infiltrated LCM
electrode into a CGO backbone (LCM-Inf) and the nanocomposite electrodes
(50LCM), both prepared by spray-pyrolysis, have rendered the best results due to the
highly extended TPB for electrochemical reactions. The great results showed by the
50LCM with the intimate mixture of LCM and CGO at the nanoscale open the
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possibility to improve the electrochemical performance of other symmetrical
electrodes by microstructural tailoring.
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SrTiOs-based electrodes

In order to enhance the electrochemical properties of SrTiO3 electrodes, A-
site doping strategies with trivalent elements (La3*, Y3* or Pr3*) or B-site doping with
Nb* have been tested [1-4]. Among all dopant strategies studied, Pr-doped SrTiO3
has attracted great attention due to the enhanced electrochemical properties in both
air and H2 atmospheres by the presence of Pr4+/Pr3* [5].

In this chapter, different strategies were used to obtain
X(Sro.7Pr0.3)0.95TiO3:5- (100-x)CGO (xSPTO) composite electrodes (x = 40-60 wt.%).
The electrodes were deposited by traditional screen-printing or by spray-pyrolysis
deposition onto YSZ electrolytes. The influence of the synthetic preparation on the
microstructure and the electrochemical properties was studied in detail to achieve
highly efficient and stable symmetrical electrodes.
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5.1. Phase formation of SPTO-CGO nanocomposites

The nanocomposite electrodes with the following nominal composition
X(Sro.7Pro3)0.95Ti03.5-(100-x)CGO (xSPTO) were prepared with different SPTO
contents (40, 50 and 60 wt. %) by spray-pyrolysis deposition directly on the YSZ
electrolyte. The electrodes were prepared with A-site deficiency to avoid the
segregation of Sr-based compounds on electrode surface. The precursor solutions
were sprayed onto YSZ and LSGM electrolytes at 450 °C for 1 h and then calcined at
different temperatures between 800 and 1000 °C in air. It has to be noted that 450 °C
is the optimal deposition temperature to obtain homogeneous films with good
adhesion to the electrolyte. Further information about this work can be found in the
article A3.

The same electrodes were prepared from the freeze-drying precursor method
and screen-printing deposition to compare their properties with those obtained by
spray-pyrolysis. In this work, two different approaches were used.

(i)  Firstly, SPTO and CGO powders were prepared by the freeze-drying precursor
method and then calcined at 800 °C to achieve crystallization. These powders
were physically mixed in a planetary mill in 50 wt.% with Decoflux™ organic
binder to obtain an ink.

(i) In a second approach, the SPTO-CGO composites were prepared by co-
sintering in a single step by freeze-drying using a solution containing all cations
in stoichiometric amounts. The dried precursors were calcined at 800 °C and
then mixed with Decoflux™ binder.

In both cases, the powders were screen-printed on YSZ electrolytes and
sintered at 1100 °C for 1 h to achieve an adequate adhesion to the electrolyte.
Hereafter, the 50 wt.% SPTO electrodes obtained by physically mixing (PM) and the
co-synthesized electrodes by freeze-drying (FD) will be labelled as 50SPTO-PM and
50SPTO-FD, respectively. In the case of the blank SPTO, it will be denoted at
100SPTO-FD.
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Figure 5.1 shows the Rietveld plots of the XRD patterns of SPTO and CGO
powders obtained by the freeze-drying precursor method. At 800 °C, the SPTO with
perovskite structure and the CGO with fluorite structure are single phases, which are
adequately fitted in the Pm3m and Fm3m space groups, respectively (Figure 5.1a,b).
Interestingly, the composite material is also obtained in one step by co-sintering at
800 °C, 50SPTO-FD (Figure 5.1c). The main difference between 50SPTO-FD
nanocomposite and the single compounds is the average crystallite size estimated by
Scherrer’s equation, which decreases from 24.1 and 31.7 nm for the SPTO and CGO
individual phases, respectively, to 14.6 and 7.4 nm for SPTO and CGO components,
respectively, in 50SPTO-FD. This behavior is attributed to the co-sintering process of
two immiscible phases as previously observed for nanocomposite layers prepared by
spray-pyrolysis in chapter 4.

(a) 100SPTO-FD (b) CGO (© 50SPTO-FD
Air Air g Air
800°C 800°C 800°C

| spTO | cco | spTO

| cGo

20 40 60 80 20 40 60 80 20 40 60 80
20 (9 20 () 20 ()

Figure 5.1. Rietveld plots of (a) 100SPTO-FD, (b) CGO and (c) 50SPTO-FD at 800 °C
powders prepared by freeze-drying method and calcined at 800 °C for 1 h in air.

The cell volumes and fitting parameters of the different electrode
compositions obtained by the Rietveld method are summarized in Table 5.1. The
Rietveld refinement of 50SPTO-FD revealed minor differences in the cell volumes of
SPTO and CGO constituents when compared to the individual phases. At 800 °C, the
cell volumes of SPTO and CGO in 50SPTO-FD are 59.919(2) and 159.749(2) A3,
respectively, slightly different from those observed for the individual phases, 59.128(3)
A3 for SPTO and 159.202(4) A for CGO.
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Table 5.1. Structural parameters, weight fractions, disagreement factors and particle size of
(Sro.7Pro.3)o.95Ti03:5 (100SPTO-FD) powder, (Sro.7Pro3)o95Ti03:5-CGO (50 wt.%) prepared by
powder mixture (50STPO-PM), co-synthesis via freeze-drying (50STPO-FD) and layers
directly assembled on the electrolyte by spray-pyrolysis (xSPTO).

. 03
Composition T Preparation Volume (A3) SPTO Ruwp dceo dspro

(°C)  Method SPTO  CGO  (wt%) (%) (nm) (nm)
100SPTO-FD 800  FD 50128(3) - 100 38 - 241
100SPTO-FD 800(Hz) FD 50.285(2) - 100 52 - 246
100SPTO-FD 1000  FD 50.301(3) - 100 34 - 282
100SPTO-FD 1500  FD 50.659(3) - 100 89 - 1039
100SPTO-FD 800(Hz) FD 59.7103) - 100 94 - 1042
CGO 800 FD - 1592024) 0 74 317

50STPO-FD 800  FD 50.919(2) 159.749(2) 46 42 74 146
50STPO-FD 1400 FD 50.270(2) 159.284(2) 47 53 542 49.0
50STPO-PM 1400  FD 50.022(2) 158.683(2) 48 69 654 552
40SPTO 800  SP 50.338(2) 157.577(2) 38 34 7.3 135
50SPTO 800  SP 50.318(2) 157.461(2) 47 36 82 15.
60SPTO 800  SP 50.591(2) 157.873(2) 59 36 7.7 139
40SPTO 1000 SP 58.829(2) 158.636(2) 41 34 226 246
50SPTO 1000 SP 58.954(2) 158.463(2) 52 4.0 191 24.2
50SPTO  1000(H;) SP 58.963(2) 159.259(2) 53 3.8 19.3 245
60SPTO 1000 SP 58.795(2) 158.591(2) 62 4.6 21.0 26.1

These differences in the cell volumes are not surprising due to the different
ionic radii in eightfold coordination of rare-earth elements are similar: r(Ce#+)=0.97 A,
(Gd3+)=1.053 A, r(Pr3*)=1.126 A and r(Pr4+)=0.96 A [6], and consequently, minor
cation exchange between CGO and SPTO cannot be ruled out. However, no major
cation exchanges are expected, since previous reports showed very low Gd
incorporation in Sr1.xGdxTiOs+5 (x<0.1) due to the Gd2TiO7 formation as a secondary
phase, explained by the lower ionic radii of Gd®*[7,8]. In addition, very low Ce-doping
has been observed previously in Sr1xCexTiOss5 with the segregation of CeO. for
x>0.03 [9]. On the contrary, the solubility of Printo Sr1xPrxTiOs+s is above x=0.3 [5,10].
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It has to be noted that no secondary phases are observed in the XRD patterns, even
at 1400 °C for 1 h, confirming minor cation exchange between SPTO and CGO
phases.

The SPTO-CGO nanocomposites deposited directly on the YSZ electrolyte
by spray-pyrolysis also show high crystallinity without the presence of secondary
phases (Figure 5.2a). Regardless of the electrode composition, similar lattice
parameters and phase fractions were observed. At 800 °C, the unit cell volume of the
SPTO ranges between 59.338(2) to 59.591(2) A3 for 40SPTO and 60SPTO,
respectively, values that are slightly higher than that observed for the 100SPTO-FD
powder, 59.128(3) A3, at the same temperature. Interestingly, the crystallite sizes are
relatively small, 14 and 8 nm for the SPTO and CGO, respectively, at 800 °C. The
Rietveld analysis of the nanocomposite layers indicates a good fitting of the
experimental data with Ruwp disagreement factors varying between 3.4 and 9.5%
(Table 5.1). In addition, the phase fraction of SPTO and CGO constituents in the
nanocomposite electrodes deposited by spray-pyrolysis are similar to the nominal
ones.

(a) B YSZ 800 °C  Air (b) 50sPTO 750,°C 5% Ha-Ar
@ SPTO [ .
¢ CGO o

s R 0B ‘

| ysz

; &o Lo Lo
('l
8

20 30 . 40 .
20(°) 20 (°)

Figure 5.2. (a) XRD patterns of SPTO-CGO nanocomposite layers deposited by spray-
pyrolysis on YSZ electrolyte with different SPTO contents (40, 50 and 60 wt.%) and sintered
at 800 °C for 1 h in air. (b) Rietveld plot of 50SPTO after reduction in 5% H-Ar at 750 °C for
12 h.
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The thermal stability of the nanocomposite electrodes was tested at 1000 °C
for 12 h in air, followed by a reducing treatment at 750 °C for 12 h in 5% Hz-Ar. A
representative Rietveld plot for 50SPTO is displayed in Figure 5.2b.

After calcination at 1000 °C, the grain size of the nanocomposite layers is still
lower than 25 nm due to the nanoscale contact between SPTO and CGO, which
suppresses the grain growth rate because of the limited diffusion at the grain
boundary. Moreover, the cell volume slightly increases from 58.954(2) to 58.963(2) A3
for the SPTO constituent after reduction, similar to that reported previously for
Sro9Pro1TiOs+5 and Sro7Pro3TiOs+s powders [5,11]. On the other hand, the CGO
component showed a cell expansion due to the partial reduction of Ce4* to Ce3* from
158.463(2) to 159.259(2) A3, as expected.

It is important to highlight that no secondary phases are observed after the
calcination process at high temperatures, confirming the good thermal stability of the
nanocomposite electrodes in both oxidizing and reducing atmospheres. It is worth
mentioning that the cell volume of SPTO is clearly dependent on the calcination
temperature and atmosphere, increasing from 59.128(3) to 59.659(3) A3 from 800 °C
to 1500 °C for 100SPTO-FD, which can be associated with changes in the Pr4+/Pr3+
ratio and different lattice oxygen stoichiometry when the temperature increases [12].

Figure 5.3 shows the HAADF-STEM image and EDS analysis of 100SPTO-
FD. A homogeneous cation distribution is observed without the presence of secondary
phases. Additionally, the lattice spacing of different crystallographic planes, obtained
from the HRTEM images, matches well with those observed in the Rietveld refinement
of the experimental XRD data.
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Figure 5.3. (a) HAADF-STEM image and (b-e) EDS mapping of 100SPTO-FD powders
obtained by freeze-drying and sintered at 800 °C. (f) HRTEM image showing the interatomic
distances.

Figure 5.4 displays HAADF-STEM-EDS and HRTEM images of 50SPTO
nanocomposite electrode prepared by spray-pyrolysis at 800 °C. EDS analysis
confirmed that SPTO and CGO nanoparticles are homogenously distributed, ensuring
an intimate contact between both phases and, consequently, an increased TPB length
for the electrochemical reactions (Figure 5.4a). HRTEM analysis of 50SPTO shows
particle size lower than 10 nm at 800 °C, with high crystallinity without amorphous
domains (Figure 5.4b). Furthermore, the crystallite size and lattice spacing of different
crystals are similar to those observed from XRD data analysis.

When the annealing temperature was increased up to 1000 °C, the
nanocomposite electrodes showed a larger grain size, as well as different atomic
arrangement in some crystals of SPTO (Figure 5.4c). In particular, layered ordered
extended defects are observed due to oxygen non-stoichiometry (6) increase, which
has been reported to be detrimental to the conductive properties in SrTiOs-based
materials [13]. Interestingly, the 50SPTO layers calcined at 800 °C do not present
these crystalline defects, which can be attributed to the smaller crystal size of the
nanocomposite electrode at low sintering temperatures, hindering their formation.
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Figure 5.4. (a) HAADF-STEM-EDS images of 50SPTO nanocomposite layers calcined at 800
°C. HRTEM showing a homogeneous mixture of SPTO and CGO nanoparticles and (c)
extended linear defects for the SPTO phase after calcining at 1000 °C in air.

5.2, Microstructural characterization

The microstructure of the different electrode architectures proposed in this
chapter was studied by scanning electron microscopy (SEM) (Figure 5.5). The screen-
printed electrodes 50SPTO-PM and 50SPTO-FD have a similar thickness of ~15 um
(Figure 5.5a-d). The most remarkable difference between both electrode architectures
is the different average grain size, with values of 450 and 58 nm for 50SPTO-PM and
50SPTO-FD, respectively (Figure 5.5b,d) at the same sintering temperature of 1100
°C. These findings confirm that the co-synthesis process of two immiscible phases not
only leads to a homogeneous mixture of SPTO and CGO phases, but also limits the
grain growth during the sintering process [14,15].
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electrodes deposited by screen-printing at 1100 °C from (a,b) powder mixture and (c,d) co-
sintering powders and (e,f) layer deposited by spray-pyrolysis directly on the YSZ electrolyte
at 800 °C.

In the case of the electrodes deposited by spray-pyrolysis on a YSZ
electrolyte (50SPTO), a slightly lower electrode thickness is observed (7 um),
showing a laminated morphology typical of this deposition process (Figure 5.5¢,f). The
most remarkable difference with the electrodes deposited by screen-printing is the
smaller particle size of 32 nm at 800 °C, ensuring an excellent nanoscale contact
between both SPTO and CGO phases. The lower particle size of the electrodes
prepared by spray-pyrolysis is clearly a consequence of the lower deposition
temperature required to ensure an adequate adhesion to the electrolyte.
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50SPTO-FD electrodes, prepared by co-synthesis, are formed by aggregated
nanoparticles, which drastically reduces the active surface area for the electrocatalytic
reactions when compared to the analogous electrode deposited by spray-pyrolysis at
lower temperatures (50SPTO), which are expected to have improved electrochemical
properties and faster reduction kinetics due to the increased gas/solid interface
obtained by the nanostructure optimization.

Strong adhesion with the YSZ electrolyte was observed for all electrode
architectures after successive redox cycles, not showing delamination or cracks. The
good mechanical stability is clearly related to the similar thermal expansion
coefficients (TEC) between the different materials: 11.7-12.3-10¢ K for
SrogPro2TiOs+5 in both air and Hz atmospheres [5], 10.9-10-6 K-, 11.4-106 K-! and
12.7-106 K-' for YSZ, CGO and LSGM, respectively [16].

5.3.  Electrical conductivity measurements

The total conductivity of the pellet samples was determined by the four-probe
Van der Pauw method in both air and 5% H2-Ar, as well as a function of the oxygen
partial pressure (pO2). In order to obtain dense samples, the precursor powders were
pelletized into discs of 13 mm and 1 mm of diameter and thickness, respectively, and
then sintered at 1500 °C for 1 h for 100SPTO-FD and 1400 °C for 1 h for both 50SPTO-
PM and 50SPTO-FD composite powders, reaching in all cases relative densities
above 95%. Firstly, the microstructure and phase distribution of the samples was
analysed by SEM and EDS, respectively (Figure 5.6).

The 100SPTO-FD shows an average grain size of 1.25 um and a
homogenous cation distribution (Figure 5.6a). The composite electrodes are formed
by two different phases without phase segregations as confirmed by XRD. In the case
of the electrode obtained from mixed powders, 50SPTO-PM, the grain size distribution
is not homogeneous, taking values of approximately of 1 um in diameter (Figure 5.6b).
On the contrary, 50SPTO-FD obtained from the co-synthesis method, shows a
considerably lower grain size (0.5 um) with a more homogeneous phase distribution
in comparison to 50SPTO-PM (Figure 5.6c).
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Figure 5.6. SEM images and EDS analysis of (a) 100STPO-FD sintered at 1500 °C for 1 h,
(b) 50STPO-PM (physically mixed powders) at 1400 °C for 1 h and (c) 50SPTO-FD (co-
synthesis method) at 1400 °C for 1 h.

The electrical conductivity of the samples in different atmospheres as a
function of the temperature is displayed in Figure 5.7a. In air, the conductivity of
100SPTO-FD is rather low, i.e. 5.9-105 S cm* at 700 °C due to the low concentration
of charge carriers in oxidizing conditions, which is proportional to the Tid*
concentration [5]. Moreover, the presence of the Pr4*/Pr3* redox pair seems to be not
significant enough to obtain high electrical conductivity. Previous reports on Srs.
«PrxTiO3+5 series revealed that the concentration of charge carriers in air is almost
constant and the difference in the conductivity can be associated with the Pr-content
[12], reaching a maximum for x=0.1-0.15. Above this concentration the conductivity
decreases due to the formation of extended defects. HRTEM studies confirmed that
the formation of Ruddlesden-Popper-type defects is possibly responsible for the lower
conductivity values in these materials, findings that can be explained by the ability of
these linear defect clusters to accommodate the oxygen excess in rare-earth doped
SrTiO3[1,5]. In the literature, the conductivity values in air for similar compositions
range widely from 2:105 S cm for Sro7ProsTio93C000703.5 to ~102 S cm-! for
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SrogPro2TiOs.5 at 700 °C [5,12]. The different sintering and preparation conditions
(temperature, time and gas atmosphere) can explain these differences.
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Figure 5.7. (a) Temperature dependence of the total conductivity in air and 5% H-Ar of the
different electrode compositions. (b) Total conductivity as a function of the oxygen partial
pressure (pO2) of 100SPTO-FD and 50SPTO-FD and (c) variation of the conductivity of the
50SPTO-FD in several oxidation/reduction cycles.

In 5% H2-Ar, the conductivity of 100STPO-FD significantly increases due to
the partial reduction of Ti#* to Ti3*, reaching values of 1.18 S cm-! at 700 °C (Figure
5.7a); however, this value is lower than that reported previously for the stoichiometric
Sro7ProaTiOs:s (~10 S cm-' at 700 °C) [5]. In this previous study, Yaremchenko et al.
employed the traditional solid-state reaction method at 1600 °C in air to prepare the
samples, followed by a reduction step at 1500 °C for 10 h in 10% H2-N.. It is well
reported that the conductivity of SrTiO3 materials depends on the preparation and
thermal treatment history because the defect equilibrium is nearly frozen at
temperatures lower than 1200 °C [17], which could explain the higher conductivity
values observed by Yaremchenko et al. [9].
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In the case of the composite electrodes, the conductivity in air is somewhat
higher in comparison to 100SPTO, i.e. 6-:10-3 S cm* at 700 °C for both 50SPTO-PM
and 50SPTO-FD, due to the presence of CGO with higher ionic conductivity. In
reducing conditions, the conductivity reached 0.27 S cm-! at 700 °C for 50SPTO-FD,
values slightly higher than that observed for 50SPTO-PM. As expected, this value is
lower than that observed for 100SPTO-FD because the CGO phase has a
considerably lower electronic conductivity under reducing conditions when compared
to SPTO.

The conductivity was studied as a function of pO2 to determine the nature of
the charge carriers (Figure 5.7b). For 100SPTO-FD increases linearly with decreasing
pO>, indicating a predominant n-type electronic conduction with an almost negligible
ionic contribution to the total conductivity. In both oxidizing and reducing atmospheres
a (pO2)6 dependence is observed, similar to that predicted in previous studies by the
defect chemistry model [5]. A 50SPTO-FD composite pellet is a mixed ionic-electronic
conductor due to the combination of the electronic properties of SPTO and ionic
conduction of CGO, and the conductivity is almost independent on the pO2 between
0.1 and 10-'2 atm, indicating a predominant ionic conduction, while an n-type
electronic conductivity with a (pO2)'® dependence appears at lower pOs, similar to
100SPTO-FD [5]. Furthermore, the redox stability of 50SPTO-FD was tested by
measuring the electrical conductivity in consecutive oxidation/reduction cycles at 700
°C, showing no appreciable degradation and good cyclability (Figure 5.7c). The
reduction process in 5% Hz-Ar takes approximately 2 h to be completed while the
reoxidation is faster, reaching equilibrium in 20 minutes. It is also worth mentioning
that 50SPTO-FD obtained from co-synthesis shows faster reduction/oxidation kinetics
than similar compositions despite the higher relative density of the pellets in this study
(95%), which is possibly associated with the lower particle size of these samples [5].

5.4, Electrochemical characterization

The electrochemical performance of the different electrode architectures was
studied by impedance spectroscopy in symmetrical configuration under oxidizing and
reducing conditions. For a better comparison of the electrode response, the ohmic
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resistance was subtracted from the impedance data. Figure 5.8a,c shows the
impedance spectra of some selected electrodes in air and Ha.

It is worth mentioning that the nanocomposite electrodes, deposited directly
on the electrolyte, show polarization resistance values considerably lower in both air
and H2 when compared to the screen-printed electrodes, obtaining the best values for
50SPTO.

In order to get further insights into the different electrode processes involved
in the ORR and HOR, the impedance spectra were analysed by distribution of
relaxation times (DRT) (Figure 5.8b,d) [18,19]. In both air and H, atmospheres, three
main electrode contributions are observed in the DRT spectra of 50SPTO; however,
an additional process, labelled as (HF "), is discernible at a very high frequency of 10°
Hz in air for the electrode deposited by screen-printing. According to previous studies,
the high frequency (HF) response centred at ~104 Hz in air is assigned to the oxide
ion transfer at the electrode/electrolyte interface [20,21]. The contributions at
intermediate (IF) and low frequency (LF) have been typically assigned to electrode
surface processes, such as charge transfer or oxygen dissociation [19,20]. The HF’
electrode contribution at a very high frequency of 105 Hz, observed only for screen-
printed 50SPTO-PM, is possibly attributed to the electronic current losses at the
current collector/electrode interface in accordance with previous works [22,23]. The
poor conductivity of this electrode in air could be the reason for this additional
resistance contribution. This hypothesis is further corroborated by the non-presence
of this process in a reducing atmosphere due to the enhancement of electronic
conductivity. Based on these results, the impedance spectra can be adequately fitted
employing an equivalent circuit formed by an inductor (L) due to the electrochemical
setup, a resistance (Rs) related to the ohmic resistance of the electrolyte and
three/four (RQ) elements in series to simulate each electrode process (inset Figure
5.8a).
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Figure 5.8. (a) Impedance spectra and (b) the corresponding DRT analysis of selected
symmetrical cells at 650 °C in air. The inset figure of (a) shows the equivalent circuit employed
to fit the impedance data. (c) Impedance spectra and (d) the corresponding DRT analysis of
selected symmetrical cells at 650 °C in 100% Ho. (e) DRT analysis of 50SPTO in 5% Ha-Ar
and (f) 100% H: at 650 °C. The inset of figure (e) shows the impedance spectra of 50SPTO
in 5% Hz-Ar and 100% H, atmospheres.

In a reducing atmosphere, the LF electrode response is the main
contribution to the overall polarization resistance in both 50SPTO-PM and
50SPTO electrodes (Figure 5.8e,f). This electrode contribution significantly
decreases when pure hydrogen is employed as feeding gas, showing a hydrogen
partial pressure dependence of ~(pH2)08 and a large capacitance of 0.2 F cm?,
which can be attributed to a gas diffusion process [24]. On the contrary, the IF and HF
processes are less dependent on the Hz concentration and they are possibly assigned
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to charge transfer and transport processes at the electrode/electrolyte interface,
respectively.

In order to elucidate the nature of the electrochemical processes of 50SPTO
for ORR, the impedance spectra were acquired at different oxygen partial pressures
(Figure 5.9a). Three different electrode contributions are discernible in the DRT
spectra in the pO2 range of 0.001- 0.21 atm (Figure 5.9b).

The pO2-dependence of each electrode resistance contribution is shown in
Figure 5.9c, where the slope m provides information about the nature of the species
involved in the ORR sub-reactions [25]. The resistance contributions at high,
intermediate and low frequencies (HF, IF and LF) to the overall polarization resistance
were determined by integration of the DRT curves since the area under the peak is
proportional to the resistance of each process.

