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RESUMO
A mudanca climatica tornou-se uma das maiores preocupacdes do século devido
a possibilidade de aumento de 1,5 °C na temperatura média global, resultando
em um impacto profundo na ocorréncia de eventos naturais extremos. Nos
altimos anos, esforgos consideraveis tém sido direcionados para limitar as
emissbes de carbono, principalmente por meio da substituicdo da matriz
energética baseada em combustiveis fésseis. As Células a Combustivel de
Oxido Sdlido (CCOS) sdo dispositivos que convertem energia quimica em
energia elétrica com alta eficiéncia, flexibilidade de combustivel e baixa, ou nula,
geracdo de emissbes de CO2. Devido a essas caracteristicas, as CCOS séao
consideradas uma alternativa promissora para a substituicdo da combustao
térmica. Os anodos destes dispositivos tem como principal funcéo a oxidagéo do
combustivel. Entre os diversos materiais que podem ser aplicados para esse fim,
perovskitas destacam-se como um material promissor devido a sua alta
condutividade mista, propriedades cataliticas e estabilidade quimica e térmica.
Neste trabalho, o foco est4 na obtencdo de nanoparticulas de niquel e cobre
ancordas na superficie de perovskitas ceramicas, com o objetivo de explorar um
material promissor, como anodo de CCOS, pouco explorado na literatura. As
composi¢cdes de LaosSrozTio7Nio3xCuxO3s (x = 0.1, 0.15, 0.2) e
La1.2Sro.7Nio.sCuo0.504 foram obtidas por meio do método de Pechini modificado e
calcinadas a 900 °C por 5 horas. A producdo de nanoparticulas exsolvidas de
NiCu envolveu o tratamento térmico dos pds em uma atmosfera redutora de 3 %
vol H2/N2 a 900 °C, 850 °C, 800 °C e 750 °C por 10 horas. As amostras foram
caracterizadas por termogravimetria e andlise térmica diferencial (TGA/DTA),
dilatometria, microscopia eletronica de varredura (MEV), microscopia eletronica
de transmissédo (MET), difracdo de raios X (DRX), espectroscopia de fotoelétrons
excitados por raios X (XPS) e espectroscopia de impedancia eletroquimica (EIS).
As andlises de DRX e XPS confirmaram a presenca da liga niquel e cobre
usando a rota de sintese escolhida e o tratamento de reducdo. Informacdes
estruturais tais como, parametros de redes, tamanho de cristalito e teor de fase,
foram determinados usando a refinamento Rietveld nos resultados de DRX. O
MEYV revelou a presencga de nanoparticulas esféricas ancoradas na superficie da
amostra, e a MET confirmou a composi¢cao das nanoparticulas de liga de NiCu.

Palavras-chave: Perovskitas, Célula a combustivel de 6xido sélido, Exsolugéo.



ABSTRACT

Climate emergency has become the most significant concern of the century due
to the 1.5 °C increase in the average atmospheric temperature, resulting in a
profound impact on natural events. In recent years, considerable efforts have
been directed towards achieving net-zero emissions, primarily through the
substitution of fossil fuels with decarbonization. Solid oxide fuel cells (SOFCs)
are devices that efficiently convert chemical energy into electrical energy, offering
fuel flexibility and generating low to zero CO2 emissions. Due to these features,
SOFCs are considered a promising alternative to fossil fuels machines. SOFC
anodes play a crucial role in catalyzing fuel oxidation. Among the materials used
for this purpose, ceramic perovskites stand out as excellent electrodes due to
their high mixed ionic-electronic conductivity, chemical and thermal stabilities,
and strong catalytic properties. In this study, our focus is on obtaining exsolved
metal alloy nanoparticles anchored to perovskite structures, exploring a more
promising, challenging, and less explored material in the existing literature.
Lao.sSro.2Tio.7Nio.3xCuxO3-5 (x = 0.1, 0.15, 0.2) and La1.2Sro.7Nio.sCuo0.s04 samples
were obtained through the Pechini synthesis route and were calcined at 900 °C
for 5 hours. The production of decorated NiCu nanoparticles involved heat-
treating the powders in a 3 vol % H2/N2 atmosphere at 900 °C, 850 °C, 800 °C,
and 750 °C for 10 hours. The samples were subjected to various characterization
techniques, including thermogravimetry (TG/DTA), dilatometry, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and electrochemical impedance
spectroscopy (EIS). XRD and XPS analyses confirmed the successful formation
of NiCu alloy particles using the chosen synthesis route and the reduction
treatment. Structural parameters such as crystal symmetry, crystallite size, and
phase content were determined using Rietveld's refinement. SEM revealed the
presence of spherical nanoparticles anchored on the sample surface, and TEM
confirmed the composition of copper-nickel alloy nanoparticles.

Keywords: Perovskites, Solid oxide fuel cell, Exsolution.



FIGURES INDEX

Figure 1: The global primary energy consumption by source (a) and the global
average temperature anomaly (D)292L, ... .....oiiiiiie i 24
Figure 2: Schematic diagram of Solid Oxide Fuel Cells (a) represents an oxygen

ion conduction electrolyte and (b) a protonic fuel cell (adapted)I®. .................. 26
Figure 3: Schematic structure of cubic perovskite (ABO3)"™ . ........ccovvveeeevnneen.. 32
Figure 4: Ruddlesden-Popper phase structure® ............ccccceevieeivieeiie e, 34
Figure 5: Schematic diagram of exsolution process*’ ..........cccevvvevveeieeesnnenn, 39

Figure 6: (a) schematic diagram showing the difference between the anchored
and deposited nanoparticle'?® (b) transmission microscopy image showing the
alignment between the crystallographic planes of the host solid oxide and the
NANOPAIICIESIZ0 ... .o 40

Figure 7: Gibbs free energy relative to particle radius during the process of

nucleation and growth 241, .. e 42
Figure 8: Stages Of SYNTNESIS .......uuiiiiiiiiiiiiiiiiiiiiii e 46
Figure 9: TG/DTA data of Lao.sSro.2Tio.7Nio.15Cuo.1503-5 synthesized by Pechini
011 10 o 51

Figure 10: XRD pattern after calcination at 900 °C for 5 h. The diffraction position
corresponding to the centered cubic LaTiOs structure is highlighted with an
OFANGE CIICIB. . 52
Figure 11: Ruddlesden-Popper phase XRD pattern after calcination at 900 °C for
5 h. The diffraction position corresponding to the tetragonal La1.5Sro.sNio.sCuo0.504
structure is highlighted with a blue square. .........cccccccoiiiiee 53
Figure 12: Rietveld pattern refinement of Lao.sSro.2Tio.7Nio.1Cu0.203-5 as the cubic
phase (Pm-3m). The observed XRD pattern is shown with black cruise points, the
red line represents the theoretical model while the blue line shows the difference
between the theoretical model and the experimental data. Finally, the expected
peaks positions are shown above in green bars........cccceveeeiieieeeeeeeeiiiciie e, 54
Figure 13: XRD pattern after reduction treatment at 900 °C for 10 h. The
diffraction position corresponding to the centered cubic LaTiOs structure is
highlighted with an orange circle, while the green circle indicates the diffraction

position associated with the centered cubic Nickel-Copper alloy. .................... 56