The electrode process at high frequency (HF) is nearly independent of the
pO2 and can be attributed to the oxide-ion transfer at the electrode/electrolyte
interface (O, electrode = O%o, electrolyte) [25], While the IF process with an m = 1/4 can be
assigned to charge transfer at the electrode surface (O,4+ 2¢+V,"—0}) [26].
Finally, the process at low frequency (LF), which is the dominant step at low oxygen
partial pressures, has an m ~1/2 and it is related to molecular oxygen dissociation on
the electrode surface (O, ,g—20,4) [27]. Furthermore, this electrode process is
shifted to higher frequency values when the pO: is increased, indicating a lower
relaxation time, and therefore, faster electrode kinetics. It is worth mentioning that
the HF electrode contribution is the rate-limiting step for ORR in air conditions
(0.21 atm) due to the rather low ionic conductivity of the SPTO in oxidizing
conditions, which hinders the oxide-ion transport from the electrode to the
electrolyte.
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Figure 5.9. (a) Impedance spectra as a function of the oxygen partial pressure (pO2) at 700

°C of 50SPTO, (b) the corresponding DRT spectra and (c) electrode resistance contributions
as a function of pO..

The temperature dependence of total polarization resistance (Rp) in air and
H, atmosphere for the electrodes deposited on YSZ are displayed in Figure 5.10. In
air, 100SPTO-FD, deposited by screen-printing, shows high polarization resistance
values (4.81 Q cm2at 700 °C) due to the low electronic conductivity in oxidizing
atmosphere and poor electrochemical activity of SrTiOs-based electrodes for ORR
(Figure 5.10a). After the CGO addition, a considerable decrease of Ry is observed

due to the incorporation of an ionic conductor, reaching 2.45 and 1.60 Q cm2at 700
°C for 50SPTO-PM and 50SPTO-FD, respectively.
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Figure 5.10. Total polarization resistance of the different electrode compositions as a function
of the temperature in (a) air and (b) 5% H2-Ar and 100% H..

A further improvement is observed for the nanocomposite electrodes
deposited by spray-pyrolysis directly on the electrolyte, reaching approximately 0.53
Q cmz2at 700 °C for all nanocomposite electrodes (40SPTO, 50SPTO and 60SPTO).
The optimal composition with the lowest activation energy of 1.22 eV corresponds to
50SPTO, significantly lower than that observed for 100SPTO-FD, 1.62 eV.
Interestingly, these values of polarization resistance are one of the lowest reported in
the literature for titanate-based air electrodes, such as Lao.s75Sr0.125Tio.sNios035 (1.1
Q cm? at 800 °C) [28], Lao43Caos7Tio.94Rho.0s035 (5.89 Q cm? at 850 °C) [29] and
La1/3Sr2;3Tio.s3Fe0.17035 (0.5 Q cm? at 900 °C) [30].

In a 100% H. atmosphere, the 50SPTO-FD achieves R, values of 2.37 Q cm?
at 700 °C, values that are greatly improved by the nanocomposite electrodes
deposited by spray-pyrolysis. The best electrochemical performance was achieved for
50SPTO with Ry values as low as 0.46 Q cm? at 700 °C, which are lower than those
observed for 40SPTO and 60SPTO at the same temperature, 1.17 and 0.88 Q cm?,
respectively. Additionally, 50SPTO has the minimum activation energy of all
compositions (0.79 eV) and these values are lower than those observed in air due to
the faster HOR kinetics compared to ORR.
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These Ry values are lower than those reported previously for titanate-based
anodes, i.e. LaosSro2TiO35 (9.6 Q cm? at 800 °C) [31], Lao.3Sro.7Tio.e7M00.03035 (5 Q
cm? at 850 °C) [32] and Lao 2Sro.35Cao 35 Tio.o5Fe0.0503-5 (0.21 Q cm2 at 850 °C) [33] or
even titanates decorated with exsolved metal nanoparticles in reducing atmosphere,
i.e. Lao.4Sro6Tio.esRU0.05035 (2.74 Q cm? at 850 °C) [34], Lao.2SrosTio.oNio.103-5 (1.66
Q cm? at 800 °C) [35] and (Sro.94Tio.9aNbo.1)0.95Ni0.0503-5 (7.0 Q cm? at 750 °C) [36].

In addition, 50SPTO nanocomposite exhibits rather low R, values in H2 when
compared to traditional symmetrical electrodes, such as Lao.75Sr0.25CrosMno 5035
(1.82 Q cm2 at 850 °C) [37], Lao.4Sr1.6MnOax5 (2.07 Q cm2 at 800 °C) [38], PrBaFe20s+5
(0.9 Q cm? at 650 °C) [39] and SrzFe15Mo0506-5 (0.45 Q cm? at 800 °C) [40]. It is worth
mentioning that the polarization resistance values in 100% H> obtained for 50SPTO
nanocomposite (0.46 Q cm?2 at 700 °C) are slightly higher than that observed for
50LCM-Nano (0.18 Q cm? at 700 °C) in Chapter 4, while similar R, values were
obtained in air conditions. These findings reveal that lower power density values are
expected in real SOFC conditions than those observed in Chapter 4.

5.5. Fuel cell tests

The efficiency of 50SPTO was tested in a SSOFC with configuration:
50SPTO/LSGM(300um)/50SPTO (Figure 5.11). A symmetrical cell with a screen-
printed electrode (50SPTO-PM) was also prepared for comparison purposes. It is
worth mentioning that LSGM-supported cells were chosen in order to minimize the
ohmic losses of YSZ electrolyte at intermediate temperatures. The electrolyte-
supported cell was mounted in the electrochemical cell using a ceramic sealant, as
described in detail in the experimental section 3.10.7.

In both cases, the open circuit voltage (OCV) is close to the theoretical Nernst
potential, 1.1 V, confirming a good sealing of the cells. The cell with a 50SPTO
nanocomposite achieves maximum power densities of 354, 250 and 170 mW c¢cm-2 at
800, 750 and 700 °C, respectively, in wet hydrogen (Figure 5.11a). The performance
of 50SPTO symmetrical electrodes clearly outperformed those values observed for
the analogous screen-printed electrode 50SPTO-PM, i.e. 125, 70 and 40 mW cm-2 at
800, 750 and 700 °C, respectively (Figure 5.11b).
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It is worth mentioning that the ohmic resistance (Rs) of the cells is slightly
higher than that expected for a 300 um thick LSGM-supported cell (~0.3 Q cm? at
800 °C), 0.40 and 0.51 Q cm? at 800 °C for 50SPTO and 50SPTO-PM, respectively
(Figure 5.11c), which can be associated with the rather low electrical conductivity in
air of these electrodes.
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Figure 5.11.1-V-P curves of LSGM symmetrical cells with (a) 50SPTO nanocomposite
electrode deposited by spray-pyrolysis and (b) 50SPTO-PM symmetrical electrode deposited
by screen-printing using wet H, as fuel and static air as oxidant. (c) Impedance spectra of
both cells at 800 °C. (d) Durability test of the cell with 50SPTO at a constant current density
of 0.4 Acm2at 800 °C and (d) Cross-sectional SEM image of the cell 50SPTO after the
durability test.

On the other hand, 50SPTO showed excellent stability for 140 h with a stable
maximum power density under continuous operation in Hz at 800 °C (Figure 5.11d),
not showing any signs of cell delamination or cracks in the post-mortem test of the
single cell (Figure 5.11e). The values of power density are among the best reported
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for SrTiOs-based anodes, ie. 170 mW cm2 at 800 °C for Lag4Sro4TiOs-
CGO/LSGM/LSCF-CGO [41], 60 mW cm2 at 800 °C for
Lao3Sro.7Tio.g7M0g 0303/LSGM/BSCF [32] and 200 mW cm2 at 900 °C for
Sr0.89Y0.07TiO3.5-YSZ/YSZ/LSM-YSZ [42].

However, the poor electrical properties in an air atmosphere of SrTiOz-based
electrode induces low power density values. For this reason, xXSPTO electrodes are
most adequate for potential use as anode materials rather than air electrodes.
Improved fuel cell performance is expected if these nanocomposite anodes are
combined with highly efficient cathodes such as LaoeSro.4Coo8Fe0.203.5, PrBaCo020s:s,
or BaCoo 4Feo.sZro.1Y0.1035 [43,44].

Nevertheless, the results obtained in this chapter demonstrated that the
electrochemical activity of electrodes with a modest activity for ORR and HOR but
with excellent redox stability can be highly enhanced by microstructural optimization.
The nanoscale contact of SPTO and CGO has shown to be crucial to obtain improved
performance. On the other hand, the rather low electrochemical activity of Sr-titanates
for ORR could be partially solved in future works by incorporating other transition
metals in the B-site of the perovskite such as Mn, Fe and Co. Finally, the
electrochemical performance in reducing conditions can be further improved by
doping with Ni, Pd or Ru to achieve metal nanoparticle exsolution in Hz atmosphere.
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(La,Sr)FeOs-based electrodes

In this chapter, novel nanostructured layers based on Ti-doped (La,Sr)FeOs-5
were studied to achieve redox stable electrodes with competitive activity for both ORR
and HOR. In order to increase the stability of the parent compound in reducing
conditions, different electrode compositions (Lao.sSro.2)o.05F€1xTixO03.5-CGO (LSFTy,
x=0.2 and 0.4) were prepared. Additionally, several microstructural architectures were
designed to boost the electrochemical performance. A Ni-doping strategy in the B-
site, (LaosSro2)o9s(FeosTio2)ooNio1035 was also tested to improve the
electrochemical performance of the fuel electrode. The presence of exsolved Ni
nanoparticles was studied by different microstructural techniques, such as SEM and
TEM.
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6.1.  Phase formation of LSFT-CGO nanocomposites

The (LaosSro2)ogsFe1xTix035-CGO (LSFTy, x=0.2 and 0.4) composite
electrodes were prepared from different synthetic approaches to evaluate the
influence of the electrode microstructure on the electrochemical properties. Figure 6.1
displays an illustration of the different electrode microstructures tested in this chapter.

(a) Composite (b) Nanocomposite

Figure 6.1. lllustration of the different electrode architectures tested to boost the
electrochemical performance: (a) composite, (b) nanocomposite, (c) infiltration and (d)
exsolution.

(i)  Firstly, the freeze-drying precursor method was employed to obtain the single
materials, which were calcined at 800 °C to achieve crystallization:
(LaosSro2)ogsFeosTin2035  (LSFTo2-FD) and  (LaosSro2)o.05Feo6Tio4O3-5
(LSFTo4-FD). The electrodes were prepared with A-site deficiency to avoid the
segregation of Sr-based compounds. Additionally, the LSFTo2-CGO (50:50
wt.%) composite electrode was prepared from two different approaches (Figure
6.1a): (i) by physically mixing both LSFTo2 and CGO powders (50LSFTo2-PM)
and (ii) by a single co-sintering step via the freeze-drying method, followed by
calcination at 800 °C (50LSFTo2-FD). After that, the composite powders were
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screen-printed onto YSZ electrolytes and sintered at 1100 °C for 1 h to achieve
an adequate adhesion to the electrolyte.

(i)  The LSFTo2-CGO (50:50 wt.%) nanocomposite layer (50LSFTo2) was also
prepared by spray-pyrolysis deposition directly onto the YSZ electrolyte at 325
°C and then calcined between 800 and 1000 °C in air (Figure 6.1b). It is worth
mentioning that 325 °C was the optimum deposition temperature to obtain
homogeneous and porous layers with improved adhesion to the electrolyte.

(i) In an alternative approach, LSFTo2 and LSFTo.4 electrodes were infiltrated by
spray-pyrolysis process onto porous CGO scaffolds at 325 °C (LSFTo2-Inf and
LSFTo4-Inf, respectively) (Figure 6.1c).

(iv) Finally, a Ni-containing phase, (Lao.sSro.2)o.95(FeosTio2)osNio.1035, was also
prepared to promote the Ni-exsolution in reducing conditions and improve the
HOR activity (Figure 6.1d). This composition was prepared as powder the by
freeze-drying method (LSFTo2-Ni-FD) and infiltration into a porous CGO
backbone by spray-pyrolysis (LSFTo.2-Ni) under the same conditions described
previously.

Figure 6.2a compares the XRD patterns of LSFTo2 powders after calcination
at different temperatures in air and H, as a representative example of the series.
Independently of the Ti-content, an orthorhombic phase (s.g. Pbnm) and high
stability at high calcination temperature and reducing conditions was observed. The
cell volume decreases with increasing Ti-content from 241.436(2) to 240.768(2) A3 for
LSFTo2and LSFTo4, respectively (Table 6.1), due to the lower ionic radii of Ti4* (0.605
A) when compared to Fe3+ (0.645 A) in an octahedral environment. These results are
in accordance with previous reports on LaosSro4Fe1xTixOs-5 (x= 0.1 and 0.3) series

[1].

The cell volume obtained by the Rietveld method increases after a calcination
at 1400 °C for 1 h for both compositions, 242.102(3) and 241.915(2) A3 for LSFToy
and LSFTo4, respectively, which can be attributed to changes in the oxidation states
of iron when the temperature is increased, also leading to changes in the lattice
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oxygen stoichiometry [1] (Table 6.1). Afterwards, the powders calcined at high
temperatures were reduced at 750 °C for 12 h. The cell volumes of LSFTo2 and
LSFToa slightly increased up to 242.247(3) and 242.771(2) A3, respectively.

(a) LSFT,-FD ¢ LSFToz 11 (b) BOLSFT, ,-FD * LSFTo,
® CGO

750°C 5% Hy-Ar
<
| I
A ®

1000°C Air

! S S
SOOO’CA"K K

" 1 " 1 N 1 N 1 L 1 " 1 " 1 N 1
20 30 40 50 60 20 30 40 50 60
20(°) 26(°)

Figure 6.2. XRD patterns of (a) LSFTo.-FD and (b) 50LSFTo.-FD electrodes after a
calcination in air at different temperatures between 800-1000 °C for 1 h and 750 °C in 5% H-
Arfor 12 h.

o

The higher cell volume increase in the LSFTo4 can be ascribed to the higher
titanium content in this sample, which suffers a reduction from Ti4* to Ti%* in a 5% H.-
Ar atmosphere. Interestingly, the LSFTo2-Ni-FD shows a cell volume very similar to
the undoped sample in air and reducing conditions, 240.408 (2) and 241.274(3) A3,
suggesting that Ni2* (0.645 A) incorporation in B-site does not induce a structural
change in the pristine sample (Table 6.1).

Figure 6.2b shows the XRD patterns of the 50LSFTo2-FD nanocomposite
prepared by freeze-drying. Interestingly, the crystallite size obtained by the Scherrer’s
equation for the sample calcined at 800 °C are as low as 19.2 and 11.5 nm for LSF T
and CGO phases, respectively, increasing up to 57.5 and 64.2 nm after a calcination
at 1300 °C for 1 h. These findings confirm the grain growth suppression due to the
intimate mixture at the nanoscale of two immiscible phases, hindering the cation
diffusion at the grain boundary [2,3].
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Table 6.1. Structural parameters of (Lao.sSro.2)ossFerxTixO3-Ceo9Gdo10195 (x=0.2 and 0.4)
electrodes with different electrode architectures in air and 5% Ho-Ar. The preparation method
is indicated as follows: Freeze-drying (FD), co-synthesis by FD (Co-syn) and spray-pyrolysis
(SP).

T  Preparation Volume (A3) LSFTx Ruwp dcco diserx

Composition o0y " \nothod  LSFT, €GO (Wt%) (%) (nm) (nm)
LSFToFD 800  FD  241436(2) - 100 35 - 374
LSFTozFD 1400 FD  242102(3) - 100 35 - 951
LSFTozFD(H) 1400 FD  242247(3) - 100 46 - 946
LSFTo4-FD 800 FD  240768() - 100 53 - 250
LSFTo4-FD 1400  FD  2419152) - 100 42 - 618
LSFTo.4-FD (Hy) 1400 FD 242.771(2) - 100 4.7 - 612
LSFT.-Ni-FD 1000 FD  240408() - 100 32 - 600
LSFTo-Ni-FD (H) 1000  FD  241274(3) - 100 40 - 621
SOLSFT.FD 800 Cosyn 240.762(2) 162.067(2) 38 26 115 192
SOLSFToFD 1300 Cosyn 241154 (2) 159703(2) 48 37 575 642
LSFToz-Inf 800 SP 24151002 - .26 - 243
LSFTorInf(H) 800  SP  242408(2) - .28 - 37
LSFToInf 800  SP  240751(1) - .25 - 211
LSFToclnf(H) 800  SP  242878(1) - .24 - 250
50LSFTo. 800  SP  240285(0) 161701(1) 44 44 99 186
50LSFTo. 1000 SP 241.026(2) 159.824(2) 48 29 345 409
SOLSFToz(H) 750  SP 241104 (2) 159.958 (3) 48 28 349 412
LSFTo-Niinf 800  SP  241440(2) - . 55 . 256
LSFTo-Ni-inf(H) 800  SP  242024(2) - .48 - 309

The 50LSFTo2-FD nanocomposite shows cell volumes for the LSFTo2 and
CGO phase components of 240.762(2) and 162.067(2) A3, which are similar to those
obtained for the single materials. The slight changes in the cell volume can be
associated with minor cation exchange between LSFTo2 and CGO phases during the
co-sintering process. A minor incorporation of La3* (1.16 A) into the CGO lattice with
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higher ionic radii, Ce4+ (0.97 A), could explain the observed increase of the lattice cell
volume in the CGO component [4]. Similar findings are observed for the 50LCM
nanocomposite electrodes in Chapter 4. Additionally, the phase fraction obtained by
the Rietveld method is similar to the nominal one. However, it is worth remarking that
a minor cation exchange between both phases is not expected to be detrimental to
the electrode performance. For instance, Ce-doped (La,Sr)FeOs exhibits improved
properties for HOR [9].

Figure 6.3 shows the XRD patterns of LSFTo2-Inf, LSFTo4-Inf and 50LSF Ty
electrodes prepared by spray-pyrolysis after a calcination in air at 800 °C for 1 h and
750 °C in 5% Ho-Ar for 12 h to study the stability in reducing conditions.

@ 9 B YSZ (b) 50LSFT,,  ® Ysz =
@ LSFT, o LSFT,
® CGO ] o CGO

.4>

750°C LSFTj 4-Inf,

B

750°C 5% H,-Ar
(o]
800°C

i

750°C

-

800°C 800? Air ©® . .Q.
1 1 1 1 N
20 40 50 60
26(°) 26 (°)

Figure 6.3. XRD patterns of (a) LSFTo.-Inf and LSFTo4-Inf and (b) 50LSF Ty electrodes after
a calcination in air at different temperatures between 800-1000 °C for 1 h and 750 °C in 5%
Ho-Ar for 12 h.

At 800 °C, both LSFTo2-Infand LSFTo4-Inf show a perovskite-type structure
as observed for the pure compounds prepared by freeze-drying. Additional diffraction
peaks attributed to secondary phases are not detected after the stability test in
reducing conditions, confirming the redox stability of the samples. The cell volumes of
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LSFTo2-Inf and LSFTo4-Inf at 800 °C, 241.510(2) and 240.751(1) A3, respectively, are
similar to those observed for the corresponding powders.

6.2. Microstructural characterization

Figure 6.4a,b shows the HAADF-STEM-EDS and HR-TEM images of the
nanocomposite 50LSFTo. layer. The EDS mapping shows that the nanocomposite
layer is composed of nanoparticles of 30 nm diameter, confirming the intimate mixture
of the LSFTo2 and CGO phases, which ensures a great extension of the TPB length
for electrochemical reactions (Figure 6.4b). The crystal structure of both phases was
further confirmed by the dnw interplanar distances in accordance with the XRD data
(Figure 6.4c).

Figure 6.4. (a) HAADF-STEM image of 50LSFT after calcination at 800 °C in air and (b)
EDS elemental mapping distribution. (c) HRTEM image showing the interatomic distances of
the LSFTo2 and CGO phases.

The microstructures of the LSFTo. electrodes obtained by different
microstructural strategies are compared in Figure 6.5. The screen-printed 50LSFTo2-
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PM composite electrode is formed by particles of 250 nm after sintering at 1100 °C for
1 h (Figure 6.5a,b).

50LSFT,,-PM 50LSFT,,-PM

4000 nm

LSFT, -Inf
U % Y

‘ ' 50031‘:?1

Figure 6.5. SEM images at different magnification of different electrode architectures: (a,b)
screen-printed 50LSFTo2-PM; (c,d) 50LSFTo2 nanocomposite and (e,f) LSFTo2-Inf deposited

by spray-pyrolysis.

In contrast, the nanocomposite electrode deposited by spray-pyrolysis
(50LSFTo.) is composed of nanoparticles of only 30 nm in diameter after annealing
at 800 °C (Figure 6.5¢,d). Finally, the infiltrated 50LSFTo2-Inf shows a CGO scaffold
completely coated with LSFTo> particles of ~50 nm diameter (Figure 6.5€,).
Furthermore, a 1 um thick top layer of LSFTo2 is formed during the spray-pyrolysis
deposition from the remaining material that was not infiltrated into the CGO backbone.
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This layer can induce a better current collection due to the higher conductivity when
compared to the inner layer.

The LSFTo2-Ni-FD sample was analysed in detail by SEM and TEM to study
the exsolution process of Ni nanoparticles after reduction at 750 °C for 12 h in 5% H.-
Ar (Figure 6.6). As can be seen in the SEM image, a good homogeneous distribution
of Ni nanoparticles of ~15 nm can be observed after reduction on the electrode
surface (Figure 6.6a).

50 nm

Figure 6.6. (a) SEM image of LSFT,2-Ni-FD electrode after reduction at 750 °C for 12 h in
5% Hz-Ar. (b) HAADF-STEM image and (c-f) EDS mapping confirming the presence of Ni
nanoparticles on the electrode surface. (g) HRTEM image showing the interatomic distances
of the perovskite lattice and the Ni nanoparticle.

The HAADF-STEM-EDS characterization of the reduced electrode confirmed
the presence of Ni nanoparticles on surface (Figure 6.6b-f). Interestingly, the
exsolution of Ni nanoparticles does not induce the segregation of secondary phases,
as observed for other ferrite-based electrodes such as Pro Sro.4Feo.7Nio 2M0g 1035 [6].
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The lattice d-spacing in the HRTEM image of the Ni exsolved nanoparticle is similar
to that expected for Ni metal.

The Ni exsolution mechanism in 5% Hz-Ar is attributed to nickel oxide
migration to the surface, followed by reduction to Ni-metal: Ni2* + 2e- >Ni°, which
further grows through particle nucleation [7]. The Ni nanoparticle population is
influenced by the Hz concentration, temperature and strain of the host lattice. In this
work, the electrodes were A-site deficient, not only to minimize the possible Sr-
compound segregation on surface but also to promote the exsolution of B-site metal
nanoparticles [8]. When an A-site deficient perovskite (A1xBOss) is reduced,
additional oxygen vacancies are created in the lattice due to oxygen release. These
oxygen vacancies promote the exsolution of certain cations in B-site and re-
establishing the oxygen stoichiometry [8,9].

Interestingly, the nanoparticles obtained by exsolution are well anchored on
the perovskite surface, avoiding the typical particle agglomeration and
inhomogeneities of particles obtained by infiltration of the metal catalysts [10]. It is
worth mentioning that the presence of exsolved metal nanoparticles on the electrode
surface has demonstrated to considerably boost the performance of the anodes for
fuel oxidation, as discussed in detail in the next section.

Figure 6.7 shows HAADF-STEM images and EDS mappings of the LSFTo -
Ni-Inf electrodes deposited by spray-pyrolysis. Ni exsolved nanoparticles are
discernible on the surface, similar to the electrode deposited by screen-printing.
However, the preliminary studies revealed the presence of Fe in the nanoparticle,
suggesting the possible coexsolution of Ni-Fe nanoparticles in the case of the
nanostructured electrode. Similar results were observed for LagesSro4FeosNio 2035
[11]and Sro.e5(Tio.3Feo.63Ni0.07)O03-5[12].
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LSFT, ,~Ni-Inf
SP

LSFT, ,~Ni-Inf
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20 nm
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Figure 6.7. (a) HAADF-STEM image and (b-e) EDS mappings confirming the presence of Ni-
Fe exsolved nanoparticles in the electrodes deposited by spray-pyrolysis.