Figure 14: XRD pattern after reduction treatment at 850 °C for 10 h. The
diffraction position corresponding to the centered cubic LaTiOs structure is
highlighted with an orange circle, while the green circle indicates the diffraction
position associated with the centered cubic Nickel-Copper alloy. .................... 57
Figure 15: XRD pattern after reduction treatment at 800 °C for 10 h. The
diffraction position corresponding to the centered cubic LaTiOs structure is
highlighted with an orange circle, while the green circle indicates the diffraction
position associated with the centered cubic Nickel-Copper alloy. .................... 57
Figure 16: XRD pattern after reduction treatment at 750 °C for 10 h. The
diffraction position corresponding to the centered cubic LaTiOs structure is
highlighted with an orange circle, while the green circle indicates the diffraction
position associated with the centered cubic Nickel-Copper alloy. .................... 58
Figure 17: Rietveld pattern refinement of Lao.sSro.2Tio.7Nio.15sCuo.1503-5 as the
cubic phase (Pm-3m) after reduction treatment at 800 °C. The observed XRD
pattern is shown with x points within the theoretical model, the blue line shows
the difference between the theoretical model and the experimental data. Finally,
the expected peaks positions are shown above in green bars. .........cccccevvvennn. 59
Figure 18: XRD pattern of RP-phase after reduction treatment at 900 °C for 10
h. The diffraction position corresponding to the La2SrOx structure is highlighted
with a black circle, while the green circle indicates the diffraction position
associated with the centered cubic Nickel-Copper alloy...........coooeeeeeiiiiennnn. 60
Figure 19 — High-resolution and deconvoluted XPS spectra of Ni 3p spectra of
RP phase as prepared and after reduction treatment at 900 °C....................... 62
Figure 20 — High-resolution and deconvoluted XPS spectra of Ni 2ps2 and La
3ds2 spectra of Lao.sSro.2Tio.7Nio.15Cu0.1503- 5 as prepared and after reduction
treatment at Q00 °C. ... 63
Figure 21: High-resolution and deconvoluted XPS spectra of Cu 2ps/2 spectra of
RP phase as prepared and after reduction treatment at 900 °C....................... 64
Figure 22: High-resolution and deconvoluted XPS spectra of Cu 2pas/2 spectra of
Lao.sSro.2Tio.7Nio.15Cu0.1503- 5 as prepared and after reduction treatment at 900 °C.

Figure 23: High-resolution and deconvoluted XPS spectra of Ti 2ps2 spectra of

Lao.8Sro.2Tio.7Nio.15Cuo0.1503- 5 after reduction treatment at 900 °C..........ceeene.... 66



Figure 24: Lao.sSro.2Tio.7Nio.1Cu0.203-5 calcined at 900 °C for 5 hours. Image
obtained with 3 kV acceleration vVoltage. ...........cccovvviuuiiiiiieeeeeeeeieee e 67
Figure 25: Scanning Electron Images of treatment Lao.sSro.2Tio.7Nio.15CU0.1503-5
(@), Lao.sSro.2Tio.7Nio.2Cu0.103-5 (b), Lao.sSro.2Tio.7Nio.1Cuo.203-5 (C) after reduction
AL 750 OC . ittt e e e — e e e e e e e e a e —raaaaaaaaaan 68
Figure 26: Scanning Electron Images of treatment Lao.sSro.2Tio.7Nio.15CU0.1503-5
(@), Lao.sSro.2Tio.7Nio.2Cu0.103-5 (b), Lao.sSro.2Tio.7Nio.1Cu0.203-5 (C) after reduction
AL 800 OC. ittt e e e e e e — e e e e e e e e a e —raaaaaeaaaan 68
Figure 27: Scanning Electron Images of treatment Lao.sSro.2Tio.7Nio.15Cu0.1503-5
(a), Lao.sSro.2Tio.7Nio.2Cu0.103-5 (b), Lao.sSro.2Tio.7Nio.1Cu0.203-5 (C) after reduction
AL 850 O C. ittt e e e e e e — e e e e e e e aa bt raaaaeeaeaanns 68
Figure 28: Scanning Electron Images of treatment Lao.sSro.2Tio.7Nio.15CU0.1503-5
(a), Lao.sSro.2Tio.7Nio.2Cu0.103-5 (b), Lao.sSro.2Tio.7Nio.1Cu0.203-5 (C) after reduction

AL 900 C. it 69
Figure 29: Scanning Electron Images of treatment Lai.2Sro.7Nio.sCuos504+xs after
reduction at 900 CC... .. i 70