6.3.  Electrical conductivity measurements

The total conductivity of the samples was determined by the four-probe Van
der Pauw method in air and 5% H2-Ar and as a function of the oxygen partial pressure
(pO2). In order to obtain dense pellets of 13 mm and 1 mm in diameter and thickness,
respectively, the precursor powders obtained by the freeze-drying method were
pelletized and sintered at 1400 °C for 1 h for LSFTo2-FD and LSFTo4-FD samples and
1300 °C for 1 h for 50LSFTo2-FD, reaching relative densities of 95% and average
grain size of ~1.9 pm for LSFTo2-FD (Figure 6.8a), and 90% and ~0.6 um for LSFTo4-
FD (Figure 6.8b).

Interestingly, the 50LSFTo2-FD, obtained from the co-synthesis method,
shows an improved densification at 1300 °C, which also results in smaller grain size
(0.5 um) with an excellent phase distribution homogeneity of both LSFTo2and CGO
phases (Figure 6.8c). It is also worth mentioning that clean grain boundaries are
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observed without the presence of reaction products or impurities at temperatures as
high as 1300 °C, confirming the great stability of these nanocomposite electrodes.

¥ LSFT5,:FD
e 1400/°C-1ih

=

50LSFT,,-FD
1300RC-1h

Figure 6.8. SEM images of (a) LSFToo-FD, (b) LSFTos-FD and (c) 50LSFTo2-FD
nanocomposite. The EDS mapping in (c) shows the phase distribution.

The electrical conductivity of the dense pellets measured in air and 5% Ha-Ar
as a function of the temperature is displayed in Figure 6.9a. In air, the conductivity
decreases with increasing Ti-doping, i.e. 0.47 and 0.003 S cm-! at 700 °C LSFTo.-FD
and LSFTo4-FD, respectively, due to the stable oxidation state of Ti* in air [13]. In the
case of the 50LSFTo2-FD composite electrode, rather low conductivity values are
observed at 700 °C (0.006 S cm-") due to the lower ionic conductivity of CGO in an air
atmosphere [14]. In 5% Ha-Ar, the conductivity of LSFTo2-FD decreases to 0.08
S cm' at 700 °C due to the reduction of Fe cations with the consequent decrease of
charge carriers. In contrast, the conductivity of LSFTo4-FD increases up to 3.45
S cm* at 700 °C due to partial reduction of Ti** to Ti®* with the consequent increases
of charge carriers [15]. The conductivity of the 50LSFTo2-FD composite electrode
reached 0.15 S cm-', which can be assigned to the partial reduction of Ce#* to Ce?*,
thus improving the n-type electronic conductivity [16]. Further analysis by XPS is
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needed to determine the oxidation states of the elements in both oxidizing and
reducing conditions.
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Figure 6.9. (a) Total conductivity in air and 5% H2-Ar of the different electrode compositions
as a function of the temperature, (b) total conductivity as a function of the oxygen partial
pressure (pO2) of LSFTo2-FD and 50LSFTo2-FD at 700 °C. (c) Variation of the conductivity of
the 50LSFTo.-FD sample in several oxidation/reduction cycles in air, 5% H,-Ar and Hz at 700

°C.

The conductivity was measured as a function of the oxygen partial pressure
(pO2) to elucidate the nature of the charge carriers in both LSFTq2-FD and 50LSF Ty 2-
FD samples (Figure 6.9b). The LSFTo2-FD shows a predominant n-type conductivity
at very low pO2 with a (pO2) dependence. Additionally, the conductivity saturates to
a minimum value at pO,~10-17 atm due to the n-p transition regime. Above this pOx,
the conductivity increases with a (pO2)"# dependence attributed to a p-type
contribution with hole-conduction as predicted in the defect chemistry model of
LaogSro1Fe0s5 and Lag75Sro2sFeOss in previous studies [17,18]. In the case of
50LSFTo2-FD, a (pO2) "6 dependence is observed at low pOa, presumably attributed
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to the presence of an important n-type contribution from the CGO phase which suffers
a drastic reduction of Ce#* to Ce?¥, with the formation of a large concentration of
extrinsic vacancies as observed for CepsSmo 2019 [19].

In order to study the redox stability of 50LSFToo-FD, the electrical conductivity
was measured in consecutive oxidation/reduction cycles at 700 °C, showing good
cyclability without the presence of drops in the conductivity (Figure 6.7c). It is worth
mentioning that the reduction/oxidation processes took less than 1 h despite the high
relative density of the samples (96 %). Interestingly, the conductivity values in
reducing conditions increased from 0.15 to 0.35 S cm-! for 5% Hz-Ar and 100% Ho,
respectively.

The conductivity values obtained in air in this work are rather low when
compared to similar compositions reported previously, i.e. LaosSrosFeogTio. 1035 (90
S cm at 600 °C) [20] and Lao.7SrosFeosTio.1Nio30s5 (318 S cm-! at 700 °C) [21].
These discrepancies can be attributed to the different crystal structures (cubic,
Pm3m), the titanium content in B-site and the La/Sr ratio in A-site, which has shown
to have a great influence on the conductivity, achieving the best performance for the
compositions with higher Sr-contents [13]. The lower concentration of Fe4* (electronic
charge carriers) and the smaller amount of oxygen vacancies at high lanthanum
content induce lower conductivity values but higher stability in reducing conditions
[13]. On the other hand, the conductivity values in reducing conditions are very similar
to those reported previously, ie. Laos4SrosFeosTio4Oss (0.5 S cm™) [13] and
Lao.3Sro7Fe0oTio.1035(0.25 S cm-) [22] at 600 °C.

6.4. Electrochemical characterization

Figure 6.10a shows the impedance spectra of some selected electrodes in
air at 700 °C, where the ohmic resistance was subtracted from the impedance data
for a better comparison of the electrode contributions.

The screen-printed LSFTo2-FD and LSFTo4-FD electrodes show Ry values of
1.19 and 8.84 Q cm2, respectively, at 700 °C. The phase with higher Ti-content,
LSFTo4-FD, exhibits a poorer electrochemical activity in air due to the low electrical
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conductivity as the Ti-doping increases, similar findings are observed for
SrFe1xTixO3.5 (0 < x < 0.5) series [23].

50LSFT,,-P
LSFT,,-Inf
I 50LSFT,,-P
§0'50 Air LSFT,,-Inf
©] )
= 0.95 LSFT,,-Ni-Inf
N U. o]
I R g o)
4
m'“; q%
0.00 .\
0.00 . . 1.50
(b) .
100 |- Air Pl
Q- ’g,”
__ 10k
N
IS
5}
S
a 1F
o 50LSFT, ,-P
LSFT, -Inf
01l 50LSFT,,-P

o
°
a
m LSFT,,-Inf
v
L 4

LSFT, ,-Ni-Inf

ot 8(I)0 7':30 760 GéO 660 SéO SCIJO
T(°C)

Figure 6.10. (a) Impedance spectra of the different electrode architectures at 700 °C in air

and (b) total polarization resistance as a function of the temperature in air.

The electrochemical properties of LSFTo2 are significantly improved by
microstructural engineering, achieving R, values as low as 0.30 and 0.23 Q cm? for
50LSFTo2 and LSFTo2-Inf at 700 °C. The R, values of LSFTo4 (0.67 Q cm? at 700
°C) clearly outperformed those obtained for the screen-printed electrodes but they are
still high for their consideration as air electrodes (Figure 6.10b). These values are
comparable to those observed for SrFeogTio1035 (2.34 Q cm? at 700 °C) [24],
SrFeo.75Tio2503-5 (0.25 Q cm? at 700 °C) [25] and Lao.3Sro.7FeogTio.1035(0.08 Q cm?
at 700 °C) [22] or other compositions with noble metals, such as
Smo.70Sro20Fe€080Tio.15RU00s035 (013 Q cm?2 at 800 °C) [26] and
Lao.7Sro3Tio.1FeosNio.303.5 (0.18 Q cm2 at 700 °C) [27].
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The electrochemical processes involved in the ORR of 50LSFTo2 and
LSFTo2-Inf were identified by investigating the impedance spectra as a function of the
pO2 (Figure 6.11a,b) [28,29]. Firstly, DRT analysis was performed to determine the
main rate-limiting steps involved in the ORR (Figure 6.11c,d). In the pO2 range studied
(0.001-0.21 atm), only two electrode contributions are discernible in the DRT spectra.
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Figure 6.11. Impedance spectra as a function of the oxygen partial pressure (pO,) for (a)
LSFTo2-Inf, and (b) 50LSFTo2 and (c,d) the corresponding DRT spectra. (e-f) pO.-
dependence of the electrodes resistance contributions.

For both 50LSFTo2 and LSFTo.2-Inf electrodes, the process at high frequency
(HF) is nearly independent of the pO2 and can be assigned to the oxygen ion transport
at the electrode/electrolyte interface (O, electrode = O%o, electralyte) [30] (Figure 6.11c,d).
The resistance at low frequency (LF) with a reaction order of m=1/4 can be attributed
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to charge transfer at the electrode surface (Oad + 2 + V', = O%) [31] (Figure
6.11e,f). Interestingly, both electrodes show the same contributions, revealing that
the different architectures do not change the rate-limiting steps for ORR. Similarly,
the LF electrode response is shifted to a higher frequency when the pO:
increases, indicating a lower relaxation time, thus showing faster electrode
kinetics. In the pO2 range studied, the LF contribution is the rate-limiting step for
ORR.

In 100% Hz, 50LSFTo2 and LSFTo2-Inf show R, values of 0.58 and 0.41 Q
cm2 at 700 °C, while a lower value of 0.20 Q cm?is obtained for LSFTo4-Inf (Figure
6.12). The better electrochemical performance of LSFTos-Inf can be linked to its
higher electrical conductivity in reducing atmosphere when compared with those
electrodes with lower Ti-content. However, the poor performance of LSFTo4-Inf in air
limits the potential application of LSFTo4-Inf to work only as a fuel electrode.
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Figure 6.12. (a) Impedance spectra of the different electrode compositions and architectures
at 700 °C in 100% H. and (b) temperature dependence of the total polarization resistance.
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(Lao.sSro.2)o.95(FeosTio.2)ooNio.103.5 deposited by spray-pyrolysis on a CGO
backbone (LSFTo2-Ni-Inf) achieves a polarization resistance of 0.11 Q cm2 at 700 °C
in Ha (Figure 6.12a,b). The greater R, for this electrode is clearly attributed to the
exsolution of Ni nanoparticles under reducing conditions, as observed in section 5.2.
Interestingly, LSFTo2-Ni-Inf considerably improves the electrochemical activity for fuel
oxidation while similar performance was observed in oxidizing conditions. These Ry
values are lower than those reported for related compositions such as
Lao3Sro.7TiosFeo7035(0.75 Q cm2 at 700 °C) [32] and Lao.3Sro.7Feo9Tio.103.5 (0.58 Q
cm? at 700 °C) [22] or other compositions with exsolved metals particles such as
Lao.7Sro.3Tio.1FeosNio.303-5 (0.40 Q cm2 at 700 °C) [27].

6.5. Fuel cell tests

The efficiency in real operation conditions of 50LSFTo2-P, LSFTo2-Inf and
LSFTo2-Ni-Inf electrodes was tested in symmetrical cells on a 300 um thick LSGM
electrolyte (Figure 6.13).

For all symmetrical cells, the open circuit voltage (OCV) is close to the
theoretical Nernst potential, 1.1 V. The single cell with a screen-printed 50LSFTo2-P
renders maximum power densities of 309, 217, 141 and 86 mW cm-2 at 800, 750, 700
and 650 °C, respectively (Figure 6.13a). These values were improved by the infiltrated
electrodes deposited by spray-pyrolysis with maximum power densities for LSFTo .-
Inf of 496, 353, 235 and 140 mW cm2 at 800, 750, 700 and 650 °C, respectively
(Figure 6.13b). Since the ohmic resistance is the same for the different cells, it is
evident that the improved performance is attributed to the higher TPB density of the
nanostructured electrodes. The power output is greatly improved for the analogous
Ni-containing electrode (LSFTo.2-Ni-Inf) with maximum power densities of 617, 489,
369 and 259 mW cm2 at 800, 750, 700 and 650 °C, respectively (Figure 6.13c). The
incorporation of Ni induces a better performance in reducing conditions due to the
formation of highly active Ni nanoparticles.
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Figure 6.13. |-V-P curves of different LSGM electrolyte supported cell with (a) 50LSFTo2-P,
(b) LSFTo2-Inf and (c) LSFTo2-Ni-Inf symmetrical electrodes using wet H. as fuel and static
air as oxidant. (d) SEM image of the LSFTo.-Ni-Inf symmetrical cell after the electrochemical
tests.

Moreover, LSFTo2-Ni-Inf displays excellent stability under continuous
operation during 120 h at 800 °C (Figure 6.14a). The analysis of the cross-section
after the electrochemical test further confirmed the cell stability (Figure 6.13d). The
power density values of the cell with LSFTo2-Ni-Inf symmetrical electrode are higher
than those observed previously for related compositions reported in the literature,
such as 200 mW cm2 at 800 °C for LagsSro.7Feo7Tio3035 onto a 400 pum thick YSZ
electrolyte [33], 450 mW cm-2 at 850 °C for Lao.4Sro.sFeo.7Tio.25C00.0503-5 onto a 300
pm thick LSGM electrolyte [34], 540 mW cm-2 at 850 °C for LagsSro2Feo7Nio3035
onto a 350 pm thick LSGM electrolyte [35] or 300 mW cm2 at 800 °C for
Lao3Sro7Feo7Cro303.50nto a 500 um thick LSGM electrolyte [36].
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Figure 6.14. (a) Stability test of the LSFTo2-Ni-Inf cell under continuous operation at 800 °C
for 120 h. (b) Impedance spectra and (c) the corresponding DRT analysis of the 50LSFTo.-
P, LSFTo2-Inf and LSFTo2-Ni-Inf single cells.

The ohmic resistances (Rs) of the cells are comparable and close to that
expected for a 300 um thick LSGM-supported electrolyte (~0.3 Q c¢cm? at 800 °C)
(Figure 6.14b). It is also remarkable to note that the ohmic resistance of the cells is
higher than the polarization resistance, i.e., LSFTo2-Ni-Inf shows ohmic and
polarization resistance of 0.35 and 0.14 Q cm? at 800 °C, respectively. These findings
indicate that the efficiency of the cell is mainly limited by the electrolyte thickness and
a higher power output can be achieved by reducing the electrolyte thickness.

Deeper insights about the different electrode processes under SOFC
operation conditions were studied by DRT analysis of the impedance data (Figure
6.14c). DRT spectra show that the electrode response is composed of four different
contributions assigned to the cathode (Cat) and anode (An). Interestingly, all these
processes are reduced for the cell with nanostructured electrodes when compared to
the cell with screen-printed electrodes. In particular, the low-frequency processes,
RCat r and RAn r, attributed to electrochemical processes occurring at the cathode and
anode surface, respectively [28,29], are the main contributions to the overall
polarization resistance. These findings are in accordance with those obtained in the
electrode polarization studies in the previous section. In the case of the LSFTo2-Inf
and LSFTo2-Ni-Inf, very similar electrode contributions were observed for the
processes at the electrode/electrolyte interface (RCatyr and RAE) and the charge
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transfer at the cathode surface (RCat.r). However, the RA" ¢ contribution, attributed to
hydrogen oxidation processes at the TPB in the fuel electrode [37], decreased
considerably for LSFTo2-Ni-Inf, indicating that the formation of Ni exsolved
nanoparticles improves the efficiency for fuel oxidation on the electrode surface.

All these findings confirm the great influence of tailoring the electrode
microstructure to boost the electrode performance in both oxidizing and reducing
conditions. In addition, the Ni-doping strategy has demonstrated to be highly effective
to improve the catalytic activity for fuel oxidation. On the other hand, although the
microstructural optimization improves the electrochemical processes on the electrode
surface, the oxide-ion transfer process at the electrode/electrolyte interface is not
significantly enhanced, presumably due to the interfacial nature of this contribution.
For this reason, alternative strategies, such as the incorporation of active layers, could
be explored to further improve the efficiency of SOFC electrodes.
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Nanocomposite active layers

In this chapter, nanocomposite active layers based on the combination of
LaosSro2MnOs5 (LSM) with different oxide-ion conductors, such as Cep.9Gdo.101.95
(CGO), PreO11 and Bi15Y0503 (BYO), were prepared for the first time by spray-
pyrolysis. The influence of the incorporation of an active layer at the
electrode/electrolyte interface was studied in detail. The microstructural and
electrochemical properties of cathodes with biphasic layers were compared to single-
phase active layers, taking special attention to their microstructure after calcination at
high temperatures and the influence of the nanoscale contact between two immiscible
fluorite and perovskite-type phases on the grain growth.

211



Chapter 7

7.1.  Influence of the ionic conductivity of the electrolyte on the polarization
resistance of LSCF cathodes

In order to elucidate the influence of the electrolyte on the electrochemical
performance of the cathode, nanostructured LaoeSro4Coo2FeosOss (LSCF) was
deposited simultaneously by spray-pyrolysis onto different oxide-ion conductor
electrolytes: YSZ, CGO, LSGM and BYO [1]. Further information about this work can
be found in the Article section, AG.

The electrochemical characterization of the different cells revealed that the
polarization resistance (Rp) decreases as the ionic conductivity of the electrolyte
increases in the following order: YSZ (0.21 Q cm?2) > CGO (0.11 Q c¢m?) > LSGM
(0.09 Q cm2) > BYO (0.058 Q cm2) at 700 °C (Figure 7.1).
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Figure 7.1. (a) Polarization resistance values in air of LSCF deposited onto different
electrolytes. (b) Representative impedance spectra and (c) DRT analysis of LSCF deposited
onto YSZ.

The analysis of the impedance spectra by equivalent circuits and distribution
of relaxation times (DRT) shows two different electrode contributions for all cells. The
high-frequency contribution (Rur) is assigned to oxide-ion transfer at the electrode-
electrolyte interface [2,3], while the electrode response at low frequency (RiF) is
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attributed to electrochemical processes on the electrode surface [2]. Rur follows a
decreasing trend with increasing the ionic conductivity of the electrolyte, in the order
YSZ>CGO>LSGM>BYO, which can be explained by the faster oxide-ion transport at
the electrode/electrolyte interface. Moreover, the corresponding activation energy is
lower for the BYO sample (1.08 eV) when compared to CGO (1.14 eV), LSGM (1.25
eV) and YSZ (1.33 eV). Interestingly, the Rir contribution is also influenced by the
electrolyte, showing lower resistance as the ionic conductivity of the electrolyte
increases. This finding suggests that an improvement of the oxide-ion transport at the
electrode/electrolyte interface also induces an extension of the surface paths for
electrochemical reactions on the electrode surface [4,5].

These results reveal that the limited ionic conductivity of the electrolyte is a
bottleneck for the electrode performance. For this reason, the introduction of active
layers at the electrode/electrolyte interface could be the key to obtain enhanced
electrochemical properties for SOFC electrodes. Moreover, nanocomposite layers,
which combine materials with different conducting properties, are expected to exhibit
improved polarization resistance values and durability at high temperatures when
compared to single-phase layers.

7.2.  Nanocomposite active layers for a LSM cathode

Different active layers were evaluated to improve the efficiency of the
traditional LSM cathode: LSM, LSM-CGO, LSM-PrsO+1and LSM-BYO (50 wt.%). The
layers were deposited by spray-pyrolysis onto a YSZ electrolyte from aqueous
precursor solutions at 450 °C for 30 min, followed by a calcination at 800 °C for 1 h
for crystallization. Afterwards, commercial LSM (Praxair) was screen-printed onto YSZ
electrolytes without and with the active layers and then sintered at 1000 °C for 1 h.
For a better structural characterization, all active layers were also deposited onto
amorphous quartz wafers to avoid diffraction peak overlapping with the YSZ
electrolyte. Additionally, LSM, CGO and PrsO11 single layers were prepared for
comparison purposes. Further information about this work can be found in the Article
section, A7.

Figure 7.2a compares the XRD patterns of the layers deposited onto quartz
wafers. All active layers are crystalline at 800 °C without the presence of additional
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peaks attributed to secondary phases. LSM crystallizes with a perovskite-type
structure, while PrsO11 and CGO show a cubic fluorite structure with a preferred
orientation for the PrsO11 phase along the (200) plane. BYO layers showed reactivity
with quartz at temperatures as low as 600 °C. The XRD characterization revealed the
formation of a and 8- polymorphs and also Bi.SiOs as a secondary phase. On the
contrary, the BYO layers deposited on YSZ substrates show a single fluorite structure
at 800 °C [6].
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Figure 7.2. (a) XRD patterns of the different active layers deposited by spray-pyrolysis onto
quartz wafers and calcined at 800 °C. (b) XRD patterns of the different active layers deposited
by spray-pyrolysis onto YSZ electrolytes and calcined at different temperatures between 800
and 1000 °C.

The nanocomposite layers are composed of two different crystalline phases,
a perovskite structure assigned to LSM and a fluorite structure attributed to PreO1
and CGO independently of the substrate employed (Figure 7.2a,b). The co-synthesis
of both phases does not promote the formation of secondary phases and,
interestingly, the crystallite size estimated by the Scherrer’s equation is substantially
lower than that for the single-phase layers. For instance, the LSM layer at 800 °C
shows a crystallite size of 22.3 nm while 14.4 and 12.5 nm are observed for t LSM-
PrsO11 and LSM-CGO nanocomposite layers, respectively (Table 7.1). In addition,
more pronounced differences are observed at higher sintering temperatures, i.e. 65
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and 23 nm for the single LSM and the nanocomposite layers, respectively at 1000 °C.
These results confirm that the coexistence of two immiscible phases effectively
decreases the grain growth due to the limited grain boundary diffusion during the
sintering process [7,8]. In order to get further information about the crystal structure
and composition of the different active layers, the XRD data are analyzed by the
Rietveld method. LSM was adequately fitted with a rhombohedral perovskite structure
(s.9. R3c) and the PrsO11, CGO and BYO with a cubic fluorite structure (s.g. Fm3m)
(Figure 7.3).

Table 7.1. Structural parameters, weight fraction and crystallite size for the different active
layers obtained by spray-pyrolysis deposition on different substrates.

o T Volume (A3) LSM Rwy dism dFiorite
Composition qcy Substrate oy Fiiorite  (wt%) (%)  (nm)
LSM 800 Quarz 3504842 - 100 33 223 -
GO 800  Quartz . 159208(4) - 24 - 16
PreOr 800  Quartz . 1831322) - 39 - 350

LSM-CGO 800  Quartz 351.483(3) 160.633 52 24 125 82
LSM-PreO1; 800  Quartz 350.751(2) 167.287(2) 54 87 144 176
LSM 1000  YSZ  350.358(5) - 100 52 625

BYO 800 YSZ - 164.2792) - 73 - 45.8
LSM-CGO 1000 YSZ  349.871(1) 159.167(3) 50 45 226 296
LSM-PreO14 1000 YSZ  348.453(2) 167.120(2) 51 35 238 329
LSM-BYO 1000  YSZ  351.235(1) - - 57 244

LSM-BYO 800 YSZ  350.948(2) 163.516(2) 56 36 182 251

The unit cell volumes of LSM, PrsO11 and CGO deposited by spray-pyrolysis
onto quartz wafers are 350.484(2), 163.132(2) and 159.208(4) A3, respectively, values
that are close to those reported for the bulk materials [9]. In the case of the
nanocomposite layers, slightly different cell volumes are observed when compared to
the pure materials (Table 7.1) (Figure 7.3a-c).
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Figure 7.3. Rietveld fitting of (a) LSM, (b) LSM-CGO (c) LSM-PrsO11 active layers deposited
onto quartz and calcined at 800 °C and (d) LSM-BYO, (e) LSM-CGO and (f) LSM-PrgO14
deposited onto YSZ electrolytes at different temperatures.

This slightly different cell volumes trend can be explained by a minor cation
exchange between LSM and CGO phases since the incorporation of La3* (1.16 A) in
eightfold coordination in the Ce** (0.97 A) site of the CGO phase induces a unit cell
expansion, and vice versa, for the LSM, as commented in the previous chapter.
Additionally, the phase quantification obtained by the Rietveld method is very similar
to the nominal one, further confirming that only a minor cation exchange occurs
between the perovskite and fluorite phases.

The stability of the active layers was tested after annealing the
nanocomposite layers deposited onto YSZ at 1000 °C, not showing additional peaks
attributed to secondary phases or major changes in the unit cell volumes. However,
LSM-BYO is not stable above 800 °C due to Bi-sublimation at high temperature or
partial reaction with LSM, giving rise to (Lao.sSro2)1-BixMnOs5 as reaction product
[10].
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The composition of the nanocomposite layers was further studied by HAADF-
STEM and EDS (Figure 7.4a-d).
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Figure 7.4. HAADF-STEM images and EDS analysis of (a,b) LSM-Pr¢O11 and (c,d) LSM-CGO
nanocomposites calcined at 1000 °C, (e,f) HRTEM image of the LSM-CGO nanocomposite,
showing the d-spacing for both LSM and CGO crystallographic phases.

LSM-PrgO11 and LSM-CGO nanocomposite active layers are formed by
homogeneously and well-distributed particles of two different phases with a particle
size of 20-30 nm after sintering at 1000 °C, values that are in accordance with XRD
data. The intimate mixture between the electronic and ionic conductors ensures a
large contact and extended TPB, which is expected to have a positive effect on the
electrochemical performance. Furthermore, HRTEM images of the LSM-CGO
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nanocomposite active layer (Figure 7.4e.f) show that the LSM and CGO particles
present a high crystallinity with lattice spacing comparable to those obtained from the
XRD characterization.

7.3.  Microstructural characterization of nanocomposite active layers

The microstructural characterization of the different cell configurations was
studied by SEM after the electrochemical measurements. A low-magnification cross-
sectional image of the symmetrical cell with an LSM cathode is displayed in Figure
7.5a as a representative example. The LSM cathode deposited by screen-printing
shows a homogenous thickness of 30 um with a highly porous structure and an
average grain size of 500 nm (Figure 7.5a). Additionally, the Pt current collector layer
is visible on top of the LSM cathode.

Figure 7.5. (a) Low magnification SEM image of the LSM electrode deposited by screen-
printing onto a YSZ electrolyte at 1000 °C after the electrochemical measurements and (b)
SEM image at higher magnification.
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The electrode/electrolyte interface was studied for each cell by SEM-EDS.
Figure 7.6 shows SEM images of the LSM, LSM-CGO, LSM-PrsO11 and LSM-BYO
active layers at different magnifications.
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Figure 7.6. SEM images at different magnifications of (a,b) LSM, (c,d) LSM-CGO, (e,f) LSM-
PrsO11 and (g,h) LSM-BYO layers deposited onto YSZ electrolyte after electrochemical
characterization.
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Independently of the composition, the active layers have a rather similar
thickness, 0.8 £0.2 um, except for the LSM-BYO layer, which is slightly thinner ~0.5
pMm. The lower thickness observed for LSM-BYO can be explained by the partial
sublimation of bismuth as it was observed previously for other Bi»Os-based layers,
findings that are in accordance with the low thermal stability observed by XRD after
calcination at 1000 °C (Figure 7.6g,h) [11-13]. In fact, the melting point for undoped
and doped-Bi>O3 is rather low, 825 and 1100 °C, respectively, which can be even
lower for nanostructured materials [14,15].

Interestingly, the particle size of the nanocomposite active layer is
significantly lower than that observed for the LSM single-phase layer (Figure 7.6a,b).
For instance, LSM shows an average grain size of ~250 nm after sintering at 1000
°C compared to ~50 nm for LSM-CGO (Figure 7.6¢-d) or ~80 nm for LSM-PreO11
(Figure 7.6e-f). Furthermore, LSM-CGO shows improved microstructural
characteristics compared to the other active layers, such as good adherence to the
electrolyte, lower porosity and absence of delamination after the electrochemical
measurements (Figure 7.6¢,d). On the other hand, vertical cracks are observed for
LSM and LSM-PreO11 active layers, presumably attributed to the severe grain growth
after the long-term annealing at 1000 °C, as well as the different thermal expansion
mismatch between the cell components, since the thermal expansion coefficient
(TEC) of PrsO11 (23:10¢ K1) is relatively high compared to LSM (13-106 K1), YSZ
(11:10¢ K1) and CGO (12:10¢ K1) [16,17].

In addition, EDS analysis was performed to check the possible reactivity
between the cell components (Figure 7.7). No evidence of cation interdiffusion is
observed between the cell layers; nevertheless, the bismuth content in the LSM-BYO
is inferior to the nominal one, further confirming the Bi evaporation at 1000 °C.
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Figure 7.7. Cross-sectional SEM images and EDS analysis of the different cells with (a) LSM,
(b) LSM-CGO, (c) LSM-Prs011 and (d) LSM-BYO after the electrochemical tests.

74, Electrochemical characterization

The influence of the different active layers on the electrochemical properties
of LSM was studied by impedance spectroscopy in a symmetrical cell configuration.
Figure 7.8a shows the impedance spectra at 700 °C in air at open circuit voltage
(OCV). For comparison purposes, a cell without an active layer, labelled as without
A.L., was also studied. Although the ohmic resistance (Rs) was subtracted for a better
comparison of the electrode response, the Rs values are similar to a blank YSZ
electrolyte, indicating that the incorporation of the active layer does not induce extra
ohmic losses to the electrochemical cell in good agreement with the microstructural
characterization by SEM. It is worth remarking that the vertical cracks observed for
the LSM and LSM-PrsO+1 layers do not affect negatively the ohmic resistance of the
cell.
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Interestingly, the overall polarization resistance is significantly decreased
after incorporating the active layers when compared to the blank LSM cathode
(without A.L.) (Figure 7.8a).
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Figure 7.8. (a) Impedance spectra of LSM cathode deposited onto YSZ with different active
layers at 700 °C and (b) the corresponding DRT spectra.

DRT analysis of the impedance data was performed to get further insights
into the electrode processes (Figure 7.8b). Two main electrode contributions are
observed in the DRT spectra, regardless of the active layer. The high frequency (HF)
contribution, centred at ~104 Hz, is associated with the oxide-ion transport at the
electrode/electrolyte interface [2,3]. Since the area under the peaks is proportional to
the resistance of each process, it is evident that the incorporation of an active layer
significantly reduces the HF process due to the faster oxide-ion transport at the
interface. Furthermore, the low-frequency contribution (LF), which is related to
electrochemical processes on the electrode surface, is also decreased in the cells
with nanocomposite active layers, suggesting that the introduction of a nanostructured
active layer extends the surface paths to the electrolyte surface. In this case, the ORR
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sub-reactions, such as oxygen diffusion, adsorption or charge transfer processes, can
also occur at the surface of the nanocomposite active layer. On the other hand, the
electrode processes are slightly shifted to lower frequencies, which has been
previously associated with faster oxide-ion conduction at the electrode/electrolyte
interface [18,19]. Finally, a minor contribution at a very low frequency, labelled as D,
is observed in the DRT spectra, which has been previously attributed to gas diffusion
limitations [20]. This minor contribution was not included in the fitting by equivalent
circuits due to its very low resistance when compared to HF and LF processes. Based
on the results obtained by DRT analysis, an equivalent circuit including two serial (RQ)
elements was used to fit the impedance spectra (inset Figure 7.8a).

The overall polarization resistance of the different cells without and with active
layers as a function of the temperature is shown in Figure 7.9. The incorporation of
the active layers significantly reduces the Ry, values in the whole temperature range
studied. For instance, the polarization resistance is decreased at 700 °C from 1.71 Q
cm? for LSM without active layer to 0.95, 0.62, 0.46 and 0.29 ©2 cm2 for LSM, LSM-
PreO11, LSM-CGO and LSM-BYO cells with active layers, respectively.
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Figure 7.9. Overall polarization resistance of the symmetrical LSM/YSZ/LSM cells with
different active layers as a function of the temperature.

It is worth mentioning that these values are better than those reported
previously for LSM-YSZ, LSM-CGO or LSM-BYO composite electrodes deposited by
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screen-printing onto YSZ electrolyte at 700 °C, 1.20, 1.06 and 0.50 Q cm?,
respectively [21-23]. It has to be also considered that the R, values of LSM-BYO are
slightly lower than that observed for LSM-CGO; however, the partial sublimation of Bi
could negatively affect cell integrity under long-term operation and for this reason, this
layer is not further characterized.

The resistance and capacitance values of each electrode process as a
function of the temperature are displayed in Figure 7.10. The nature of the active layer
clearly affects the resistance of each electrode response, showing the cell without
active layers higher Rur and Rir values in the whole temperature range studied.
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Figure 7.10. (a,b) Resistance contributions and (c,d) capacitance values of the HF and LF

electrode responses as a function of the temperature.
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In the case of Rur, the incorporation of an active layer reduces this
contribution up to one order of magnitude, especially at low temperatures, where the
blank LSM cathode has poor electrochemical activity (Figure 7.10a,b). Rur decreases
in the order: LSM > LSM-CGO > LSM-PrsO11, a trend that can be associated with the
higher ionic and electronic conductivity of PreO11 when compared to CGO, improving
the oxide-ion transfer at the electrode/electrolyte interface [24,25]. The faster kinetics
of this electrode process is further evidenced by the reduction of the activation energy
from 1.35 eV t0 0.97 eV after the incorporation of the active layers.

The Rir contribution is also substantially reduced, suggesting that the
presence of the active layer not only promotes a faster oxide-ion transfer at the
electrolyte interface but also induces an extension of the reaction sites for the ORR.
In this case, the LSM-CGO sample shows lower Rir values, which can be attributed
to the improved microstructure, i.e. lower grain size and good adherence to the
electrolyte without crack formation. The corresponding activation energy values are
similar for all cells, ranging between 1.42 and 1.36 eV.

The capacitance values of HF and LF are also strongly dependent on the
active layer used (Figure 7.10c,d). Previously, an increase in the capacitance values
in nanostructured electrodes was related to higher active site density for the
electrochemical reactions [26,27]. Cur increased from 7:10°5 F ¢cm2 for the LSM
cathode without active layers to 2-10-3 F cm-2 for LSM-PrsO14, similar to that observed
for the Rur resistance. Additionally, the rather low capacitance values of this process
confirm that this is associated with oxide-ion transport at the LSM/electrolyte interface.
Similar results are observed for Cir, which also increases two orders of magnitude for
LSM-PrsO11 (2:102 F cm2) when compared to the LSM cathode without active layer
(2104 F cm2), confirming that the active sites at the electrode surface also increase.

Figure 7.11 shows a schematic diagram of the electrochemical reactions
occurring in the different cells to better understand the influence of the active layers
in the ORR. As reported previously, the blank LSM cathode shows very low oxide ion
conductivity at intermediate temperatures, limiting the active sites for electrochemical
reaction to the TPB region close to the electrode/electrolyte interface (Figure 7.11a).
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Figure 7.11. lllustration of the different electrochemical processes involved in the LSM
cathode for ORR at low temperature: (a) without active layer, (b) with LSM active layer, and
(c) with a nanocomposite active layer.

After the introduction of an LSM nanostructured layer, the TPB is extended to
the whole electrolyte surface (Figure 7.11b). On the other hand, when a
nanocomposite layer formed by the mixture of an electronic and ionic conductor is
implemented, both electronic and ionic conducting paths are available, further
increasing the active sites at the electrolyte interface (Figure 7.11c). Additionally, the
lower particle size in the nanocomposite layer further explains the better
electrochemical performance of this configuration.

The impedance spectra for the most promising active layer (LSM-CGO) were
collected as a function of the oxygen partial pressure (pO2) to identify the electrode
processes involved in the ORR and the results were compared to those obtained for
blank LSM cathode [28].

The impedance spectra are comprised of an asymmetric and depressed arc
in the whole pO2 range studied for LSM without and with LSM-CGO active layer
(Figure 7.12a). The same equivalent circuit proposed for the measurements at OCV
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is used to adequately fit the impedance data. The representation of Rxr and Rir vs.
pO2, both in logarithmic scale, gives a linear curve, where the slope m provides
information about the nature of the species involved in the ORR sub-reaction.
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Figure 7.12. (a) Impedance spectra of the cell with LSM-CGO active layer and (b) polarization
resistance contributions for LSM cathode without and with LSM-CGO layer as a function of
the pO; at 700 °C.

As can be observed, the same rate-limiting steps are identified for the cells
without and with LSM-CGO active layer (Figure 7.12b). Firstly, the Rur contribution is
one order of magnitude lower in the cell with LSM-CGO active layer, while the Ri.r
electrode response is around two times lower in this cell. The Ruyr contribution is
almost independent on the pOy, indicating that this process is associated with the
oxide-ion transport at the electrode/electrolyte interface (O%, electrode 2 O%o, electrolyte)
[28]. The Rur process with a m ~ 3/8 can be attributed to the reduction of oxygen
atoms at the electrode surface Oagt+ e~ 2 O'aq [29,30]. Hence, the incorporation of the
active layer does not alter the nature of the rate-limiting steps but substantially
decreases the polarization resistance of both electrode processes.
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The electrochemical performance of these cells was also studied by a 3-probe
electrode configuration, applying a dc-bias under cathodic and anodic polarization
(Figure 7.13). The impedance spectra of the LSM cathode without and with LSM-CGO
layer under cathodic polarization from 0 to -0.30 V at 700 °C are shown in Figure 7.13a
and b, respectively.
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Figure 7.13. Impedance spectra in 3-probe configuration under cathodic polarization of (a)
LSM cathode without active layer and (b) and with LSM-CGO active layer. Impedance spectra
in 3-probe configuration under anodic polarization of (¢) LSM cathode without active layer and
(d) and with LSM-CGO active layer.

The blank LSM electrode shows a stronger influence on the applied dc-bias,
decreasing the Ry values from 1.56 © cm2at OCV to 0.69 2 cm? at -0.30 V at 700
°C, while the Ry values for the cell with LSM-CGO active layer decreased from 0.55
Q cm? to 0.42 Q cm? under the same conditions. At higher temperatures (T = 800
°C), the influence of the dc bias is lower due to the better ionic conductivity of the LSM
cathode and a faster bulk path at the LSM surface for the electrochemical reactions.
For instance, in the case of a blank LSM, the R, slightly decreases at 800 °C from
0.36 Q cm2at OCV to 0.23 Q cm? at -0.3 V (Figure 7.14a). The total polarization
resistance for both cells under cathodic and anodic polarization at 700 and 600 °C is
displayed in Figure 7.13a,b.

228



Nanocomposite active layers

1 : 100 -
a i £600°G 700°C
( ) : (b) i —@—| --O-- without A.L
Cathodic : Anodic {—m—| -0~ LSM-CGO
Cathodic Anodic
. without A.L. 10
% i o <
LE) //'/‘/@ \\O :
c AN €
o ; o, -
o : o, o
LSM-CGO o 1t
0.1 r’*._.ﬁ“'oo o0 5000800000,
% 0., :
800 °C |
L 1 L 0.1 . : :
-0.4 -0.2 0.0 0.2 0.4 -0.4 -0.2 0.0 0.2 0.4
BIAS (V) BIAS (V)
100 -
(C) | HF | LF
\--O-- | —@— without A.L.
--0-- | —m— LSM-CGO
Cathodic . Anodic
_ 10t
£
o
s
% '
X 1F D»VDVVD"D"D"D"m:"‘:‘"ﬂrﬂ,,a“
600 °C
01 1 ; 1
-0.4 -0.2 0.0 0.2 0.4

BIAS (V)

Figure 7.14. Overall polarization resistance of LSM without and with LSM-CGO layers
acquired under different dc-bias at (a) 800 °C and (b) 700-600 °C. (c) Variation of the high
and low-frequency contributions at 600 °C as a function of the dc bias.

The improvement of the electrochemical properties at intermediate
temperatures can be explained by the formation of oxygen vacancies in the lattice
under cathodic polarization due to the partial reduction of Mn4* to Mn3*, which
promotes a better electrochemical performance [31,32]. In the case of the sample with
a LSM-CGO interlayer, the electrochemical reactions mainly occur close to the
electrode/electrolyte interface. Under cathodic polarization, a new reaction path
involving the bulk of the LSM particles is created, becoming the extension contact
between LSM and the electrolyte the rate-determining step for ORR, which is highly
enhanced after the incorporation of the active layers, explaining the lower R, reduction
in the sample with LSM-CGO active layer [33,34] (Figure 7.14b).
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The Ry values showed a further decrease under anodic polarization in both
cells when compared to cathodic polarization (Figure 7.13c,d and Figure 7.14a,b),
findings that can be explained by the increase of the local oxygen content in the
electrode. This behavior is similar to that produced when the oxygen partial pressure
is increased, improving the electron-hole conduction in LSM, and consequently,
lowering the R, values. Similar behavior has been observed previously for other
cathode materials such as SrCoo9Tao.1035 or SrFeq9Mog 1035 [35,36].

The impedance spectra are also analysed by equivalent circuits to obtain
further insights into the effect of the dc bias on the individual electrode processes
(Figure 7.14c). Interestingly, the HF contribution is not affected by the applied dc-bias
[37]. However, the LF process, which has been attributed to electrochemical reactions
at the electrode surface, has a strong dependence on the dc-bias for the sample
without and with the LSM-CGO active layer. This trend is in accordance with the
oxygen vacancy concentration changes at the active sites induced by the dc-current
[38].

7.5. Fuel cell tests

The performance in real SOFC conditions of the cell with the LSM-CGO active
layer was tested in an anode-supported cell: Ni-YSZ/YSZ/LSM-CGO/LSM and
compared with an analogous cell without an active layer (Figure 7.15).

The OCV in both cells is close to the theoretical Nernst value (1.1 V) when
wet hydrogen (3 vol% H20) is used as fuel and static air as oxidant, confirming a good
sealing of the electrochemical cell. The |-V and power density curves of the cell with
the LSM-CGO active layer clearly show a remarkable performance improvement
when compared to the blank cell (Figure 7.15). The maximum power densities of the
cell with a LSM-CGO active layer are 1.20 and 0.85 W c¢cm2 at 800 and 700 °C,
respectively, outperforming the values obtained for the cell without active layer under
the same operation conditions, 0.79 and 0.46 W cm-2 at 800 and 700 °C, respectively.
Interestingly, the cell with LSM-CGO active layer exhibits superior power density
values than those previously reported for anode-supported cells based on LSM
cathodes, i.e. LSM (0.34 W cm2 at 800 °C) [39], LSM-CGO (0.75 W cm2 at 800 °C)
[7] and LSM-BYO (0.78 W c¢cm2 at 700 °C) [21]. Since the Ni-YSZ/YSZ anode-
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supported cells were prepared in the same batch and they have the same cathode
(LSM), the different maximum power densities between both cells are clearly
associated with the incorporation of the LSM-CGO active layer.
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Figure 7.15. |-V and power density curves of the Ni-YSZ/YSZ/LSM single cell (a) without
and (b) with LSM-CGO active layer.

Impedance spectra of both cells collected at OCV show that the incorporation
of the LSM-CGO active layer decreases significantly the R, of the cell from 0.58 to
0.31 Q cm? at 700 °C, while the ohmic resistance of the cell remains almost unaltered
by the presence of the active layer with Rs ~ 0.06 Q cm? for both cells (Figure 7.16a).

DRT spectra reveal that the electrode response is composed of at least three
electrode contributions (Figure 7.16b). Interestingly, the electrode processes
assigned to the oxide-ion transfer at the electrode/electrolyte interface (RCt.r) and
the charge transfer at the LSM cathode surface (RCatf) are reduced after the
incorporation of the active layer, findings that are in accordance with the results
observed for the symmetrical cell tests in the previous section [2,3,18,19].

On the contrary, the electrode process centered at 1 Hz, which is typically
associated with hydrogen oxidation processes at the TPB in the fuel electrode (RA"),
is similar for both cells, further confirming that the presence of the LSM-CGO active
layer is the responsible of boosting the cell performance [40]. In addition, a minor
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electrode contribution at a very low frequency is identified, which can be attributed to
gas diffusion limitations at the anode and cathode, according to previous reports [20].
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Figure 7.16. (a) Impedance spectra of the anode-supported cells without and with LSM-CGO
active layer at 700 °C and (b) the corresponding DRT analysis. (c) Short stability test of the
cell with a LSM-CGO active layer at a current density of 1 A cm2 at 700 °C and (d) Cross-
sectional SEM image of the cell after the electrochemical test.

The stability of the cell with the LSM-CGO active layer was tested under
continuous operation for 100 h at 700 °C, showing a constant cell voltage over time
at1 Acm2(Figure 7.16¢). The negligible degradation in the short stability test confirms
the good stability of the cell with nanocomposite LSM-CGO active layer at
intermediate temperatures. Moreover, the microstructure of the single cell after the
electrochemical tests reveals no visible delamination or cracks of the different cell
layers (Figure 7.16d). In addition, the nanoscale microstructure of the LSM-CGO
interlayer with ~1 um thickness is retained and the YSZ electrolyte with a ~5 um
thickness shows high relative density without the presence of cracks.
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All these results confirm the great influence of the nanocomposite active

layers on the electrochemical properties of the state-of-the-art LSM cathode by
tailoring the electrode/electrolyte interface. This new approach could be extended to
other nanocomposite active layers to operate simultaneously in both oxidizing and
reducing conditions, in order to implement this promising approach to symmetrical
solid oxide fuel cells. Additionally, other deposition methods, such as pulsed laser
deposition (PLD), can be explored to obtain different electrode architectures and
properties.
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Vertically Aligned Nanostructures

In this chapter, Vertically Aligned Nanostructures (VANSs) films based on
(Lao.sSro.2)0.98F€08Ti02035-Ce0.9Gdo.101.95 (LSFTo2-CGO) were deposited by PLD
onto different substrates for their implementation as functional layers in SSOFCs. The
influence of the substrate on the crystal structure and the epitaxial ordering was
deeply studied by XRD and different microstructural techniques, such as AFM, SEM
and TEM. A complete electrical characterization was performed to test the
performance in both air and Hz atmospheres. The sample preparation and the
structural characterization were carried out during an external stay for 3 months at the
Technical University of Denmark (DTU) under the supervision of Profs. Nini Pryds and
Vincenzo Esposito.
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8.1.  Preparation and structural characterization of LSFTo2and LSFTo2-CGO
films

LSFTo2and LSFTo2-CGO targets (50 wt.%) for the deposition by pulsed laser
deposition (PLD) were prepared by solid-state reaction from the corresponding oxides
and carbonates, La203, SrCO3, Fe203 and TiOz, as described in detail in section 3.4.
The single LSFTo2 and LSFTo2-CGO thin films were deposited onto SrTiO3 (STO),
Zr0.84Y0.1601.92 (YSZ) and (LaAlO3)o.3(Sr2TaAlOg)o.7 (LSAT) (001) single crystals at 650
°C by PLD at 6.67-10-3 mbar in Oz at 10 Hz for 20 minutes. Further experimental
details can be found in section 3.4. The samples were deposited onto insulating LSAT
(001) substrates for the electrical conductivity analysis, onto STO (001) substrates for
the structural and microstructural characterization and onto YSZ (001) for electrode
polarization measurements as discussed later. Hereafter, the LSFTo2-CGO thin film
with columnar microstructure will be labelled as “LSFTo2-CGO VAN”.

Figure 8.1 shows the 8-26 XRD diffraction patterns of LSFTo2 and LSFTo.-
CGO VAN deposited onto STO (001). LSFTo. film shows a perovskite structure with
a fully epitaxial growth along the (001) orientation without the presence of other
crystallographic orientations (Figure 8.1a,c). Similar results were obtained for other
ferrite-based perovskites deposited onto STO (001) single crystals such as SrFeOs3
and LagsSro2Fe0s5[1,2]. The similar out-of-plane lattice parameter of the LSF Ty film
(3.973 A) with the STO substrate (3.905 A) leads to a cube-on-cube growth with a
(00/) preferred orientation (Figure 8.2a). The rather low lattice mismatch f ([@substrate-
afim)/asubstrate) Of 1.4 % between the unstrained LSFTo2 (3.919 A) and the film leads to
a fully epitaxial film growth with a coherent interface [3]. Additionally, the thickness
fringes close to the LSFTo2 (002) reflection in Figure 8.1b confirm the high quality of
the film.

In the case of the LSFTo2-CGO VAN deposited onto STO (001), the LSFTo.
perovskite component also shows an epitaxial growth along the (001) orientation
(Figure 8.1b). However, the out-of-plane lattice parameter is slightly higher, 4.062 A,
increasing the lattice mismatch f up to 3.5 %, which is still lower than the maximum
reported value (~ 7%) to obtain high-quality epitaxial films [3].
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Figure 8.1. 6-28 XRD patterns of (a) LSFTo2 and (b) LSFTo2-CGO VAN deposited onto STO
(001) and (c,d) the corresponding HR-XRD patterns near the STO (002) reflection, showing
the epitaxial growth of LSFTo2 in the (00/) direction. The thickness fringes close to the LSFTo2
(002) in (c) confirm the high quality of the film.