Figure 30: High Resolution Transmission Electron Images (HRTEM) of
Lao.sSro.2Tio.7Nio.2Cuo.103-5 after reduction treatment at 800 °C for 10 hours. ... 71
Figure 31: High Resolution Transmission Electron Images (HRTEM) of
Lao.sSro.2Tio.7Nio.15Cu0.1503-5 after reduction treatment at 800 °C for 10 hours.. 72
Figure 32: High Resolution Transmission Electron Images (HRTEM) of
Lao.sSro.2Tio.7Nio.1Cuo.203-5 after reduction treatment at 800 °C for 10 hours. ... 73
Figure 33: STEM-HAADF image of Lao.sSro.2Tio.7Nio.15Cuo0.1503-5 after reduction
treatment at 800 °C fOr L0 NOUIS .....cvueeiiie e 74
Figure 34: Dilatometry curve of La1.2Sro.7Cuo.sNio.504+5 from room temperature to
10O I O 1o T o1 0T = o TS 75
Figure 35: Ruddlesden-popper phase isothermal curve in 1150 °C for 2 h in
function of SAMPIe AENSITY ......covvviiiiiiiiiiiiiiiiieeeeeeeee e 75
Figure 36: Dilatometry curve of Lao.sSro.2Tio.7Nio.1sCuo.1503- 5 from room
temperature to 1500 °C iN NITTOGEN. .....ccvviiiiiiiiiiiiiiiiiiiieeeeeeeee e 76
Figure 37: Lao.sSro.2Tio.7Nio.15Cu0.1503- 5 Isothermal curve in 1150 °C for 2 h in
function of sample denSity .........coouuiiiiiiii s 77

Figure 38: Cooling ramp of Lao.sSro.2Tio.7Nio.15CU0.1503-5. ......vvvvvvrrrevniiniiniiinnns 77



Figure 39: The Nyquist diagram of Lao.sSro.2Tio.7Nio.1Cu0.203-5s impedance at 300

Figure 40: Arrhenius plot of total conductivity with variation of reciprocal
LES 1] 61T =L U PP 81
Figure 41: Total conductivity of Lai.2Sro.7NiosCuo0.504 from 400 °C to 650 °C in
SEALIC AN .. 82
Figure 42: Arrhenius plot of total conductivity with variation of reciprocal

temperature under 3% Hz2 — 97% N2 atmosphere. ..., 83



TABLE INDEX

Table 1: Samples and treatmentsS ... 46

Table 2: Data obtained through Rietveld refinement after powder calcined at 900

PR 54
Table 3: Data obtained through Rietveld refinement after reduction treatment of
all compositions at 900 °C, 850 °C, 800 °C, and 750 °C. .......ccevvvrrriiiireeererennnns 59

Table 4: XPS fitting results of Cu 2p, Ni 3p, and Ti 2p proportions as prepared
and after reduction treatMment. ... 65
Table 5: Temperature (K), DC resistance (Q cm), and total conductivity (S cm-
D) for @ach SAMPIE ....eeiicieece e 79
Table 6: Temperature (K), DC resistance (Q cm?), and total conductivity (S cm-

1) and activation energy for La1.2Sro.7Nio.sCU0.504. .....cccvveeeiieeeiiiieeeiieee e, 83



ABBREVIATIONS

EIS

EDX
GDC
GHG
HAADF
HRTEM
HT-SOFC
IEA
IT-SOFC
LT-SOFC
MIEC
ORR
SOFC
SEM
STEM
TEM

TG

TPB
XRD
XPS
YSZ

Electrochemical impedance spectroscopy
Energy dispersive X-ray

Gadolinium doped ceria

Greenhouse gas

High-angle annular dark-field

High-resolution transmission electron microscopy
High-temperature solid oxide fuel cell
International energy agency

Intermediate temperature solid oxide fuel cell
Low-temperature solid oxide fuel cell

Mixed ionic-electronic conduction

Oxygen reduction reaction

Solid oxide fuel cell

Scanning electron microscope

Scanning transmission electron microscope
Transmission electron microscope
Thermogravimetric analysis
Triple-phase-boundary

X-ray diffraction

X-ray photoelectron spectroscopy

Yttria-stabilized zirconia






Summary

L. INETOAUCTION ..ottt e e e e e 21
2. LItErature REVIEW ........cuuiiiiiiiie ittt e e e e 23
2.1 Global climate change and New energies...........cccceevevvvvvvviiiieeeeeeeennnns 23
2.2 Solid Oxide Fuel Cell..........ooooiiiiiiiiiiiiie 25
2.2. 1 ANOGES ..ottt 27
2.2.2  ElECHOIYIE .o 29
2.2.3  CAtNOUES .....oviiiiiiiiiiiiiieie i 30