In the case of the CGO phase, previous works have shown that materials with
a fluorite-type structure can be accommodated onto cubic perovskite substrates by a
45° in-plane rotation of the cell during the deposition to minimize the lattice mismatch

(5.54 A - §=3.92 A) (Figure 8.2b). The lattice mismatch for the CGO phase is also

rather low, 1.8%, ensuring a good epitaxial growth. The XRD diffraction pattern further
confirms this hypothesis for the CGO component, showing an epitaxial growth along
the (002) orientation (Figure 8.1b). Figure 8.2 shows schematic representations of the
crystal growth of the films on the different substrates to clarify the discussion of the
results.

241



Chapter 8

(a)

LSAT
STO

Figure 8.2. lllustration of the thin film growth of (a) epitaxial LSFTo2 on LSAT/STO, (b)
LSFT(2-CGO VAN on LSAT/STO and (c) LSFT2,-CGO VAN on YSZ showing the
microstructure ordering.

The 8-20 XRD diffraction patterns of LSFTo2-CGO VAN onto LSAT (001),
STO (001) and YSZ (001) clearly show a different column ordering depending on the
substrate employed (Figure 8.3). The similar lattice parameter of STO (3.905 A) and
LSAT (3.868 A) with LSF T2 leads to accommodate the perovskite component with a
(00/) preferred orientation as described previously (Figure 8.3a). These results
suggest that the same growth mechanism is obtained for (001) oriented single crystals
with perovskite-type structure and similar lattice parameters, regardless of the cation
composition of the substrate.

In the case of the LSFTo2-CGO VAN deposited onto YSZ (001), with a cubic
fluorite structure (5.143 A), a cube-on-cube growth is observed for the CGO
component with a (002) preferred orientation, showing an out-of-plane lattice
parameter of 5.476 A; however, a minor (111) reflection is also detected (Figure 8.2c
and 8.3b). In the case of the LSFTo phase, a perfect vertical orientation growth along
the (110) direction is discernible, which is parallel to the CGO (002). The very close
lattice spacing between LSFTo2 (110) (d=5.52 A) with CGO (002) (d=5.44 A) induces
a great out-of-plane coherence of both structures. The same behavior was previously
observed for an LSM-SDC VAN deposited onto YSZ (001) [4]. These results reveal
the great influence of the lattice cell parameters of the substrate on the nanostructure
ordering, which makes possible to tailor the functional properties of the film by
changing the substrate type.
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Figure 8.3. 8-28 XRD patterns of LSFT(,-CGO VAN deposited onto (a) LSAT (001) and (b)
YSZ (001).

In order to get further information about the crystal structure of the LSFTo»-
CGO VAN samples, ¢-scans, 28-w rocking curves and reciprocal space mapping
were carried out (Figure 8.4). The in-plane arrangement was elucidated by performing
¢-scans on asymmetric reflections of the different components. The ¢-scan of LSAT
(111) shows four narrow peaks 90° apart in ¢ that corresponds to a cubic perovskite
structure with a [001]/[010] in-plane crystallographic growth direction. The ¢-scan of
LSFTo2(111) also shows 4 reflections at the same ¢, which is consistent with a cube-
on-cube growth as suggested previously. Interestingly, the ¢-scan of CGO (111)
presents 4 reflections that are shifted by 45° from LSAT (111), indicating a
CGO[110])/LSAT[010] in-plane relationship. These results confirm the necessity of a
45° cell rotation of the CGO structure onto both LSAT and STO substrates to minimize
the lattice mismatch (Figure 8.4a).
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Figure 8.4. ¢-scan analysis of (a) VAN deposited on LSAT around the (111) direction and (b)
VAN deposited on YSZ around the (202) direction. (c) Reciprocal space map of the (113)
asymmetric reflection of the VAN deposited on LSAT. 26-w rocking curve measurements of
the VAN film deposited on (d,e) LSAT and (f) YSZ.

In the case of the LSFTo2-CGO VAN deposited onto YSZ, the (202) ¢-scan
for both the YSZ substrate and CGO phase show four peaks with the same ¢
displacement (Figure 8.4b), confirming the cube-on-cube growth of CGO on YSZ.
However, additional reflections are not detected after the (202) ¢-scan of the LSFTo 2
phase. In order to explain these results, 26-w rocking curve (RC) analysis were
performed. In the case of the RC of LSFTo2 (001) in the LSFTo2-CGO VAN on LSAT
(Figure 8.4d), a sharp and narrow peak is observed, indicating the good quality of the
epitaxial growth, while a wide peak is visible in the RC of CGO (002) (Figure 8.4e),
revealing the presence of dislocations in the film that affects to the parallelism of
atomic planes. This fact is very common in CeO-based films deposited onto single
crystals with perovskite structure [5,6]. In the case of the RC of LSFTo2 (110) in the
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LSFTo2-CGO VAN on YSZ, no extra peaks are detected, revealing the very low quality
of the phase ordering, presumably attributed to a high concentration of crystalline
defects (Figure 8.4f). This result explains the non-presence of signals in the 202 ¢-
scan of the LSFTo2 phase on YSZ.

The reciprocal space map (RMS) of the LSFTo2-CGO VAN deposited onto
LSAT in the asymmetric reflection (113) is displayed in Figure 8.4c. Three bands are
clearly identified, attributed to the substrate (LSAT), the perovskite (LSFTo2) and the
fluorite (CGO) components. The widespread of in-plane lattice parameters for the
CGO phase is responsible for the broad band observed for this phase. The in-plane
(axy) and out-of-plane (a) lattice parameters can be obtained from the RSM by the
following equations (Egs. 8.1 and 8.2) [7]:

E

a,= ; (Eq 81)
Ay (Eq.82)

where g, and gy, are associated with the out-of-plane and in-plane parameters of the
diffracted vector in the RMS.

In the case of the LSAT substrate, the in-plane and out-of-plane lattice
parameters show very similar values, 3.863 and 3.872 A, respectively, as expected
due to its cubic structure. Interestingly, the in-plane lattice parameter of the LSFTo.
phase (3.889 A) is very close to that observed for the LSAT substrate, revealing that
the film is strained. Since the lattice parameter of the unstrained LSFTo2(3.919 A) is
somewhat higher, the LSAT (001) induces an in-plane strain compression of the
LSFTo2 phase, leading to an expansion of the out-of-plane lattice parameter (4.062
A), as observed previously on the 8-28 XRD analysis. In the case of the CGO
component, a widespread of in-plane lattice parameters are obtained, which ranged
from 5.349 to 5.571 A, while similar out-of-plane lattice parameter to that observed in
the 6-26 XRD was obtained. These findings indicate the difficulty of perfectly
accommodating the CGO phase with a 45 ° rotation while simultaneously growing the

LSFTo2 columns. Similar results have been observed for other VAN structures [3,8,9].
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It is worth mentioning that the in-plane periodic arrangement of the
nanocolumns of both phases was previously related to the presence of dislocations,
in order to relax the strain induced by the lattice mismatching [10,11]. Similarly, the
out-of-plane spontaneous ordering is highly influenced by the strain energy and
anisotropic in-plane strain. This in-plane strain anisotropy induces the atoms adsorbed
on the crystal surface to diffuse to sites with lower energy, partially releasing the strain
energy and leading to achieve out-of-plane spontaneous ordering. Additionally, the
substrate orientation modifies the surface energy, leading to a change in the atomic
arrangement. On the other hand, a different crystallographic orientation of the
substrate could induce a completely different microstructure, including the size and
shape of the nanodomains [10,12]. For this reason, the LSFTo2-CGO VAN deposited
onto STO single crystals with (110) and (111) orientations could lead to a completely
different crystal arrangement and thus different electrical properties [13].

In order to study the stability in reducing atmosphere, the LSFT2-CGO VAN
on STO (001) was annealed at 650 °C for 5 h in 5% H2-Ar and then analyzed by XRD
(Figure 8.5). The 8-26 XRD patterns show that the LSFTo2-CGO VAN is stable in
reducing conditions without the formation of secondary phases or other
crystallographic orientations (Figure 8.5a). The out-of-plane lattice parameter for the
LSFTo2 phases slightly decreased from 4.062 to 4.045 A, suggesting an out-of-plane
cell relaxation after the reduction (Figure 8.5b).

— VAN reduced

(a) VAN o vanreascea | | (D) VAN “Umieaced | (c) VAN —Vanire
STO g
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Figure 8.5. 8-20 XRD patterns after reduction in 5% Ha-Ar of (a) LSFTo2-CGO VAN and the
corresponding high resolution XRD patterns near the (b) STO (002) and (c) CGO (002).
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In the case of the CGO component, a similar out-of-plain lattice parameter
was observed (Figure 8.5¢). Although the out-of-plane lattice parameter is expected
to increase due to the partial reduction of Fe3*, Ti4* and Ce** to lower oxidation states,
the dense and rigid microstructure and vertical strain seem to avoid significant
changes in the out-of-plane lattice parameters.

It is worth mentioning that these findings are different to those observed for
porous LSFTo2-CGO nanocomposite electrodes in Chapter 6. In particular, the lattice
cell parameter of LSFTo2 remained almost constant after reduction while the CGO
component showed a slight expansion. Hence, the different behavior of strained films
when compared to polycrystalline materials could induce different electrical
performances in both air and Hz atmospheres.

8.2. Microstructural characterization

The microstructure of the LSFTo2-CGO VAN sample on STO (001) was
studied by preparing an electron transparent cross-sectional lamella that was
characterized by HAADF-STEM (Figure 8.6a). It has to be mentioned that Ir and Pt
coatings were needed for the preparation of the lamella.

A low magnification HAADF-STEM image shows a long-range ordered
columnar microstructure with a column width of about 5 nm and 100 nm length
perpendicular to the STO substrate in the entire film thickness. Interestingly, the
LSFTo2-CGO VAN presents a dense structure without visible porosity or delamination.
The EDS map confirms the formation of homogeneously distributed LSFTo2 and CGO
columns (Figure 8.6b,c). The Lanthanum mapping is not included because it does not
show a clear difference between the columns, suggesting a certain incorporation of
this element into the CGO matrix [4]. The phase separation, with clearly defined
interfaces, suggests that the spontaneous ordering of nanodomains is induced by
strain energy minimization. The unique microstructure of the VAN films enables
vertical strain engineering with numerous interfaces, partially solving the limitations of
critical thickness due to cell relaxation [14].
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20 nm
—

Figure 8.6. (a) Low magnification cross-sectional HAADF-STEM image of the LSFT,,-CGO
VAN film deposited onto STO (001) substrate at 650 °C and (b) zoomed image, showing the
columnar microstructure. (¢) HAADF-STEM image and EDS of a selected area of the film,
revealing the presence of alternating columns of both LSFTo2 and CGO phases.

HRTEM images show high crystalline nanocolumns of both LSFTo2 and CGO
phases. The CGO columns in dark are homogeneously distributed in the LSFTo.2
bright matrix (Figure 8.7). A higher magnification HRTEM shows the vertical interfaces
between both phases (Figure 8.7b). Both LSFTo2 and CGO phases show an atomic
arrangement in the (001) direction leading to an epitaxial growth on STO (001). In the
case of the CGO, the 45° in-plane rotation is observed to minimize the lattice
mismatch. The d-spacing obtained for both phases is in accordance with the XRD
results.
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Figure 8.7. (a,b) HRTEM images of the LSFTo2-CGO VAN with a columnar microstructure at
different magnifications. Atomic arrangement of (c) STO substrate, (d) CGO and (e) LSFTo2
phases.

The microstructure ordering, in this case, is similar to other VANs reported in
the literature, such as LSM-SDC or STO-SDC, with a nanocheckerboard
microstructure (Figure 8.8a) [4,5]. On the contrary, an ordered pillar-in-matrix
arrangement was also observed for other VAN films, such as BiFeOs-CoFe 04 (Figure
8.8b). The VAN films with nanocheckerboard ordering with higher number of
interfaces have demonstrated a great influence on magnetic and ionic properties
[5,15].
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(a) Nanocheckerboard (b) Pillar-in-matrix

Figure 8.8. lllustration of (a) VAN with a nanocheckerboard microstructure with the
homogenous ordering of nanocolumns of both phases and (b) VAN with a pillar-in-matrix
microstructure with pillars embedded in a matrix.

AFM images of the LSFTo.-CGO VAN deposited onto LSAT and YSZ are
displayed in Figure 8.9. Both films show a dense microstructure but different grain
sizes and roughnesses. In the case of the LSFTo2-CGO VAN on LSAT, a lower
roughness is observed ~ 2.1 nm when compared with the same film deposited onto
YSZ ~ 9.6 nm, respectively, indicating that the VAN deposited on YSZ has a more
disordered microstructure, as observed in the rocking curve patterns.

<—Topography

<—Topography [9.59 nm ] 12.4 nm nm

[2.07 nm ] 3.46 nm
s
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Figure 8.9. AFM top-view micrographs of the LSFT2-CGO VAN deposited onto (a) LSAT
(001) and (b) YSZ (001) substrates.

8.3.  XPS characterization

The composition of the as-deposited films and after a reduction treatment at
750 °C 12 h in 5% H2-Ar was characterized by XPS (Figure 8.10). The O1s core level
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shows two different bands (Figure 8.10a), centered at 529 and 531.3 eV, which can
be assigned to lattice oxygen and other species adsorbed on surface (such as
carbonates or hydroxides), respectively [16]. It is not possible to differentiate the lattice
oxygen from the perovskite and the fluorite phases since their binding energy are very
similar.

O1s Alr \ Srad  Air

Ce* 3d,,|
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Figure 8.10. XPS spectra of the surface of LSFTo2-CGO VAN in air and 5% H.-Ar (a) O1s,
(b) La3d, (c) Sr 3d, (d) Ti 2p, (e,f) Fe 2p and (g,h) Ce 3d.

The La3ds region shows two peaks, in which the signal at higher binding
energy is a satellite produced by an electron transfer from the filled Oz, band to the
Lass level (Figure 8.10b). The band centred at 833.4 eV is assigned to lattice La3*in
LSFTo2 [17]. The Sr3d core shows a characteristic doublet with a binding energy of
132.5 eV for Sr 3dsp, which is consistent with Sr2* (Figure 8.10c), as observed in
previous reports of SrFeQ3 [18]. It is also remarkable that similar XPS spectra were
observed for these three elements after reducing the samples in 5% Ho-Ar.
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The Ti2ps spectra in both air and 5% Hz-Ar show a band at 457.7 eV
characteristic of Ti4*[19] (Figure 8.10d). Additional shoulders at lower binding energy
attributed to Ti%* are not identified, suggesting that the Ti3* concentration is below the
XPS detection limit.

The Fe 2ps3p2 signalin air can be deconvoluted into three different contributions
(Fe?*, Fe3* and Fe**) with binding energies of 709.8, 710.8 and 713.2 eV (Figure
8.10e), respectively, similar to that previously reported for LaFeOs [20]
Lao6Sro.4Fe0.95Pdo.0503.5 [21] or Smo.9Sro.1FeosCro203.5[22]. Additionally, a shake-up
satellite peak (centered at 717.6 eV) from Fe 2psp2 region is also observed [21]. The
correct quantitative interpretation of Fe 2p is difficult due to the low chemical shift
between the bands. For these reasons, only the presence of the different oxidation
states of iron is studied and a quantification was not performed. A better interpretation
of the oxidation states of Fe could be obtained by alternative techniques, such as
Mdssbauer spectroscopy of 57Fe. After reducing the films in 5% Hz-Ar at 750 °C for
12 h, the Fe4* band is slightly reduced, while Fe* amount increases, confirming only
a partial reduction of the iron, as observed previously for SmoeSro.1FeOs.5 [22].

The Ce 3d core level shows numerous contributions for the Ce 3dsi2 and Ce
3d3p2 levels. Ce?* is the main valence state in the sample but also a certain amount of
Ce3* is present on the surface of the VAN film (Figure 8.10g). The same behaviour
was previously observed for Ceo.9Gdo.101.95 and Ceo.sSmo.101.9 films prepared by the
Pechini and precipitation method, respectively [23,24]. The peaks at binding energies
of 884.8 and 879.1 eV are associated with Ce®* 3dsp, findings that have been
previously associated with the formation of oxygen vacancies in CeO>-doped
compounds [24]. After reduction, the Ce** on the surface of the films is almost
completely reduced to Ce3* (Figure 8.10h) [25]. This is clearly confirmed by the
absence of the peak centred at 916.2 eV, characteristic of the Ce#*3dsy..

However, the better electrical properties in reducing conditions for the
LSFT02-CGO VAN sample, as discussed in the following paragraphs, suggest the
presence of Ce4*/Ce3* redox couple due to the important electronic component to the
total conductivity.
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8.4. Electrical characterization

The in-plain conductivity of LSFTo2 and LSFTo2-CGO VAN films deposited
onto LSAT (001) was determined by the four-probe Van der Pauw method under air
and 5% Ha-Ar atmospheres (Figure 8.11). In these measurements, LSAT substrates
are employed due to its negligible conductivity in both oxidizing and reducing
atmospheres. The samples deposited onto SrTiO3 (STO) are not suitable for electrical
characterization due to the partial reduction of Ti4* to Ti** in a hydrogen atmosphere,
leading to an overestimation of the film conductivity.

LSFT,,|LSFT,,-CGO

1 § O | o air
[ & [ | @ 5%H,
[ iy

=

o

%)

p 0.1

001 " 1 " 1 " 1 " 1 " 1 "
650 600 550 500 450 400 350

T(°C)

Figure 8.11. In-plane conductivity of the different films deposited onto LSAT in air and 5%-H.
as a function of the temperature.

The in-plain conductivity of the epitaxial LSFTo2 (001) reaches 0.57 S cmin
air at 600 °C, which is higher than that found for the corresponding LSFTo.
polycrystalline pellets (0.11 S cm) at the same temperature in Chapter 6. In reducing
conditions, the conductivity slightly decreases to 0.40 S cm-! at 600 °C due to the
partial reduction of iron in the lattice. As observed previously, the amount of titanium
in this sample is enough to stabilize the perovskite structure in reducing atmosphere
but not sufficient to promote high conductivity values.
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The LSFTo2-CGO VAN films show a decrease of the total conductivity in air,
i.e. 0.16 S cm' at 600 °C, when compared to the pure LSFTo2, which is attributed to
the lower conductivity of CGO in oxidizing conditions. However, the conductivity in 5%
Ho-Ar increases up to 0.82 S cm' at 600 °C, which can be linked to the partial
reduction of Ce** to Ce3* and the enhancement of the electronic conductivity.

Interestingly, the conductivity values of the LSFT2-CGO VAN at 600 °C are
higher than those observed for the polycrystalline LSFTo2-CGO pellets in Chapter 6
(i.e. 0.0017 and 0.06 S cm, in air and 5%H2-Ar, respectively, at 600 °C). These
results are in agreement with previous reports about the better conductivity of the VAN
films with columnar microstructures due to the numerous vertical interfaces, leading
to tailor not only the in-plain strain but also promoting vertical strain engineering, thus
improving the electrical properties.

Although better conductivity values are obtained for the LSFT2-CGO VAN
when compared to the polycrystalline sample, the real conductivity through the
columns is not determined (Figure 8.12a). It is worth to be commented that the in-
plain conductivity is determined by Van der Pauw method in this work. However, using
Scanning Probe Microscopy (SPM) technique, which employs a conductive tip, it is
possible to obtain further information about the conductivity in the direction of the
columns (Figure 8.12b) [3].

(a) Van der Pauw method (b) Scanning Probe Microscopy
A

STO Insulator Nb_s-ro Conductor

Figure 8.12. lllustration of the electrical characterization of the VAN film by (a) four probe Van
der Pauw method and (b) Scanning Probe Microscopy.
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Nevertheless, a substrate with high conductivity, such as Nb-doped STO
single crystal, is needed to correctly perform this technique. In our study, STO (001)
substrate (insulator) was employed for the deposition of the films, leading to a very
bad signal-to-noise ratio, which impedes the use of SPM. Future work is needed to
study the conductivity of the columns in the VAN structure.

The conductivity was also determined as a function of the pO2 to evaluate the
different contributions to the total conductivity (Figure 8.13). The curves for both
LSFTo2 and LSFTo2-CGO VAN films are typical of a mixed ionic electronic conductor
with a pO2-dependence of +1/4.
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Figure 8.13. Conductivity as a function of the oxygen partial pressure for (a) single
LSFTo2 and (b) LSFTo2-CGO VAN at different temperatures.

The pO2 curves of the LSFTo.2 show a similar trend to that observed for the
bulk LSFTo2 in Chapter 6, in which both n-type and p-type conductivity contributions
are clearly discernible. The greater electronic conductivity of the LSFTo2-CGO VAN
compared to LSFTo2-CGO pellets can be associated with the easier reducibility of the
CGO component.

8.5. Electrochemical characterization

The electrode polarization resistance of LSFTo2 and LSFTo2-CGO VAN on
YSZ (001) was studied by impedance spectroscopy on symmetrical cell configuration
using Au ink as a current collector. Figure 8.14a shows the impedance spectra in air
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at 650 °C. The ohmic resistance of the electrolyte, which was very similar in both
cases, was subtracted for a better comparison of the electrode response. The
impedance spectra were fitted with the equivalent circuit displayed in the inset of
Figure 8.14a, in which two RQ elements were necessary to adequately fit the
impedance data.
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Figure 8.14. Impedance spectra of LSFTo2 and LSFTo2-CGO VAN in (a) air and (b) 100% H.
at 650 °C. Temperature dependence of the polarization resistance in (c) air and (d) 100% H.

The LSFTo2-CGO VAN shows a polarization resistance of 1.1 Q cm? at 650
°C in air, which is considerably lower than that observed for the LSFTo. film at the
same temperature ~ 6.2 Q cm?. Figure 8.14b shows the polarization resistance in air
as a function of the temperature, where LSFT2-CGO VAN exhibits lower R, values
compared to LSFTo2 film in all temperature range studied. The columnar
microstructure with vertical strain enlarges the active sites for ORR when compared
to the epitaxial LSFToz, in which the ionic pathway provided by the CGO is not
available. Interestingly, these Ry values are lower than those observed for other VANs
recently reported in the literature, such as Lao.75Sro.25CrosMno5035-SDC (27.8 Q cm?
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at 750 °C) [26] and Lao.sSro2Mn03.5-SDC (7 Q c¢cm? at 700 °C) [4], and similar to highly
efficient air electrodes deposited by PLD such as PrBaCo20s+s (0.71 Q cm? at 600
°C) [27].

In a wet Hz atmosphere, the R values of the VAN are significantly lower than
that of LSFTo2 film, 75.9 and 225.4 Q cm?, respectively, at 650 °C. Even though these
values are considerably higher than those observed in air conditions, they are similar
to those reported for the Lao.75Sr0.25CrosMno5035-SDC VAN (~ 80 Q cm? at 630 °C)
or single film of Lao.75Sr0.25Cro.sMno 5035 (~ 300 Q cm? at 630 °C) [26].

The electrochemical performance of the LSFTo2-CGO VAN in air is similar to
that observed in Chapter 6 for the LSFTo.. infiltrated onto CGO scaffold (0.67 Q cm2)
and LSFTo2-CGO nanocomposite (0.82 Q cm?) deposited by spray-pyrolysis at
650 °C, and even better than that observed for screen-printed LSFTo2-CGO
composite (3.86 Q cm?) at the same temperature. However, the polarization
resistance values in Hz are very high when compared to those observed for LSFTo.
infiltrated onto a CGO scaffold (0.64 Q cm2) and LSFTo2-CGO nanocomposite (0.99
Q cm?) deposited by spray-pyrolysis at the same temperature.

It is also worth mentioning that the aforementioned electrodes show a highly
porous microstructure, with extended TPB sites for the electrochemical reactions in
comparison to the dense LSFTo2>-CGO VAN. This fact impedes the accurate
comparison between the performance of the electrode with similar chemical
composition. The application of VANs in reducing conditions is relatively new and only
the LSCM-SDC VAN reported in 2022 by Sirvient et al. is available in the literature
[26]. Although the Ry values are relatively high for application in SOFC, the better
electrochemical properties of the VAN compared to the single LSFTo2 suggest that
they can be used as active layers between the electrolyte and a porous electrode
deposited by low deposition techniques such as spray-pyrolysis.

In order to elucidate the different electrode contributions to the overall
electrode polarization for the ORR in the LSFTo2-CGO VAN sample, the impedance
spectra were collected as a function of pO. at 650 °C (Figure 8.15).
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Figure 8.15. (a) Nyquist spectra of the LSFTo2-CGO VAN on YSZ (001) at 650 °C as a
function of the pO, and (b) dependence of the HF and LF electrode resistances as function of

the pO..

The impedance spectra at different pO, show two different contributions
(Figure 8.15a). The process located at high frequency (HF) shows a negligible
dependency on the oxygen partial pressure and can be attributed to oxide-ion
transport at the electrode/electrolyte interphase (0%, electrode = O%o, electrolyte) [28,29].
The low frequency (LF) process is the main contribution to the overall polarization
resistance and shows a pO2 dependence with a reaction order of m ~ 0.5 which can
be assigned to oxygen dissociation at the electrode surface (O2, aa = 20ad) (Figure
8.15b). Similar rate-limiting steps were found for related compositions, such as
Lao.eSro.1FeOs.5 [30] and Sro.1FeosTio.2035 [31]. However, a different rate-limiting step
was observed for the LSFTo infiltrated into a CGO scaffold and LSFTo2-CGO
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deposited by spray-pyrolysis (m ~ 0.25). These differences are possibly attributed to
the different electrode microstructure, since highly porous microstructures are
obtained by spray-pyrolysis deposition and dense films by PLD. Thus, the different
electrode porosity directly is expected to affects both the electrode performance and
the rate-limiting steps involved in the ORR [32,33].

These promising results suggest the possibility to implement VANs based on
Ti-doped (La,Sr)FeOs5 as functional layers for SSOFCs, working efficiently in both
oxidizing and reducing conditions. The deposition conditions of the VAN were fixed at
650 °C and 6.67-10¢ bar in O2. Since a lower column size in VAN films has
demonstrated to lower the polarization resistance in a LSM-YSZ VAN, deposition
rates higher than 10 Hz could be explored to further reduce the column size [34].
Interestingly, another report also showed that higher deposition temperatures
increased the lateral width of the nanocolumns on different oriented substrates,
becoming crucial to explore new VANs at different synthetic conditions [35,36]. The
electrode performance in reducing conditions can be improved by depositing a porous
structure on top of the active layers or incorporating active metals (Ni, Ru or Pd) to
promote metal nanoparticle exsolution in reducing conditions, which have
demonstrated to highly enhance the activity for HOR.
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VAN with exsolved Ni nanoparticles

In this Chapter, Vertically Aligned Nanostructures (VAN) derived from the
titanate-based electrodes studied in Chapter 5, (Sro9Pro.1)09Tio.oNio.103-5-
Ce0.9Gdo.101.05 (SPTNO-CGO), were prepared by PLD. To the best of my knowledge,
the exsolution of Ni metal nanoparticles in a VAN is studied for the first time in this
work. The influence of the columnar microstructure on the nanoparticle shape and
population density was investigated. Different reduction times were tested in order to
study the nanoparticle growth process in a VAN. The sample preparation and the
structural characterization were carried out during an external stay for 4 months at the
Technical University of Denmark (DTU) under the supervision of Profs. Nini Pryds and
Vincenzo Esposito.
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9.1.  Synthesis and structural characterization of SPTNO-CGO VAN

The SPTNO and SPTNO-CGO targets were prepared from the corresponding
oxides and carbonates SrCOs, PrsO11, TiO2, NiO and CGO by conventional solid-state
reaction. It is worth mentioning that the targets for the film deposition by PLD were
prepared with A-site deficiency to promote the exsolution of Ni nanoparticles in
reducing conditions [1,2]. Further details about the target preparation can be found in
section 3.4. SPTNO and SPTNO-CGO thin films were deposited by PLD onto SrTiO3
(STO) and (LaAlO3)o3(Sr2TaAlOg)o.7 (LSAT) (001) single crystals at 650 °C at 10 Hz
for 20 min. The films were deposited onto highly insulating LSAT (001) substrates to
study the electrical conductivity, while STO (001) was employed for the structural and
microstructural analysis. Hereafter, the SPTNO-CGO thin film will be labelled as
“‘SPTNO-CGO VAN".

Figure 9.1 shows the 6-26 XRD diffraction patterns of SPTNO film and
SPTNO-CGO VAN deposited onto STO (001) at 650 °C in O and then reduced in 5%
Ho-Ar. In the case of the SPTNO film, a cubic structure with a fully epitaxial growth
along the (001) orientation is observed without the presence of other crystallographic
orientations (Figure 9.1a,c).

The similar out-of-plane lattice parameter of the SPTNO film (3.962 A) with
the STO substrate (3.905 A) leads to a cube-on-cube growth with a (00/) preferred
orientation. In this case, the very low lattice mismatch f~1.4% between the unstrained
polycrystalline SPTNO (3.919 A) and the SPTNO film (3.962 A) leads to an epitaxial
strained film with a coherent interface [2].

After reduction at 650 °C for 6 h (Figure 9.1a,c), the out-of-plane lattice
parameter of SPTNO decreases from 3.962 to 3.930 A, a behaviour that is similar to
that observed previously for other Ni-doped SrTiOs-based epitaxial films [3-5].
Although the partial reduction of Ti4* to Ti®* induces a lattice cell expansion, the
concomitant reduction of NiO fromthe lattice to form Ni% nanoparticles on the electrode
surface results in a larger cell contraction. This fact would explain the counterintuitive
out-of-plain lattice expansion in reducing conditions.
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Figure 9.1. 6-206 XRD patterns of (a) SPTNO and (b) SPTNO-CGO VAN deposited onto STO
(001) at 650 °C; and the corresponding high-resolution XRD patterns near the (c,d) STO (002)
showing the epitaxial growth of SPTNO phase in the (00/) direction.

In the case of the SPTNO-CGO VAN, the SPTNO phase also shows a
perovskite structure with a cube-on-cube epitaxial growth along the (001) orientation
with a lattice parameter of 3.988 A, which is slightly higher to that observed for the
SPTNO film (3.962 A), indicating a certain vertical strain, as expected (Figure 9.1c,d).
Additionally, a certain cation intermixing of praseodymium from SPTNO into CGO
lattice is plausible, but a negative influence is not expected as observed in previous
nanocomposite materials [6,7]. In the case of the CGO phase, a similar behavior to
that observed in Chapter 8 for LSFTo2-CGO VAN phase is observed, in which the
CGO fluorite phase is successfully accommodated onto STO (001) by a 45° in-plane
rotation of the cell. This hypothesis was confirmed by the presence of only (002) and
(004) reflections, which indicates an epitaxial growth of the CGO component. The
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lattice mismatch f for both phases was 3.5 and 1.6 % for SPTNO and CGO,
respectively, leading to high quality epitaxial films due to the low lattice misfit [2].

When the SPTNO-CGO VAN was reduced 650 °C for 6 h, only a minor
decrease of the out-of-plane lattice parameter for the SPTNO phase is observed, from
3.988 0 3.981 A, while the CGO phase remained practically unchanged, as observed
previously for the LSFTo2-CGO VAN in the previous chapter. This behavior is
presumably attributed to the unique microstructure of the VAN film, in which both in-
plane and vertical strain are present due to the coexistence of columns of two different
materials, impeding large changes in the cell volume. It is worth mentioning that a
minor reflection at 26=39° in the VAN film is observed due to the presence of a (111)
orientation for the SPTNO phase. In addition, the extra peak centered at 26=44°
highlighted with an asterisk (*), can be assigned to the out-of-plane relaxation of the
SPTNO cell.

In this work, the SPTNO phase crystallizes in a perovskite structure as
previously observed for polycrystalline SPTO powders (s.g. Pm3m) in Chapter 5. This
finding indicates that Ni-doping into SPTO does not modify the crystal structure of the
parent compound and more interestingly, the crystal structure is retained after Ni-
exsolution under a reducing atmosphere, confirming the good redox stability of the
SrTiOs-based nanomaterials [8].

Further information about the nanostructure ordering and strain was obtained
from the reciprocal space maps (RMS) in air of the SPTNO on LSAT (001) and
SPTNO-CGO VAN on STO (001) in the asymmetric reflection (113) (Figure 9.2). The
SPTNO film is strained, showing almost identical in-plain lattice parameter (ax,=3.886
A) to the LSAT substrate but different out-of-plain lattice parameter (a,=3.955 A), as
previously observed in the 6-26 XRD patterns. In the case of the SPTNO-CGO VAN,
an additional and relatively strained broad band associated with the CGO phase is
observed. The widespread of in-plain lattice parameters is responsible for the broad
shape of this band, as observed previously for other CeO2-based films deposited onto
perovskite single crystals [2,9,10]. As observed for the single film, the SPTNO phase
in the SPTNO-CGO VAN deposited onto STO is strained with an in-plain lattice
parameter of ax,=3.991 A and out-of-plain lattice parameter of a,=3.954 A, which are
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similar to those observed for SPTNO film. In the case of the CGO component, the in-
plane lattice parameters range from 5.415 to 5.624 A, while a similar out-of-plane
lattice parameter to that observed in the 6-260 XRD is obtained. It is also worth
mentioning that the in-plane lattice parameter for the polycrystalline CGO is slightly
higher than that reported in the literature (~5.41 A), which is attributed to the in-plane
strain induced by the substrate and a possible minor cation exchange between
SPTNO and CGO.
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Figure 9.2. Reciprocal space map in the (113) asymmetric reflection of SPTNO-CGO VAN
deposited on STO (001).

9.2, Microstructural characterization

The microstructure of the SPTNO-CGO VAN film was studied in detail by
HAADF-STEM (Figure 9.3). The low-magnification STEM image shows a general
overview of the film thickness and the long-range columnar architecture (Figure 9.3a).
The SPTNO-CGO VAN film has a dense microstructure with a homogeneous
thickness of about 200 nm, as well as columns of approximately 5 nm width.

It is worth mentioning that the film thickness of this VAN is one of the highest
reported in the literature [2,10-12], in which well-defined columns with 200 nm length
are clearly discernible without losing the strain induced by the substrate, which is
attributed to the influence of the vertical interfacial strain. Typically, epitaxial films with
more than 100 nm thick suffer from structure relaxation, changing their properties
away from the substrate [2]. In contrast, the VAN heterostructures in this study retain
their columnar morphology even with a 200 nm thickness, opening the possibility to
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explore thicker VANSs in the future with controlled microstructure for their application
in energy conversion devices.

Figure 9.3. (a) Low magnification cross-sectional HAADF-STEM image of the SPTNO-CGO
VAN film deposited onto STO (001) substrate at 650 °C. (b) HAADF-STEM image at high
magnification and (c) EDS of a selected area of the VAN film close to the substrate surface,
showing the presence of alternating 5 nm width columns of both SPTNO and CGO phases.

EDS analysis further confirms the formation of alternating columns of SPTNO
and CGO in the VANs (Figure 9.3b,c). More interestingly, the composition of the
columns is maintained in the whole film thickness, despite that a minor cation
exchange is plausible as commented previously.

HRTEM images of the SPTNO-CGO VAN confirm the formation of highly
crystalline nanopillars of both SPTNO and CGO phases (Figure 9.4a). A higher
magnification image clearly shows that the CGO width columns (in dark) are
homogeneously distributed in the SPTNO bright matrix (Figure 9.4b). These results
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confirm the spontaneous ordering of both phases on STO (001) substrate. Both
SPTNO and CGO show an epitaxial growth in the (001) orientation. Interestingly, the
45° in-plane rotation is observed for the CGO component to minimize the lattice
mismatch. The d-spacing obtained for both phases is in accordance with the XRD
results.

Figure 9.4. (a,b) HRTEM images of the SPTNO-CGO VAN at different magnifications. Atomic
arrangement of (¢) STO substrate, (d) CGO and (e) SPTNO phases.

The films were reduced in 5% Ha-Ar at 650 °C for 12 h in order to promote the
exsolution of Ni nanoparticles on the surface. Figure 9.5a,b compare low-
magnification SEM images of the surface of SPTNO and SPTNO-CGO VAN films with
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the presence of Ni metal nanoparticles, as confirmed later by EDS analysis (Figure
9.6).

As can be observed, the particle size, shape and population density are
different in both samples. The average particle size of the Ni nanoparticles in the
SPTNO film is ~ 120 nm (Figure 9.5a,b), considerably higher than that for the VAN ~
67 nm (Figure 9.5¢,d). In addition, the population density of Ni nanoparticles in the
VAN is higher than that observed for the SPTNO. These results reveal that the
columnar VAN film morphology could suppress the Ni growth due to NiO diffusion
limitations through the CGO columns and the stronger interaction with the substrate.
The higher population density in the VAN is desirable for energy applications because
of the higher active sites for the electrochemical reactions, thus improving the
performance.

Figure 9.5. Top-view SEM images of (a) SPTNO and (¢) SPTNO-CGO VAN samples after
the reduction treatment at 650 °C for 12 h in 5% Hz-Ar and (b,d) the corresponding high
magnification SEM images showing the shape of the Ni-exsolved nanoparticles.

The shape of the Ni nanoparticles is also different for SPTNO film and
SPTNO-CGO VAN (Figure 9.5b,d). SPTNO film shows spherical nanoparticles
(isotropic growth) while a square-shape (anisotropic growth) is observed in the case
of the VAN. This finding indicates that the microstructure of the VAN film promotes the
formation of oriented Ni nanoparticles, presumably in the (001) orientation, which has
the lower energy interface orientation due to the STO (001) substrate. On the other
hand, no preferred orientation growth is observed on the SPTNO film, suggesting that
either oriented Ni nanoparticles are not formed on this substrate or more time is
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needed to achieve the lower energy interface orientation. The different findings for
both films are not surprising, since the surface diffusivity of Ni is reported to be
anisotropic on different metal oxide supports [13,14]. Since the microstructure and
composition of the SPTNO (coherent epitaxial film) and VAN (columnar microstructure
with vertical interfaces) are different, the NiO diffusion paths could be also different,
affecting both the mobility and the growth mechanism of Ni nanoparticles [13]. The
high concentration of interfaces in the VAN is expected to have a positive effect on
the exsolution of metal nanoparticles because they can provide fast diffusion
pathways for NiO towards the surface. In addition, the grain-boundary interfaces and
defects are also preferred sites for the nucleation of metallic nanoparticles [15].

The composition of the exsolved particles was confirmed by EDS analysis
(Figure 9.6). As can be seen, the EDS mapping confirms the composition of the Ni
nanoparticles on surface without the presence of secondary phases induced by the
exsolution of Ni from the lattice (Figure 9.6b). The Ti and Sr EDS mappings show a
homogeneous cation distribution in the film (Figure 9.6¢,d).

500 nm

Figure 9.6. SEM image and EDS analysis of the SPTNO-CGO VAN after the reduction
treatment at 650 °C for 12 h in 5% H.-Ar, confirming the presence of Ni-nanoparticles.
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AFM images of the SPTNO and VAN before and after reduction are displayed
in Figure 9.7. Both films show a dense microstructure with a similar roughness and
lower than 1 nm (Figure 9.7a,b). After reduction, Ni nanoparticles are discernible in
both films, showing the VAN a higher particle density and lower size (Figure 9.7¢,d).
Itis worth mentioning that the height of the particles for the SPTNO and VAN is around
84 and 58 nm, respectively, which are somewhat lower than the corresponding
particle diameter determined from SEM images, suggesting that the Ni nanoparticles
are not perfectly spherical, since they are presumably socketed to the parent
perovskite [3].
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Figure 9.7. Top-view AFM images of (a) SPTNO and (b) SPTNO-CGO VAN in air and (c,d)
the corresponding images after the reduction treatment at 650 °C for 12 h in 5% H2-Ar.

The cross-section of the SPTNO-CGO VAN film was studied by HAADF-
STEM after reduction at 650 °C for 12 h to evaluate the effect of the exsolution process
on the columnar microstructure (Figure 9.8). Figure 9.8a,b confirms that the long-
range columnar ordering remains unaltered after the Ni-exsolution process and the
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columns of both phases are clearly discernible in the HAADF-STEM image. EDS

analysis further confirms the presence of nickel on the surface of the VAN structure
(Figure 9.8c-e).
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Figure 9.8. (a) Cross-sectional HAADF-STEM image of the SPTNO-CGO VAN film after

reduction at 650 °C in 5% Ha-Ar for 12 h. (b) HAADF-STEM image and (c,e) EDS mappings
(f,g) HRTEM images of the Ni exsolved nanoparticle showing the atomic ordering

275



Chapter 9

Interestingly, the film is still fully dense without the presence of visible porosity
or film degradation after the Ni-exsolution process. In contrast, previous reports about
Lao2Sro.7TiooNio103-5 film deposited onto STO (001) have shown that the Ni-
exsolution induces a partial degradation of the film with the formation of porosity and
phase inhomogeneities [4,16]. Similar findings were found for the Ni exsolution from
other perovskite-based materials deposited by PLD onto STO (001), such as
Lao2Bao.7Sno.9Nio.103-5[17] or BaZrogYo.103-5 with 1 wt. % Ni [13]. The HRTEM image
of the Ni nanoparticle shows a d-spacing of 3.6 A, which is in accordance with the one
expected for the Ni-metal (Figure 9.8f,g).

9.3.  Influence of the reduction time on the Ni-nanoparticle growth

The SPTNO-CGO VAN samples were reduced at 650 °C in 5% Ho-Ar at
different times in order to investigate the influence of the reduction time on the Ni
nanoparticle growth, as well as the nucleation mechanism (Figure 9.9).

The sample reduced at 650 °C for only 1 minute and then fast cooled down
to room temperature (quenching) shows a very low Ni-nanoparticle size of ~ 17 nm
and a high population density (~ 100 particles um-2) (Figure 9.9a). This particle size
and population density are desirable for different catalytic and energy applications due
to the good distribution of the Ni. After the reduction at 650 °C for 1 h with a cooling
ramp of 3 °C min-1, the population density significantly decreases to 5 particles per
pm-2while the particle size increases up to ~46 nm (Figure 9.9b). In this case, the Ni
migration and coalescence induce the particle growth. The Ni metal nanoparticles
show an irregular shape and they are surrounded by a secondary phase, presumably
nickel oxide. The nature of this second phase is still unclear but a similar particle
shape was found in other reports of Ni-exsolved nanoparticles in thin films, such as
LaosCeo.1Nio4Tios03-5 [18] and Lao2Sro7TiogNio.1O3-5 [19] and also in the Fe-Co
bimetallic exsolution in Lag3Sro.7Cro.3FesC00.103-5 [20]. Further research is needed
to elucidate the nature of this intermediate stage in the nucleation of Ni nanoparticles
ina VAN.
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Figure 9.9. SEM images of the SPTNO-CGO VAN at different reduction times at 650 °C in
5% Ha-Ar: (a) quenching, (b) 1 h, (c) 6 h and (d) 12 h. (e) Low magnification SEM image of
the sample reduced for 12 h and (f) population density and particle size distribution as a
function of the reduction time at 650 °C

Increasing up to 6 h the reduction time leads to nanoparticles with a cubic
shape, suggesting that the intermediate material is nucleating to form the Ni
nanoparticles with an average size of ~ 65 nm (Figure 9.9c). After reduction for 12 h,
the average particle size is very similar, ~ 67 nm, showing the particles a faceted
shape, as commented previously. Interestingly, there is no presence of the
intermediate phase, indicating that the nucleation process is completed (Figure 9.9d).
A low-magnification SEM image shows that the Ni nanoparticles are homogeneously
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distributed on the VAN surface without the presence of Ni agglomeration (Figure
9.9e). Figure 9.9f shows the population density and particle size distribution as a
function of the reduction time. As expected, the Ni-nanoparticle grows up to 67 nm
and the population density decreases. It is worth mentioning that other reduction
temperatures could be explored to have a better overview of the Ni-exsolution
process.

In order to establish a plausible mechanism for the particle growth, the
different chemical processes in the lattice during the reduction process have to be
studied in detail (Figure 9.10a,b). Firstly, the NiO has to diffuse through the film to the
surface and then reduced to Ni-metal: Niz* + 2e- =>Ni%. The numerous vertical
interfaces in the SPTNO-CGO VAN film provide a good diffusion path for NiO to the
surface (Figure 9.10c), becoming the most probable diffusion mechanism [15,21].
However, the diffusion of nickel oxide inside the SPTNO columns cannot be excluded
and need to be further studied by in-situ STEM and DFT calculations.
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Figure 9.10. lllustration of the SPTNO perovskite lattice (a) in air and (b) after reduction
showing the Ni-exsolution and (c) scheme of the Ni-exsolution process.

After the Ni® nanoparticle formation, the nucleation process induces the
particle growth. In the literature, different mechanisms for the nanoparticle growth
have been proposed, such as coalescence, Oswald ripening and evaporation-
condensation growth, which are thermally activated [20]. It is worth remarking that
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further analyses are needed to elucidate the particle growth mechanism and only
preliminary insights based on previous reports are discussed in this work. In this study,
the reduction temperature was fixed to 650 °C due to this is the temperature employed
for the preparation of the SPTNO-CGO VAN.

At this temperature, the evaporation-condensation growth is not favorable
because very high temperatures are required (close to the melting point of the nickel
nanoparticles). However, a decrease of the particle size below 10 nm induces a lower
melting temperature, making possible this process at intermediate temperatures
(~700 °C) [20,22]. In this case, the particle migration and coalescence are feasible
mechanisms when the nanoparticles are close to each other, as observed in Figure
9.9a. However, the strong interaction of the nanoparticles with the VAN matrix
impedes this mechanism at large stages. Interestingly, the shape of the nanoparticles
on a perovskite film has demonstrated to be highly influenced by the interfacial
interaction between the nanoparticle and the perovskite support. In general, a weak
particle-support interaction induces a spherical shape with a lower surface-area-to-
volume ratio in order to decrease the surface energy, similar to traditional
nanoparticles prepared by infiltration [23]. On the contrary, when the interaction
between the metal and the oxide support is strong, the nanoparticle shape becomes
hemispherical or faceted nanoparticles, as observed for SPTNO film and SPTNO-
CGO VAN, respectively.

Another plausible particle growth mechanism is the Ostwald ripening, in which
a large nanoparticle grows by incorporation of a neighboring smaller particle. The
adjacent atoms migrate through the oxide support from the smaller particle to finally
merge into a large particle [33]. Systems with strong metal-oxide interaction often
show the Ostwald ripening as the main mechanism of particle growth, since the
sluggish coalescence process. In this work, both coalescence and Ostwald ripening
are possible mechanisms for the growth of Ni nanoparticles due to the low reduction
temperature. Further research should be carried out towards to better understand the
exsolution in order to control the Ni-nanoparticle growth and population density.

In order to study the redox stability of the Ni nanoparticles, the VAN film
previously reduced at 650 °C for 1 min was calcined in air at different times
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(Figure 9.11). The reduced VAN exhibits a high population of Ni nanoparticles with
spherical morphology as discussed previously (Figure 9.11a).

Figure 9.11 SEM images of the SPTNO-CGO VAN after (a) reduction at 650 °C for 1 min in
5% Ha-Ar; reoxidation at 650 °C in air for (b) 1 h and (c) 6 h and (d) second reduction at 650
°C for 1 min.

After a thermal treatment in air at 650 °C for 1 h (Figure 9.11b), the Ni
exsolved nanoparticles remain stable and they are not redissolved into the SPTNO
perovskite lattice; however, they become flatter, suggesting a partial oxidation to NiO.
A prolonged oxidation treatment in air at 650 °C for 6 h reveals the formation of a flat
material close to the Ni nanoparticles, similar to that previously observed during the
Ni nanoparticle formation under reducing atmosphere. Hence, this intermediate phase
is possibly attributed to the formation of NiO. Interestingly, the particle size and
population are stable without severe signs of decomposition or drift across the surface
in contrast to other systems [22]. Finally, a second reduction treatment at 650 °C for
1 min was performed, showing additional Ni nanoparticles with lower grain size (~5
nm, indicated with orange arrows), presumably coming from the intermediate material
that is no longer present on the VAN surface. These particles can also come from the
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SPTNO bulk that has a lower concentration of Ni due to the previous exsolution,
leading to the formation of smaller nanoparticles. Interestingly, a reincorporation of
the NiO into the VAN was not observed, presumably attributed to the columnar
microstructure.

The good stability of the Ni-nanoparticles upon oxidation is very important for
the implementation of the SPTNO-CGO VAN as an active layer for symmetrical
SOFCs, since good cell reversibility has demonstrated to be crucial to avoid stability
drawbacks, such as Sulphur poisoning and carbon deposition just by switching
between fuel and oxidant feeds.

9.4. XPS characterization

The surface composition of the VAN film was studied by XPS after
reduction/oxidation treatments (Figure 9.12). The O1s core level shows two different
bands, centred at 529.1 and 531.4 eV, that can be attributed to lattice oxygen and
carbonates adsorbed on surface, respectively [24] (Figure 9.12a). It is worth
mentioning that it is not possible to differentiate the lattice oxygen from the SPTNO
perovskite and the CGO fluorite phases since the binding energies are very similar,
as observed for the LSFTo2-CGO VAN.