2.3 Perovskites for NEW €Nergy ........ccevvvviiiiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeeeeee e 31
2.3.1 Ruddlesden-Popper Phase ..............uuuevuiimmmiiiiiiiiiiiiiiiiiiiniiieiinenannns 33
2.3.2 Doping in PEroVSKItES .......uuiiiieieeiieeeece e 35
2.3.3 Lanthanum titanate, nickelate and cuprate systems...............c......... 36

2.4 EXSOIULION....cuiiiiiiiiiiieiie et 37

G T @ 1 ] 1= o1 1)V OSSP 44
4. Materials and MethOdsS ........cooiiiiiiiiiiiiie e 45
4.1 Synthesis and Methods ...........cccoooeiiiiiiiiiii e 45
4.2 CharaCteriZation .............eeeeiieeeiiiiiiiiie et e e e e 46
4.2.1 Thermogravimetric analysisS (TGA) ........ccccovuummmmmmimiiiiiiiiiiiiiiiiiiines 46
4.2.2  X-ray diffraction (XRD)..........uuuuuummmmmiiiiiiiiiiiiiiiiiiiiiiiiiniieiieeenanens 46
4.2.3 X-ray photoelectron spectroscopy (XPS).......ccccceuvmmmmviiiiiiiininnnnnns a7
4.2.4 Scanning electron microscope (SEM).........ccccoviiiiiiiiiiiiiiiiiiiiinnns 48
4.2.5 Transmission electron microscopy (TEM)........cccccovvvimiiiiiiiinnnnnnns 48
4.2.6 Dilatometry analySiS.............uuuuuuummmmmmmiiiiiiiiiiiiiiiiiiii 49
4.2.7 Electrochemical impedance spectroscopy (EIS).......ccccoeevvviineens 49

5. ResUlts and diSCUSSIONS.........cccoiiiiieieeee e 50
5.1  Structure and morphology ... 50

5.1.1 Thermogravimetry analySiS.........ccccovuiiiiiiiiiiiieeeie e 51



5.1.2  X-ray diffraCtioN.......ccooviiiiiiiie e 52

5.1.2.1 Calcined SAMPIES ......cooeeeiiiiii e 52
5.1.2.2 Reduced SAMPIES..........ouuuiiiiie e 56
5.1.3 X-ray photoelectron SPectrOSCOPY ......uvvvvveeeeiereeiiiiiiieeeeeeeeeeiiinn 61
5.1.4 EIectron MICIOSCOPY .....ccuvuuuiiieeeeeeiiiiiiiiiiieeeeeeeeeennisseeeeeeeeeennnnnnns 66
5.1.4.1 Scanning Electron Microscopy (SEM) ........ccoovviieeiiiieeieieeniinnnn, 67
5.1.4.2 Transmission Electron Microscopy (TEM).........ccccoevieeeiiiveiinnnnnnn. 70
5.1.5  DilalOMELrY ...ccoeeeiiieiiie et e e e e e e aaaan 74
5.2  Electrical Properties.........coouiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeee e 78
6. CONCIUSION ... 85
T FULUIE WOTK ..o 87
8. Awards, congress, events, and SChOOIS ..............ccceiiiiiiiiiiiiiiiii e, 88
BIDHOGIaPNY ...t 89

Appendix 1.






21

1. Introduction

The emergence to stop the emission of greenhouse gases (GHG) is
unquestionable. The growth of GHG emissions in recent years places us in a
global climate emergency, with the mission to stop the increase in the average
warming of the earth's atmosphere and the possible catastrophic impacts
generated!. According to the International Energy Agency (IEA), in 2019, about
77% of the world's energy matrix was composed of oil, derivatives, and natural
gas. In this context, several global efforts have been agreed to seek a reduction
in emissions, through a decrease in the dependence of fossil fuels?.

One of the main solutions presented to reduce the emissions of GHG is the
decarbonization of the entire production chain and the transition of the energy
matrix to more sustainable systems. The electrification by use of renewable
energy sources, for agricultural, industrial, and transport processes, appears as

a potential solution since it has low or zero GHG emissions3-5.

Solid oxide fuel cells (SOFC) are one of the most promising technologies. These
devices convert chemical energy from fuel atom bonds to electrical energy with
high efficiency. The main components of SOFC are the anode, electrolyte, and
cathode, which are composed of ceramics and cermets and operate at
temperatures between 500 °C and 1000 °C. One of the advantages related to
SOFC, when compared with other systems, is the ability to operate with different
fuels, being able to operate with hydrogen, methane, methanol, propane, and

alcohol”10,

In the Brazilian scenario, the ability to operate with ethanol is a great advantage.
The country is the second-largest global producer of this fuel, behind only the
United States of America (USA). However, there is a big difference between the
two markets. In Brazil, the generation of this biofuel is made, almost exclusively,
from sugarcane. In the USA, the bigger part of the production is made from corn.
This business model brings to Brazil advantages since there is no competition

between the food and energy market!!12, Observing this scenario, SOFCs are
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presented as an advantageous alternative to the current means of obtaining

energy and demonstrates the possibility of producing high chemical values?*3.

Perovskites have been extensively studied and applied in several fields such as
biomedical applications, catalysis, batteries, photovoltaics, and fuel cells. This
wide range of applications can be attributed to the magnetic and electrical
properties of these materials. In general, these structures exhibit good chemical
and structural stability, which allows them to be used at high temperatures and
over a large range of oxygen partial pressures®. Strontium-doped lanthanum
titanate-based (LSTO) perovskites have been widely studied as anodes for these
devices. LSTO exhibits high chemical and structural stability and a thermal
expansion coefficient compatible with yttria-stabilized zirconia, a well-known
electrolyte for SOFC. However, it exhibits poor electrochemical performance. To
overcome it, the B-site doping with transition metals emerges as a possible

alternativel>16,

Another promising solution for enhancing electrochemical properties and
avoiding coke deposition during operation with carbon-based fuels is the
exsolution phenomenon. In this approach, the metal is solubilized in a solid
matrix, and thereafter, the solid solution is placed in a reducing environment at a
high temperature. Under these conditions, the metal emerges at the surface in
the reduced form. This promotes NP anchored in the solid matrix within the
coherence of crystallographic planes between the host oxide and the exsolved

NP, which changes the material properties?’.

In this present work, the main objective is the development of ceramics of LSTO
type to apply as anode of SOFC. The compositions were double doped with
nickel and copper at B-site to improve electrochemical performance. The
Lao.sSro.2Tio.7Nio.2xCuxO3-5 (x = 0.1, 0.15, 0.2) and La1.2Sro.7Nio.sCuo0.s04 samples
were synthesized by the polymeric precursor method. The samples were
characterized using thermogravimetry, dilatometry, X-ray diffraction, X-ray

photoelectron spectroscopy, and scanning electron microscope.
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2. Literature Review

The literature review starts with a brief introduction to global climate change and
possibilities to overcome the serious problems caused by the global average

temperature increase.

The second section introduces the work principles, elements, and state-of-the-art
materials used in SOFC. The discussion will bring it up the main current
challenges for SOFC operation and the bottlenecks associated with such
devices.

In a third moment, the discussion will be about perovskite properties and why this
structure stood out and earned huge attention in recent years. This part will bring
information about doping strategies and the system that was selected.

Finally, in the last section, the focus will be the exsolution phenomena. The
justification to choose exsolution, how it works, which are the main parameters to
control, and why this technique has been so relevant in heterogeneous catalysis

and electrochemical improvement.

2.1 Global climate change and new energies
Since the end of XIX and beginning of XX century, the average global
temperature has changed. The pre-industrial revolution and industrial revolution
brought up huge advances in production model and productivity never seen
before. However, introduced the steam machine, which led to a wide demand for

coal and oil energy supply*®.

Energy production based on carbon fuels is tightly bonded with combustion
reactions whereas the main products are carbon dioxide (CO2), nitrous oxide
(N20), and carbon monoxide (CO) in low-efficiency motors, these gases are

called greenhouse gases (GHG)™°.
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The increase of global primary energy consumption by these sources in the last
century are shown in Figure la. As can be observed, since 1950, coal, gas and
oil represent at least 60% of global primary energy consumption. In 2021, the last
year of actualization, these sources summed to reach about 77% of all global
primary energy consumption. The increase in coal, gas and oil global demand is
factual and matches with the grow of global temperature average as shown in

Figure 1b.