The Sr 3d presents a characteristic doublet, showing the Sr 3dsp band a
binding energy of 132.6 eV, which is consistent with Sr2*, as observed for SrTiO3 [24]
(Figure 9.12b). Similar XPS spectra were observed in the O1s and Sr3d core level
after reduction in 5% Ha-Ar. The Pr 3ds2 region shows two bands centered at 932.5
and 935.6 eV assigned to Pr4+ and Pr3* (Figure 9.12c), respectively, similar to that
reported for Sro.7Pro 3Tio.93C00.0703-5[25] and Sro gPro2TiO35[26]. The relatively low Pr-
content in the sample impedes the correct identification of the Pr4*/Pr3* ratio
(approximately 3:1), nevertheless, the main oxidation state for praseodymium in this
sample is 3+. A similar Pr4*/Pr3* ratio and binding energies were observed after
reduction. The Ti 2p3;2 core level in air shows a band at 457.9 eV characteristic of Ti4*,
similar to undoped SrTiOs3 [24] and Pr-doped SrTiO3 compositions [25,26] (Figure
9.12d). It is worth mentioning that the presence of Ti* could not be identified at lower
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binding energy, suggesting that the Ti3* concentration is below the XPS detection
limits [26].
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Figure 9.12. XPS spectra of the surface of SPTNO-CGO VAN in air and 5% Hy-Ar (a) O1s,
(b) Sr3d, (c) Ti 2p, (d) Pr 3dsp, (e,f) Ni 2p and (g,h) Ce 3d.

The Ni 2p region in air shows the presence of a band centered at 854.8 eV
corresponding to the presence of Ni2* in the perovskite lattice, as observed previously
for Ni-doped titanates electrodes, such as Lao4sSrossTiooNio1035 [27] and
Lao.25Sr0.25Ca0.4TioesNio.0s03-5 [28] (Figure 9.12e). Interestingly, the presence of Ni0
with a peak centered at 852.4 eV is clearly discernible after the reduction treatment
(Figure 9.12f).

The Ce 3d core level shows the characteristic Ce 3ds; and Ce 3dsy. splitting.
Ce#* is the main valence state in air but also a certain amount of Ce3* is present on
the surface of the VAN film [29,30] (Figure 9.12g). The peaks at binding energies of
879.6, 881.6, 884.9, 888.8 and 897.6 eV are assigned to the Ce 3dsp, in which a
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mixture of Ce3* and Ce** is observed, findings that have been previously associated
with the formation of oxygen vacancies in CeO2-doped compounds [30]. In reducing
conditions, the Ce** is partially reduced to Ce3* (Figure 9.12h). Such results are
different to that observed for LSFTo.-CGO VAN film in Chapter 8, presumably
attributed to the higher reduction temperature and time employed in the previous work
(750 °C for 12 h).

9.5. Electrical characterization

The in-plain conductivity of the SPTNO and SPTNO-CGO VAN films
deposited onto LSAT (001) was determined by the four-probe Van der Pauw method
under air and 5% Hz-Ar atmospheres (Figure 9.13). It is worth mentioning that a LSAT
substrate was employed due to its negligible electrical conductivity in both oxidizing
and reducing conditions. SPTNO exhibits a conductivity in air of 0.077 S cm-! at 650
°C, values that are considerably higher than those observed for polycrystalline pellets
of SPTO ~5-10% S cm-" at 650 °C in Chapter 5.
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Figure 9.13. In-plane conductivity measured by the Van der Pauw method of SPTNO and
SPTNO-CGO VAN samples in air and 5% H,-Ar as a function of the temperature.

In a 5% Ha-Ar atmosphere, the conductivity significantly increases up to 2.87
S cm at 650 °C due to the partial reduction of Ti4* to Tid*, which increases the charge
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carrier concentration. The conductivity values in a reducing atmosphere are slightly
higher than those observed for the SPTO pellets, 0.84 S cm at the same
temperature. Interestingly, the conductivity values obtained in this work are still
comparable to those observed for polycrystalline Sro7Pro3TiOs35 (~10 S cm) or
Sro.92Y008Ti035(0.4 S cm-') [26,31].

In the case of the VAN sample, the conductivity in air is slightly superior to
the blank SPTNO, ~ 0.27 S cm™" at 650 °C, despite the lower ionic conductivity of the
CGO bulk (0.02 S cm! at 650 °C). In reducing conditions, the conductivity of the VAN
slightly decreases at high temperatures to 0.1 S cm-! at 650 °C. It has to be noted that
very fast reduction kinetics was observed in the case of the SPTNO-CGO VAN
sample, obtaining stable conductivity values in only 30 minutes after feeding with 5%
Ho-Ar. Since the conductivity in reducing conditions for the SPTNO and CGO phases
increases significantly, the rather low increase of conductivity values in reducing
conditions for SPTNO-CGO VAN could be attributed to the particular nickel exsolution
process in the VAN. As observed previously, the presence of vertical interfaces
promotes an easier Ni exsolution, thus inducing a B-site deficiency that seems to
decrease the conductivity. The high number of interfaces could also negatively affect
to the total resistance of the cell. Further studies are necessary to clarify this issue.

The conductivity values in air of this work are better than those observed
previously for other related compositions at 650 °C such as SrTipgFe.103.5 (~10° S
cm!) or SrTioeeeNio004035 (~106 S cm ) deposited by PLD [32,33]. Recently,
Morgenbesser et al. have studied the reason for the low conductivity values observed
in the literature for SrTiOz-based epitaxial films [32,33]. The authors observed a
severe A-site non-stoichiometry with Sr vacancies in thin films prepared by PLD. Only
targets with 7% Sr-excess led to obtain near-stoichiometric films, which rendered
conductivity values close to the ones for the bulk material [32,33]. Since targets with
A-site deficiency were employed to promote Ni-exsolution in reducing conditions, a
further A-site deficiency was presumably created, negatively affecting the conducting
properties.

In order to study the surface exchange kinetics in reducing conditions,
electrical conductivity relaxation (ECR) measurements were performed by switching
from wet to dry 5% Ho-Ar at a constant temperature of 650 °C. In this technique, the
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transient conductivity is measured after changing the oxygen partial pressure abruptly
to obtain the chemical surface exchange coefficient (kchem) [34-36]. The relaxation
profile is described by the Fick’s second law (Ec. 9.1):

a(®-0(0) _ Kchent
0(°°)-0(0)_1-exp( ] ) (Ec. 9.1)

where ¢(0) is the initial conductivity and o(=0) the steady state conductivity after the
pO2 change and /s the film thickness. Typically, the normalized conductivity (term y
in the equation) is expressed as g(t).

Figure 9.14 shows the conductivity relaxation profiles of SPTNO and SPTNO-
CGO VAN after switching from wet to dry 5% Hz at 650 °C. As can be seen, the
relaxation time at 650 °C for the SPTNO (~140 s) is higher than that observed for the
SPTNO-CGO VAN (~80 s), with kchem values of 7.53-10-" and 1.27:10-6 cm s for the
SPTNO and SPTNO-CGO VAN, respectively.
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Figure 9.14. Conductivity relaxation profiles of SPTNO film and SPTNO-CGO VAN after
switching from wet to dry 5% Ho-Ar at 650 °C and the corresponding surface exchange
properties (keem). The solid red and green lines are the fitting curves using Eq. 9.1.

The improvement of the surface exchange properties after the incorporation
of an ionic conductor, such as CGO, was also observed in previous reports [9,37]. On
the  other  hand, Ni-doped perovskite  electrodes  such as
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Ba(Coo4Feo4Zro.1Yo.1)o.95Nio.0sO3.5 [38] and (PrBa)ogsFereNiosMoo1065 [39] have
demonstrated improved surface kinetics when compared to the pristine compounds.
It is worth mentioning that the presence of Ni nanoparticles on the electrode surface
is expected to promote faster kinetics due to their great activity for fuel oxidation [40].
However, due to the novelty of this work, more research is needed to confirm this
hypothesis and elucidate the influence of the Ni particle size and population density
on the surface kinetics in reducing conditions.

The kcnem for the SPTNO-CGO VAN observed in this work is lower than that
found for polycrystalline LaosSr1.5Fe15M00506-5 (1:10-3 cm s at 800 °C in pure Hz)
[36] or polycrystalline Ceo.s5Smo.1501.925 (1.8:10-° cm s71 at 800 °C in pure Hy) pellets
[34]. However, the considerably higher temperature employed in the ECR
measurements, which has demonstrated to highly improve the surface kinetics
[34,35], and the use of diluted hydrogen (5% Hz-Ar), could explain these
discrepancies. Interestingly, the kcnem values obtained are comparable to oxygen
exchange coefficients observed for highly efficient cathodes for ORR deposited by
PLD such as, LaosSro4Coo2FeosOs-s (2:108 cm s at 600 °C) [41] and
LaosSro2C003-5(3-109cm s at 550 °C) [42)].

Finally, a microstructural characterization of the samples was carried out after
the electrochemical measurements in order to check the stability of the films after
successive oxidation/reduction cycles (Figure 9.15). As can be seen, the Ni-exsolved
nanoparticles remain stable after several oxidation/reduction cycles. In the particular
case of the SPTNO film (Figure 9.15a), the particle size is higher and the population
density is lower when compared to the SPTNO-CGO VAN (Figure 9.15b). Additionally,
small cracks and degradation of the sample surface can be observed for the SPTNO
film while no signs of degradation are detected for the SPTNO-CGO VAN. In addition,
the VAN sample shows the presence of the flat intermediate material surrounding
some Ni nanoparticles, which is presumably attributed to the partial oxidation of the
nanoparticles to NiO.
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Figure 9.15. SEM images of (a) SPTNO and (b) SPTNO-CGO VAN after the electrochemical
characterization.

Future work about understanding the NiO diffusion mechanism from the VAN
film to the surface during the exsolution process is needed. In order to achieve this
goal, a comprehensive characterization by in-situ STEM combined with DFT
calculations could help to elucidate the diffusion pathways and growth mechanisms in
this complex system. Furthermore, the incorporation of noble metals, such as Ru or
Pd in the lattice of the perovskite of the VAN, could be the key to extend the application
of this system to hydrocarbon fuelled SOFCs.
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Conclusions and future prospects

In this work, new nanocomposite materials have been investigated for their
implementation in symmetrical SOFCs. The most remarkable results are summarized
below:

e  Spray-pyrolysis deposition is a suitable method to assemble nanocomposite
electrodes directly on the electrolyte surface without excessive sintering
temperatures to limit the grain growth.

e The great versatility of spray-pyrolysis deposition allowed obtaining electrodes
with different microstructural architectures, including layers of single compounds,
nanocomposites or infiltrated electrodes for application as air, fuel electrodes or
active layers in SOFCs.
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e The nanocomposite layers, obtained by combining two immiscible phases with
different crystal structures, exhibit improved thermal stability at high
temperatures due to the nanoscale contact between both phases, which hinders
the grain growth at high temperatures due to cation diffusion limitations at the
grain boundary. Moreover, the intimate contact between an ionic and mainly
electronic conductor extends the TPB sites for both ORR and HOR.

e The nanocomposite electrodes exhibit an improved electrochemical
performance when compared to the same electrodes obtained by traditional
screen-printing deposition.

e Lao9sCro.7sMno25035-CGO and (Lao.sSro.2)o.95F€0.sTi0.2035-CGO are promising
electrodes for SSOFCs with good electrochemical properties and durability in
both oxidizing and reducing atmospheres. In particular, Lao.esCro.75Mng2503-5-
CGO exhibits polarization resistance of 0.09 Q cm? at 700 °C in Hz, comparable
to the state-of-the-art Ni-YSZ anode.

e  The exsolution of Ni particles in (Lao.sSro.2)o.95(Feo.sTio.2)o.9Nio.1O3.5 decreases
significantly the polarization resistance in Hz with values as low as 0.11 Q cm?
at 700 °C and a maximum output of 617 mW cm-2 at 800 °C in symmetrical cell
configuration.

e  Nanocomposite active layers were also prepared by spray-pyrolysis deposition
toimprove the ORR activity of a LSM cathode. Among the different compositions,
LSM-CGO layers showed improved adherence and electrical properties. The
incorporation of this active layer enhances the ion transfer at the
cathode/electrode interface and also extended the ionic/electronic conducting
paths for electrochemical reactions. A Ni-YSZ/YSZ/LSM-CGO/LSM anode-
supported cell showed a maximum power density of 1200 mW cm-2 at 800 °C
compared to 790 mW cm2 for the same cell without an active layer.

e  Vertically Aligned Nanostructures (VANS) of (Lao.sSro.2)o.98FeosTio2035-CGO
and  (Sro7Pro3)o.esTiosNio1035-CGO  were prepared by PLD for their
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implementation as redox stable active layers for SOFCs. The heteroepitaxial
films exhibited long-range columnar architecture of 5 nm width. The VAN films
showed higher conductivity than that observed for the polycrystalline samples.

e The exsoluton of Ni-metal nanopartices in a VAN film of
(Sro.7Pro:3)0.95 Tio.oNio.1035-CGO was studied for the first time. The reduction
process at 650 °C in 5% Ho-Ar and the subsequent exsolution of Ni-metal do not
negatively affect the VAN microstructure, retaining the columnar architecture.
The Ni nanoparticle size is lower and the population density is higher for the
SPTNO-CGO VAN when compared to SPTNO film. Good redox stability was
observed for the Ni nanoparticles after several oxidation/reduction cycles.

Future prospects

Since the implementation of nanocomposite electrodes by combining single
perovskite mixed conductors and CGO fluorite is a promising approach to design
highly efficient and durable electrodes for SOFCs, this study could be extended to
layered perovskites, such as SraFe1sMoos065 and PrBa(Fe,Mn)20s.5. Alternatively,
the perovskite-type electrodes could be combined with MIECs with different crystal
structures, i.e. CuBi2O4 spinel. In addition, the improved performance observed for
LSM cathode by incorporating nanocomposite active layers could be extended to
symmetrical SOFCs.

Further research about the performance of these nanocomposite electrodes
with hydrocarbon fuels, such as CHs, C3Hs or syngas, and their application in
electrolysis mode for simultaneous H2O and CO- electroreduction could also be
investigated.
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XPS characterization of Lag 9sCrg.75Mno.2503-5

In order to get further information on the oxidation states in oxidizing and
reducing conditions of the different elements of Lag.9sCro.7sMno.25035 (LCM), a careful
XPS characterization was performed (Figure A.1). The O+s signal is composed by two
bands, centred at 529 and 531 eV, which are associated to lattice oxygen and
superficial adsorbed materials (such as carbonates or hydroxides), respectively
(Figure A.1a) [1]. The La3ds)2 region is composed by two peaks, in which the peak at
higher binding energy (BE) is a satellite attributed to an electron transfer from the filled
O2p band to the Lass level. The band at lower binding energy centred at 834.4 eV is
attributed to La3* in a perovskite structure [2] (Figure A.1b). It is worth mentioning that
no significant changes were observed for these two elements after the reduction
treatment, showing no changes in the oxidation states, as expected.
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In the Cr2p32 level in air, three different bands located at 576.0, 577.2 and
579.3 eV are clearly identified, which are linked to Cr3*, Cr* and Cr6* oxidation states,
respectively (Figure A.1c). A similar behaviour has been observed previously for other
compositions such as LaCrogRuo2035 and Lao7Sro2CrogNio.1O3.5 [3,4]. After the
reduction treatment, in the spectra, only the two peaks centred at 575.9 and 577.1 eV
appear and the band assigned Cré* is not present (Figure A.1d). Furthermore, the
area of the Cr®* band is considerably decreased, also showing the partial reduction to
lower oxidation states.

LCM| ajr Cr2p| |LCM| pjy Mn2p

(e) 2p,,

590 585 580 575

1
860 850 840 830 590 585 580 575 655 650 645 640
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure A.1. XPS spectra of the surface of Lao.9sCro.7sMno.2503.5 in air and 5% Ha-Ar
(a) O1s, (b) La3d, (c,d) Cr 2p and (e,f) Mn 2p.

The Mn2pa3y level in air shows two different contributions centred at 641.6 and
644.1 eV, which can be associated to Mn3* and Mn#* oxidation states, respectively
(Figure A.1e). It is worth noting that the experimental Mn3*/Mn#* ratio in this sample,
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~1:0.33, is close to that observed previously for LaMnOs3 in air [5]. In reducing
conditions, a new band at lower binding energy attributed to Mn2* species is observed
(Figure A.1f), which is in agreement with previous results [6]. Furthermore, the Cr/Mn
ratio (1:0.35) obtained from the XPS analysis is very similar to the nominal one in
La0.98Cro.7sMno 2503.5 (1:0.33).

References

1. Coskun, M.; Polat, A.O.; Coskun, F.M.; Durmus, Z.; Caglar, C.M.; Tiirit, A. The Electrical
Modulus and Other Dielectric Properties by the Impedance Spectroscopy of LaCrOs and
LaCro.olro.1003 Perovskites. RSC Adv. 2018, 8, 46344648, doi:10.1039/c7ra13261a.

2. Li, J.P.H.; Zhou, X.; Pang, Y.; Zhu, L.; Vovk, E.I.; Cong, L.; Van Bavel, A.P.; Li, S.; Yang, Y.
Understanding of Binding Energy Calibration in XPS of Lanthanum Oxide by: In Situ
Treatment. Phys. Chem. Chem. Phys. 2019, 21, 22351-22358, doi:10.1039/c9cp04187g.

3. Nenning, A.; Fleig, J. Electrochemical XPS Investigation of Metal Exsolution on SOFC
Electrodes: Controlling the Electrode Oxygen Partial Pressure in Ultra-High-Vacuum. Surf.
Sci. 2019, 680, 43-51, doi:10.1016/j.susc.2018.10.006.

4, Jeon, Y.; Park, D.H.; Park, J. Il; Yoon, S.H.; Mochida, I.; Choy, J.H.; Shul, Y.G. Hollow Fibers
Networked with Perovskite Nanoparticles for Hz Production from Heavy Oil. Sci. Rep. 2013,
3, 1-8, doi:10.1038/srep02902.

5. Karuppiah, C.; Thirumalraj, B.; Alagar, S.; Piraman, S.; Li, Y.J.J.; Yang, C.C. Solid-State Ball-
Milling of Co304 Nano/Microspheres and Carbon Black Endorsed LaMnO3 Perovskite Catalyst
for  Bifunctional  Oxygen  Electrocatalysis.  Catalysts 2021, 11, 1-17,
doi:10.3390/catal11010076.

6. Chung, Y.S.; Kim, T.; Shin, T.H.; Yoon, H.; Park, S.; Sammes, N.M.; Kim, W.B.; Chung, J.S.
In Situ Preparation of a La1.2SrosMno.4Feos04 Ruddlesden-Popper Phase with Exsolved Fe
Nanoparticles as an Anode for SOFCs. J. Mater. Chem. A 2017, 5, 6437-6446,
doi:10.1039/c6ta09692a.

303



Appendix 1

304



Appendix 2



YOVIYIN 30
AvaISy3AIND




Article section

Article section

Articles included in this thesis

1.

4.

Javier Zamudio-Garcia, José M. Porras-Vazquez, Enrique R. Losilla, David Marrero-
Lopez, Efficient symmetrical electrodes based on LaCrOs; via microstructural
engineering.  J.  Eur. Ceram. Soc. 2022, 42, 181-192.  doi:
10.1016/j.jeurceramsoc.2021.09.059

Javier Zamudio-Garcia, José M. Porras-Vazquez, Enrique R. Losilla, David Marrero-
Lopez, LaCrOs-CeO,-Based Nanocomposite Electrodes for Efficient Symmetrical Solid
Oxide Fuel Cells. ACS Applied Energy Mater. 2022, 5, 4536-4546. doi:
10.1021/acsaem.1c04116

Javier Zamudio-Garcia, Lucia dos Santos-Gomez, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lopez, Symmetrical Solid Oxide Fuel Cells based on titanate
nanocomposite electrodes, J. Eur. Ceram. Soc. 2023, 43, 1548-1558. doi:
10.1016/j.jeurceramsoc.2022.11.059

Javier Zamudio-Garcia*, José M. Porras-Vazquez, Enrique R. Losilla, David Marrero-
Ldpez, Tunable electrode architectures for LagsSro2Fe1«TixOs.s. ECS Transations 2021,
103, 1601-1606. doi: 10.1149/10301.1601ecst

307


https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.1016/j.jeurceramsoc.2021.09.059
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85128539136&origin=resultslist&sort=plf-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-85128539136&origin=resultslist&sort=plf-f
https://doi.org/10.1021/acsaem.1c04116
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=

Appendix 2

Javier Zamudio-Garcia*, Leire Caizan-Juanarena, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lopez, A review on recent advances and trends in symmetrical
electrodes for solid oxide cells. J. Power Sources 2022, 520, 230852. doi:
10.1016/}.jpowsour.2021.230852 (Review paper)

Javier Zamudio-Garcia*, Leire Caizan-Juanarena, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lopez, Unraveling the influence of the electrolyte on the
polarization resistance of Nanostructured LapsSro4Coo2FeosOss  cathodes.
Nanomaterials 2022, 12, 3936. doi: 10.3390/nan012223936

Javier Zamudio-Garcia, Leire Caizan-Juanarena, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lépez, Boosting the performance of LagsSro2MnQs.5 electrodes
by the incorporation of nanocomposite active layers. Adv. Mat. Interfaces. 2022, 9,
2200702. doi: 10.1002/admi.202200702

Other Articles not included in the PhD thesis

8.

10.

1.

12.

Javier Zamudio-Garcia, José M. Porras-Vazquez, Lucia dos Santos-Gémez, Enrique R.
Losilla, David Marrero-Lopez. Effect of Zn addition on the structure and electrochemical
properties of co-doped BaCeosZro2Lno 2035 (Ln=Y, Gd, Yb) proton conductors. Ceram.
Int. 2018, 44, 14113-14121. doi: 10.1016/j.ceramint.2018.05.010

Lucia dos Santos-Goémez, Javier Zamudio-Garcia, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lépez. Highly efficient LapsSro2MnOs5-CeoeGdo.101.95
nanocomposite cathodes for solid oxide fuel cells. Ceram. Int. 2018, 44, 4961-4966. doi:
10.1016/j.ceramint.2017.12.089

Javier Zamudio-Garcia, José M. Porras-Vazquez, Jesus Canales-Vazquez, Aurelio
Cabeza, Enrique R. Losilla, David Marrero-Lopez, Relationship between the Structure
and Transport Properties in the Ce1_LaxO2-x System. Inorg. Chem. 2019, 58, 9368-9377.
doi: 10.1021/acs.inorgchem.9b01104

Javier Zamudio-Garcia, Lucia dos Santos-Gomez, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lépez. Doping effects on the structure and electrical properties of
La,Ce,O0; proton conductors. J. Alloys Comp. 2020, 816, 152600. doi:
10.1016/}.jallcom.2019.152600

Adrian Lopez-Vergara, Marta Bergillos-Ruiz, Javier Zamudio-Garcia, José M. Porras-
Véazquez, Jesus Canales-Vazquez, David Marrero-Lopez, Enrique R. Losilla, Synergic
Effect of Metal and Fluorine Doping on the Structural and Electrical Properties of
LassMoO111-Based Materials. Inorg. Chem. 2020, 59, 2, 1444-1452. doi:
10.1021/acs.inorgchem.9b03194

308


https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.1016/j.jpowsour.2021.230852
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.3390/nano12223936
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.1002/admi.202200702
https://doi.org/10.1016/j.ceramint.2018.05.010
https://doi.org/10.1016/j.ceramint.2017.12.089
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=55080935700&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6602887827&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6506103273&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6506103273&zone=
https://www2.scopus.com/sourceid/25264?origin=recordpage
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6506103273&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6506103273&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6506103273&zone=
https://doi.org/10.1016/j.jallcom.2019.152600
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=55080935700&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=6602887827&zone=
https://www2.scopus.com/sourceid/25264?origin=recordpage
https://doi.org/10.1021/acs.inorgchem.9b03194

Article section

13.

14.

15.

16.

17.

18.

19.