Figure 1: The global primary energy consumption by source (a) and the global average
temperature anomaly (b)2%:21,
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According to the last Intergovernmental Panel on Climate Change (IPCC) report,
these climate changes in the global context increase the extreme events such as
dry and rains severe, coastal erosion and flooding caused by sea level rise and

other extreme events.

In the seek for a possible solution, huge efforts and agreements have been made
by several countries. One of them is the Paris Agreement, signed by 195
countries in December 2015. The main objective of this accordance is to
constraint the global average temperature rises to 2 °C. The solution for this
problem goes through the electrification of several economy sectors, such as

transportation, agriculture, industry, and residential, to avoid GHG release.

Studies are shown the possibility to integrate new processes of energy production
with orthodox energy systems as the main goal to improve its efficiency. This is
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possible by photo electrocatalytic water splitting for instance, where it is feasible
to use solar energy to splitting water (H20) into hydrogen (H2), that can be used

as fuel, and oxygen (02)%223,

An additional realistic solution is SOFC. These devices owing to their high
temperature of operation can generate electrical energy and heat. The hot gas
that comes out of the device outlet can feed a gas turbine and co-generate energy

or even be used for heating in stationary application?42°,

2.2 Solid Oxide Fuel Cell

Fuel cells are devices that convert chemical fuels, without combustion, into
electrical energy and heat. These electrochemical systems operate on the same
principle as batteries. However, unlike these, it has a continuous fuel supply, and

the electrodes are not consumed during the reaction?6-28,

Due to this electrochemical nature, fuel cells have their efficiency determined by
the Gibbs free energy (AG) and by the enthalpy variation of the process (AH),
according to Equation 1. Therefore, their efficiency is not determined by the
Carnot cycle?6:29-31,

n=AG/ AH (1)
In general, fuel cells are composed of three main components: anode, the
electrode responsible for the fuel oxidation reactions (hydrogen, methane,
alcohol, among others). The electrolyte, component responsible for transporting
ions between the electrodes, which can transport anions (O?), from the cathode
to the anode, or cations, from the anode to the cathode, in protonic cells (H*).
Finally, the cathode is the electrode that receives the air supply, responsible for
the oxygen reduction reactions (ORR). Figure 2 shows a schematic diagram of
SOFC32-35,
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Figure 2: Schematic diagram of Solid Oxide Fuel Cells (a) represents an oxygen ion conduction
electrolyte and (b) a protonic fuel cell (adapted)I®®.
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The fuel cell operation is based on electrochemical reactions. The fuel oxidation
takes place at the anode and the reaction generates electrons, these are
transported by the electrode to the external circuit, Equation 2, and schematically
shown in Figure 2(a). Subsequently, the electrons will be received at the
cathodes and transported to the reaction sites, where they are reactants for the
ORR, Equation 3. In this step, oxygen ions are obtained as a product. Those
ions species will be transported to the anode by the electrolyte, where, finally,
water will be produced as the final product of the reaction. Equation 4 represents

the global reaction of an oxygen ions transport SOFC type, operating with Ha.

Anode reaction: 2Hz + 202 = 2H20 + 4 e (2)
Cathode reaction: Oz + 4 e = 20% 3)
Global Reaction: 2H2 + O2= 2H20 (4)

Solid oxide fuel cells can be split into two classes, which consider their operating
temperature. Devices operating in the range of 700 — 1000 °C are defined as
High Temperature Solid Oxide Fuel Cell (HT-SOFC). The HT-SOFCs are the
oldest, with the first operational use starting around 1940336, However, devices

operating in this temperature range encounter problems such as poor
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compatibility between components, and high degradation of materials during

operation, which leads to a limited lifetime'937-39,

To overcome such challenges generated by the high operating temperature, it
was developed systems that work in a lower temperature range, 500 — 700 °C.
Those are called Intermediary Temperature Solid Oxide Fuel Cells (IT-SOFC).
The operation of these devices at a lower temperature can partially solve the
limitations presented above, related to the operation of HT-SOFC3%4°, However,
the low operating temperature brings other drawbacks. As they are solid
electrolytes, the ionic conductivity of these devices is directly dependent on the
operating temperature. Therefore, one of the challenges to overcome related to
this process is to find materials that at low temperatures present ionic conductivity
comparable to HT-SOFC electrolytes*042,

In the following items, the main functions, characteristics, and properties of each
of the components of the HT-SOFC and IT-SOFC will be described and
discussed. Within each topic, the current development scenario and the main

advances needed for SOFC will also be presented.