Lucia Santos-Gémez, Javier Zamudio-Garcia, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lépez, Nanostructured BaCoosFeo4Zro1Y0.10s.5 cathodes with
different microstructural architectures. Nanomaterials 2020, 10, 6, 1055. doi:
10.3390/nano010061055

Lucia dos Santos-Gomez, Javier Zamudio-Garcia, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lépez, Highly oriented and fully dense CGO films prepared by
spray-pyrolysis and different precursor salts. J. Eur. Ceram. Soc. 2020, 40, 8, 3080-3088.
doi: 10.1016/}.jeurceramsoc.2020.03.026

Javier Zamudio-Garcia*, Nerea Albarran-Aroca, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lopez, Influence of Bi15Y0503 active layer on the performance of
nanostructured LagsSro2MnQO; cathode. Applied Nano 2020, 1, 1, 14-24. doi:
10.3390/applnano1010003

Lucia dos Santos-Gomez, Javier Zamudio-Garcia, José M. Porras-Vazquez, Enrique R.
Losilla, David Marrero-Lopez, Recent progress in nanostructured electrodes for solid
oxide fuel cells deposited by spray pyrolysis. J. Power Sources 2021, 507, 230277. doi:
10.1016/}.jpowsour.2021.230277 (Review paper)

G.C. Mather, Daniel Mufioz-Gil, Javier Zamudio-Garcia, José M. Porras-Vazquez, David
Marrero-Lopez, Domingo Pérez-Coll, Perspectives on cathodes for protonic ceramic fuel
cells. Applied Sciences 2021, 11, 12, 5363. doi: 10.3390/app11125363 (Review paper)

Lucia Santos-Gémez, Javier Zamudio-Garcia, José M. Porras-Véazquez, Enrique R.
Losilla, David Marrero-Ldpez, Modification of the Microstructure and Transport Properties
of La,CuOu4s electrodes via halogenation Routes. Processes 2022, 10, 1206. doi:
10.3390/pr10061206

Rafael Rubio-Vives, José M. Porras-Vazquez, Lucia dos Santos-Gomez, Javier
Zamudio-Garcia, Antonia Infantes-Molina, Jesus Canales-Vazquez, David Marrero-
Lépez, Enrique R. Losilla. Impact of the lanthanide size on the polymorphism and
electrical properties of LnssMoO+1.1 (Ln = Nd, Sm and Gd). Ceram. Int. (2022), Accepted
manuscript. doi: 10.1016/j.ceramint.2022.12.146

309


https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85086116882&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85086116882&origin=resultslist
https://doi.org/10.3390/nano10061055
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www.scopus.com/record/display.uri?eid=2-s2.0-85086116882&origin=resultslist
https://doi.org/10.1016/j.jeurceramsoc.2020.03.026
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.3390/applnano1010003
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.1016/j.jpowsour.2021.230277
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.3390/app11125363
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=57200043074&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://www2.scopus.com/authid/detail.uri?origin=AuthorProfile&authorId=14030593600&zone=
https://doi.org/10.3390/pr10061206
https://doi.org/10.1016/j.ceramint.2022.12.146

Appendix 2

310



Article section

Journal of the European Ceramic Society 42 (2022) 181-192

Contents lists available at ScienceDirect

Journal of the
European Ceramic Society

Journal of the European Ceramic Society

ELSEVIER

journal homepage: www.elsevier.com/locate/jeurceramsoc

Original Article »')
Efficient symmetrical electrodes based on LaCrOs via
microstructural engineering

Javier Zamudio-Garcia “, José M. Porras-Vazquez *, Enrique R. Losilla®, David Marrero-Lopez b

* Universidad de Mdlaga, Dpto. de Quinica Inorgdnica, Cristalografia y Mineralogla, 29071, Mélaga, Spain
® Universidad de Malaga, Dpto. de Fisica Aplicada 1, 29071, Mdlaga, Spain

ARTICLE INTFO ABSTRACT

Keywords:
TaCrO,
Symmetrical solid oxide fuel cell
Nanomaterials
Spray-pyrolysis

Novel nanostructured clectrodes, Tag.08Cro,7580,2503; (B Mn, Tie, Ti and Cu), are prepared by a single spray-
pyrolysis deposition method directly on the electrolyte and a porous CepoGdg, 10 05 (CGO) seaffold. These
perovskite-type electrodes without alkaline-carth metals exhibit low ionic/clectronic conductivity; however, the
polarization resistance is greatly enhanced by microstructural design. The best results are obtained for
Lag,0sCrg 75Mnp, 2503 ; deposited into a porous CGO-scaffold due to the synergetic effect of CGO, with high ionic
conductivity, and doped-LaCrO; with a predomi ly electronic conductivity. The ials are i i d as
both air and fuel electrodes for solid oxide fuel cells (SOFCs) by different structural, microstructural and elec-
trochemical techniques. Low values of polarization resistance are achieved for nanostructured
Lay 0gCry sMny 2505.5-CGO electrodes, i.e. 0.057 Q cm” in air at 800 °C, compared to 0.96 Q em” for the same
powder electrode obtained by sci printing dep An electrolyte-supported sy i
stable maximum power output of 475 mW cm™ at 800 *C.

cell a

1. Introduction

Solid oxide fuel cells (SOFCs) are considered to be a promising
technology for efficient energy production and storage, and in contrast
to other fuel cells, they have the potential to produce electrical energy
not only from hydrogen but also from hydrocarbon fuels [1,2].
Furthermore, SOFCs can operate in reverse mode as a Solid Oxide
Electrolyzer to produce H; by water electrolysis from renewable sources
[3]. Nevertheless, the development of this technology requires to
overcome several challenges before becoming commercially viable. In
particular, the operating temperature needs to be reduced to the inter-
mediate temperature range (500-800 “C) to provide an adequate life-
time of the cell components [4]. A reduction of the fabrication costs is
also crucial to be competitive with other fuel cell technologies.

The traditional SOFC configuration is comprised of two porous
ceramic electrodes separated by an ionic conductor electrolyte. The
anode and cathode materials usually have different compositions to
fulfill the required properties for the fuel oxidation and oxygen reduc-
tion reactions, respectively. However, in the last few years, symmetrical
solid oxide fuel cells (SSOFC), where the same material is employed as
both air and fuel electrode, are attracting attention because they offer

important advantages compared to the traditional anocde-supported
SOFGs [5,6]. In particular, the manufacturing costs are reduced since
the electrodes are deposited on the electrolyte and sintered in only one
sintering step, minimizing chemical and physical incompatibility issues.
Moreover, the possible performance degradation of the anode, caused by
sulfur poisoning and carbon deposition in the electroactive sites, may be
reverted by switching the gas flow to oxidize the polluting species [7,8].
However, the requirements of the symmetrical electrodes ave very strict,
including structural stability, physical and chemical compatibility with
the electrolyte, sufficient ionic and electronic conductivity, simulta-
neous electrocatalytic activity toward fuel oxidation and oxygen
reduction reactions in both reducing and oxidizing atmospheres,
respectively.

The first symmetrical electrodes reported in the literature were those
based on lanthanum chromite perovskites, typically used as inter-
connector material in SOFCs, because of their superior thermo-
mechanical stability in a broad range of oxygen partial pressures and
temperatures. This is associated with the high-chemical stability of Gr!
at the B-site of the perovskite among the first row of the transition metals
€r® > Fe?~ = Mn®t » Co®) [9]. The transport properties of LaCrOy
are tailored by modifying the crystal structure through doping in the A-
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ABSTRACT: LaggsCrgsMng2s05_5—CeoGdg 10195 (LCM-
CGO) nanocomposite layers with different LCM contents,
between 40 and 60 wt %, are prepared in a single step by a
spray-pyrolysis deposition method and evaluated as both air and
fuel electrodes for solid oxide fuel cells (SOFCs). The formation of
fluorite (CGO) and perovskite (LCM) phases in the nano-
composite electrode is confirmed by different structural and
microstructural technigues, The intimate mixture of LCM and
CGO phases inhibits the grain growth, retaining the nanoscale
microstructure even after anncaling at 1000 “C with a grain size
lower than 50 nm for LCM-CGO compared to 200 nm for pure
LCM. The synergetic effect of nanosized LCM and CGO by
combining their high electronic and ionic conductivity, respec-

Z7(Q cmz)

tively, leads to efficient and durable symmetrical electrodes. The best electrochemical properties are found for 50 wt % LCM-CGO,

showing polarization resistance values of 0.29 and 0.09 & cm? at 750

°C in air and H,, respectively, compared to 2.05 and 1.9 Q cm?

for a screen-printed electrode with the same composition. This outstanding performance is mainly ascribed to the nanoscale
electrode microstructure formed directly on the electrolyte at a relatively low temperature. These results reveal that the combination
of different immiscible phases with different crystal structures and electrochemical properties could be a promising strategy to design

highly efficient and durable air and fuel electrodes for SOFCs.

KEYWORDS: LaCrO; CeQ,, nanocomposite electrode, symmetrical solid oxide fuel cell, spray pyrolysis

H INTRODUCTION

The high demand for electrical energy and the need for the
protection of the natural environment make the development
of an effective infrastructure to produce energy from renewable
sources, such as solar and wind, necessary. However, the
electrical production from these sources is discontinuous and
intermittent to meet the immediate demand;'” consequently,
alternative methods for electrical production and storage are
required. In this context, solid oxide cells (SOCs) are of great
interest for electrical generation as they can convert the
chemical energy of a wide variety of fuels, ie, H, and
hydrocarbons, into electrical energy.” Such devices can also
operate reversibly in electrolysis mode to convert the excess of
clectricity gencrated by rencwable sources into hydrogen,
offering numerous advantages compared to rechargeable
batteries, such as higher energy density, longer duration, and
more flexibility.*

A conventional SOC is composed of a dense ceramic ion
conductor electrolyte that separates two porous ceramic
electrodes with different compositions, typically a mixed
ionic—electronic conductor for the air electrode and a Ni-
cermet for the fuel electrode.’ However, Ni-based anodes
present mechanical stability issues upon redox cycling as well

© 2022 American Chemical Society
4536
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313

as carbon deposition and sulfur poisoning when hydrocarbon
fuels are employed.® An alternative cell configuration, known
as symmetrical solid oxide cells (SSOCs), where the same
electrode material is used as both air and fuel electrodes, has
gained great attention in the last few years because of its
simpler fabrication process and improved chemical and
thermomechanical stability to operate in fuel cell and
electrolysis modes.” Nevertheless, the major challenge for the
development of $SOCs is to find a suitable electrode with high
electrocatalytic activity and adequate long-term stability in
both oxidizing and reducing environments.*”

Different symmetrical electrodes have been reported in the
literature, including doped LaCrO,;, SrFeQ; PrBa-
(Fe,Mn),05,5 and Lay,St; (MnO, ;. 07" Among them,
doped LaCrO; is one of the most widely studied duc to its
high redox stability, resistance to sulfur poisoning, and carbon
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ARTICLE INFO ABSTRACT

Keywords:
S

Symmetrical clectrode
Nanocomposite

Nanocomposite electrodes of (Sro7Prg 3)o.05TiO3-s—Cea,0Gda 10105 are directly prepared by spray-pyrolysis
deposition on Zr g,Yi1,01 92 electrolytles and their properties are compared with those obtained by the tradi-
tional screen-printing powder method. The structural, microstructural and electrical characteristics are inves-
tigated for their potential use as both cathode and anode in Solid Oxide Fuel Cells. The nanocomposite electrodes
with reduced particle size 30 nm achieved a polarization resistance at 700 °C of 0.50 and 0.46 © em? in air and

pure Hy, respectively, outperforming those obtained for the analogous screen-printed electrodes with particle
size of 450 nm, i.e. 4.8 and 3.9 Q cm”, respectively. An electrolyte-supported cell with symmetrical electrodes
reached a maximum and stable power density of 354 mW cm™ al 800 "C. These results demonstrate that the
performance of electrode materials with modest electrochemical properties but high phase stability, such as
doped-SrTi0s, can be highly improved by preparing nanccomposite clectrodes direetly on the electrolyte surface.

1. Introduction

Nowadays, Solid Oxide Fuel Cells (SOFCs) are considered as one of
the most promising and efficient technologies for electricity generation
from a wide variety of fuel gases, such as hydrogen or hydrocarbons [1,
2]. However, their commercialization is still hindered by several issues,
such as high manufacturing and maintenance costs, as well as short
durability of the cell components at high operation temperature.

In particular, the traditional Ni-based cermet anodes, suffer from
thermomechanical stability upon redox cycles due to Ni agglomeration
and they are prone to coking and sulphur poisoning, leading to degra-
cation of the microstructure and loss of performance uncer long-term
operation [3,4]. Several mixed oxide anodes with perovskite-type
structure have been investigated to overcome these issues, such as
Lag,7580.25Cr0,5Mng,503.5 [51, SroMgMoOe.s [6,7], SraFer sMop.506-5 [8]
or PrBa(Fe,Mn);Os,: [2]. Moreover, these electrodes have been also
tested in symmetrical solid oxide fuel cells (SSOFCs), in which the same
electrode material is employed simultaneously as both air and fuel
electrode [10].

Among the different anode materials, doped-StTiO; are highly

* Corresponding author.
F mail address: marrero@uma.cs (D. Marrero-1.6pez).

attractive because of their exceptional stability under both oxidizing and
reducing conditions, moderate thermal expansion, as well as high
tolerance to sulphur and carbon deposition [11,12]. Furthermore,
strontium titanates are chemically compatible with the most widely
used solid electrolytes up to 1400 °C, such as Ziys2Y01601.92 (YSZ),
Lag.oSro.1Gan.sMgo.203-5 (LSGM) and Cep.oGdg,101.05 (CGO) [13]. How-
ever, the performance of strontium titanates is rather modest comparecl
to the state-of-the-art anode materials due to their poor ionic condue-
tivity and electrocatalytic activity.

The electrochemical properties of StTiO;  are usually improved by
doping with higher valence cations, such as rare-earth elements (La',
Pra', Nd&®* and Y?7) in the Sr-site [14-16] or Nb®™ in the Ti-site [17].
These materials exhibit high electronic conductivity in reducing atmo-
spheres due to the Ti""/Ti®" redox couple but the conductivity is rela-
tively low in oxidizing conditions. The oxygen non-stoichiometry, 5, also
plays a critical role in both structural and electrochemical properties. In
particular, layered perovskite related phases with poor electrochemical
properties have been observed by increasing the lattice oxygen content
[18,19]. Furthermore, significant differences in the conductivity values
are reported in the literature, suggesting that the electronic conduetivity

1 Present address: Dpto. de Fisica Aplicada I, Facultad de Ciencias, Campus de Teatinos, Universidad de Malaga, 20071-Malaga, Spain.
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New strategies are necessary to enhance the efficiency of the
electrodes for solid oxide fuel cells (SOFC) applications. Most of
the preparation techniques require high sintering temperatures that
drastically increases the grain size, leading to a very poor
electrochemical activity. On this way, titanium doped ferrites have
demonstrated to be promising electrodes, showing high redox
stability and acceptable performance. In this study, spray-pyrolysis
has been used to prepare nanostructured electrodes of Lag sSro.Fei.
11035 (x= 0.2 and 0.4) in a single deposition step. An infiltrated
electrode architecture was obtained by depositing the electrodes
directly on a porous Ce9Gdo10195 (CGO) backbone previously
screen-printed onto a ZrogaYo160192 (YSZ) electrolyte. The
properties of this electrode, in comparison with the traditional
electrode, are investigated in both oxidizing and reducing conditions
for the implementation of these electrodes in Symmetrical Solid
Ocxide Fuel Cells (SSOFC).

Introduction

Solid Oxide Fuel Cells (SOFCs) have been proposed as one of the best candidates for
energy conversion, producing electricity from different fuels at high temperatures (600-
1000 °C). Lowering the operating temperature of SOFCs is crucial to mitigate the reaction
between the cell components and reduce the operation and production costs (1, 2).
Nowadays, symmetrical Solid Oxide Fuel Cells (SSOFC), with the same material as
cathode and anode, have attracted great attention due to their several advantages compared
to the traditional cell configuration (3, 4). In SSOFC, only a single step is required to
assemble the electrodes to the electrolyte, resulting in a beneficial effect on the mechanical
and chemical compatibility between the cell components, as well as lowering the
fabrication time and cost. These advantages play a key role in the implementation and
commercialization of SSOFC devices.

The traditional synthetic methods to prepare electrodes require high sintering
temperature during long times or multiple infiltration/calcination processes, having a
negative impact on the electrochemical properties. In this context, spray-pyrolysis
deposition is an efficient and cost-effective method to prepare electrodes with different
architectures at low temperatures, such as single phases, nanocomposites, infiltrated
electrodes into porous backbones as well as the preparation of active interlayers (5, 6, 7).
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IMIGINLIGIITS GRAPIIICAL ABSTRACT

o Symmetrical solid oxide fuel cells with
identical air and fuel electrodes are
reviewed.

o The state-of-the-art and [uture perspec-
tives of SSOFCs and SSOECs are
provided.

e Doping strategies, structure, micro-
structure and electrochemical properties
of electrodes are discussed.

e This review will be helpful for the
development  of  new  symmetrical
clectrodes.

ARTICLE INFO ABSTRACT

Keywords: Symmetrical solid oxide cells (SSOCs) with identical air and fuel electrodes have gained significant scientific
S:OM °"iflc cells interest in the last decade because they offer several ad Ages over ¢ ional cell i Among
Bynaietival gleztogdes other features, simpler fabrication, better chemical and therm h 1 compatibility between cell layers,

. :
:_ cm;'s?m and cleetrode reversibility, make them attractive for clectricity gencration, 11, production and COy cleetro-
xsolution

QO3 electroreduction reduction. This review offers an overview of the most recent advances in the field of SSOCs, paying special
Electrolysis cell attention to the relationship between electrode composition, crystal structure and properties. With that aim,
symmetrical electrodes are classified in four groups according to their redox stability, i.e. single phases, com-
posites, clectrodes with exsolved metal particles and those that suffer a drastic phase transformation under

ffagn

i diti known in the lites * as quasi-sy trical des. Furthermore, an outlook of other
cell fi ions with i d interest are also discussed, i.c. symmetrical protonic fuel cells
(H-SSOCs) and solid oxide electrolyzers for CO, el duction. With this overview in mind, the authors would
like to highlight the challenge ahead of finding el d ials that optimally work under both oxidizing and

reducing conditions in terms of redox stability and electrochemical properties, and further conclude on the future
development of 8SOCs.
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Abstract: Large variations in the polarization resistance of Lag g5t 4Coq o Fep O3 5 (1LSCF) cathodes
are reported in the literature, which are usually related to different preparation methods, sinter-
ing temperatures, and resulting microstructures. However, the influence of the electrolyte on the
electrochemical activity and the rate-limiting steps of LSCF remains unclear. In this work, LSCF
nanostructured electrodes with identical microstructure are prepared by spray-pyrolysis deposition
onto different electrolytes: Zrj g4 Y01601.02 (YSZ), CegoGdy 10195 (CGO), Lag oSrg1Gag sMgp 20285
(I.SGM), and Bij5Yp505.5 (BYO). The ionic conductivity of the electrolyte has a great influence
on the electrochemical performance of I.5CF due to the improved oxide ion transport at the elec-
trode /electrolyte interface, as well as the extended ionic conduction paths for the electrochemical
reactions on the electrode surface. In this way, the polarization resistance of LSCF decreases as the
ionic conductivity of the electrolyte increases in the following order: YSZ > 1L.SGM > CGO > BYOQ,
with values ranging from 0.21 Q cm? for YSZ to 0.058 Q cm? for BYO at 700 °C. In addition, we
demonstrate by distribution of relaxation times and equivalent circuit models that the same rate-
limiting steps for the ORR occur regardless of the electrolyte. Furthermore, the influence of the
current collector material on the electrochemical performance of LSCE electrodes is also analyzed.

Keywords: nanostructured materials; SOI'C; cathode; electrolyte; spray-pyrolysis

1. Introduction

Solid oxide fuel cells (SOFCs) are one of the most promising technologies for efficient
power generation and hydrogen production [1]. The main challenges regarding the com-
mercialization of these devices are the reduction of the operating temperature and the
development and optimization of alternative cell components (clectrolyte, clectrodes and
interconnectors) with the aim of reducing their production costs [2,3].

One of the most limiting factors to achieve highly efficient SOFC devices at interme-
diate temperatures (600-800 “C) is the high polarization resistances of the cathode due
to the sluggish oxygen reduction reaction (ORR) compared to the hydrogen oxidation
reaction (HOR). In order to overcome this drawback, new cathode materials have been in-
vestigated, such as Smy 5510, 5C003.5, Lag 6510.4Co03.5, (Pr,Gd)BaCo20s,5, or CazCoqOg,s,
achieving remarkable results at 600 °C compared to the traditional Lag gSrg ,MnQ;.5 (LSM)
cathode [4,5]. However, these cobalt-based clectrodes suffer from several disadvantages,
including high thermal expansion coefficients, chemical reactivity with the clectrolyte
and low phase stability after long-term operation [6-8]. In contrast, iron-cobalt based
perovskites, such as Lag 6Srg.4Cop2FeqsO03.5 (LSCF), exhibit moderate thermal expansion
while having a good electrocatalytic activity for ORR, which makes it one of the most
promising cathodes for SOFCs [9,10].

It is evident that the performance of SOFC electrodes depends on their intrinsic bulk
properties, which are related to the composition and crystal structure, since they affect
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Boosting the Performance of La, gSr, ,MnO;_s Electrodes
by The Incorporation of Nanocomposite Active Layers

Javier Zamudio-Garcia, Leire Caizdn-Juanarena, José M. Porras-Vidzquez,

Enrique R. Losilla, and David Marrero-Lépez*

The use of active layers is a promising strategy to imp the properties of air
electrodes for solid oxide fuel cells (SOFCs). In this work, Lag sSro,MnO;_sis
combined with different oxide ion conductors Cey3Gdy;104 g5, BiysYo5O; and
PrgOy, to form highly efficient nanocomposite active layers in a single step

by spray-pyrolysis deposition. One of the main advantages of these nano-

composite layers is that the | is d at relatively
high sintering temp Asa q the interfacial area between
the el de and the el lyte i significantly, leading to fast oxide
ion transport at the interface, as well as more active sites for the electro-
hemical ions. An exhausti I, mi I, and electro-

chemiical characterization of the layers are performed to evaluate their potential
use in SOFCs. The incorporation of a LagsSrg,MnO;_sCe;5Gdg10; 95
(LSM-CGO) interlayer d the polarizati i of LSM cathod
from 1.71 to 0.46 Q cm? at 700 °C. Moreover, a single cell with LSM-CGO
interlayer generates a peak power density of 1.20 W cm at 800 °C compared

emissions for the environment. Technolo-
gies such as fuel cells efficiently convert
the chemical energy into electricity, thus
becoming suitable candidates to achieve
such transition.™? In particular, solid oxide
fuel cells (SOFCs) are of great interest for
energy conversion due to their robustness,
entirely solid structure and flexibility to use
a wide variety of fuels, such as hydrogen,
natural gas, and other gasified renew-
able biofirels.** In addition, they can also
operate in reverse mode as solid oxide elec-
trolysis cells (SOECs) to convert electricity
back into chemical energy when needed ]
Nowadays, the main applications of
SOFCs are related to medium and large sta-
tionary power generation plants, while their
presence in portable devices and transpor-
tation is still limited.®” One of the main

t0 0.79 W cm2 for the same cell without active layer. These results dem-

onstrate the great benefits of using

reasons for that is their high operating tem-

rties of air el d

Ldbed

1. Introduction

Within the current energy scenario, there is a strong willingness to
transit toward a sustainable energy production, involving renew-
able sources and dean conversion processes with no harmful
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layers to i

p the peratures (>800 °C) which, despite allowing
high fuel conversion efficiencies, lead
to accelerated material degradation and
thereby shortening the cell lifetime. For
that reason, an increasing research interest has grown around
intermediate temperature SOFCs (IT-SOFCs), operating between
600 and 800 °C.®) In this temperature range, the cell perfor-
mance is mainly limited by the air electrode due its low kinetics
toward the oxygen reduction reaction (ORR).”) This is the case
for the conventional air electrode material LagSto;MnO; 5
(LSM), which exhibits poor electrocatalytic activity for ORR below
800 °C." Since the ionic conductivity of LSM is extremely low
(4% 10°% S cnr? at 900 °C), the electrochemical reaction sites
for ORR are limited to the triple phase boundary (TPB) region
close to the electrode/electrolyte interface.

In this context, mixed ionic-electronic conductors (MIECs)
with better electrochemical properties have been developed as
air electrodes in the last few years, e.g. LagsSr; ;Cog,Feqs05 5
{LSCF), BagsSrysCopsFey;05.5 (BSCF), or PrBaCo,Os, s
However, they suffer from several drawbacks, such as high
thermal expansion coefficients, phase instability or phase seg-
regation on the electrode surface"”] For this reason, LSM is
still considered an appropriate cathode for SOFC construction,
despite its poorer performance at intermediate temperatures.

Numerous strategies have been proposed to improve the
performance of LSM by increasing the TPB region for ORR:
i) the use of composite electrodes by combining LSM with dif
ferent oxide ion conductors, such as Zryg,Y, 16014, (YSZ) and

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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