2.2.1 Anodes

The anode is the electrode responsible for fuel reactions. In general, it is the one
who determines how efficient is the electro-oxidation reaction. Thus, it required
some specific characteristics and properties. The material that constitutes the
anode must possess a high catalytic activity, to carry out the oxidation reactions,
noble metals and some transition metals present such property. However, when
it comes to IT-SOFC, the low operating temperature further restricts the possible

metals42-44,

The catalytic performance is dependent on active sites distribution and a high
surface area allows such disposal, coupled with an electrode with porous
microstructure. In the later, the porous must remain open throughout the cell
operation. Later will be discussed that the closing of these pores is the most

common problem related of cells operation on carbon-based fuels*.
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Another important property required for anodes is mixed ionic—electronic
conductivity (MIEC). This is important, since at the triple-phase-boundary (TPB),
where the reactions occur, while electrons are conducted to the external circuit,
ions must also diffuse to the electrolyte to be transported to the cathode and gas

diffuses through the pores#6-8,

Moreover, the material must be chemically stable because it is exposed for
several hours to a reducing environment and high temperature. As well as a

coefficient of thermal expansion compatible with the other cell components*%:4°,

Finally, another important attribute is the low cost associated with its
manufacturing since the idea is the industrial scaling of the product. Noble metals,
despite their high catalytic activity, have a high cost. Therefore, the search for
materials that play the role of catalyst with low aggregate cost is one of the main

anode developments focuses?6:47:48,

Currently, the materials reported as anodes in SOFC are composites formed by
ceramics and metals, cermets. Among them, one of the most prominent has
Nickel (Ni) in the composition, since this metal has good electrical, catalytic, and

thermal properties, and has a low cost3%:4550.51,

However, some operational issues still need to be overcome for SOFCs to earn
even more space in the market. These problems are closely related to
degradation problems during operation which decreases its lifetime. Basically,
there are two major problems reported in the literature that generate damage
during operation, that are coke deposition when carbon-based fuels are applied

and the material's microstructure change®6:52,

During the reaction with carbon-based fuels, as can be seen in Equation 5, coke
is formed as a product. Coke is responsible for the coarsening of the anode,
causing clogging of the pores and, consequently, the loss of the ceramic

microstructure. Another problem related to carbon deposition is the reduction of
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the TPB, which generates an increase in cell resistance. These two drawbacks
led to a loss of catalytic efficiency and, therefore, a loss of cell efficiency38:39.53,
CHa=C+ 2H2 (5)

2.2.2 Electrolyte

The solid electrolyte plays the role of conducting ions through the electrochemical
system. This in turn can be separated into two groups, those that conduct oxygen
ions (O%) and those that conduct protons (H*). In addition to conducting ions, it
plays a role in the separation between two gas interfaces. Another important
responsibility of electrolytes is to block the electric current flux or flow, that is,
forcing the conduction of electrons through the external circuit, avoiding a leakage
current, which would decrease the efficiency of the fuel cell®¢414°, Moreover,
chemical stability is another determining factor for the choice of material, since
the electrolyte must be dense with a low number of pores during the entire cell

operation29:40:49,

Rare earth metal oxides are reported as solid electrolytes for HT-SOFCs,
whereas materials with fluorite crystalline structures such as stabilized zirconia
are widely used in this type of cell. For instance, yttria-stabilized zirconia (YSZ)
system is the best-known material. This system, in turn, conducts O% ions, with
an approximate conductivity of 0.1 S cm™ at 1000 °C>“. The fluorite-type structure
has an arrangement that allows better diffusion of oxygen ions, since the cations
occupy all tetrahedral interstices leaving a high number of free octahedral

interstices, it is through these voids that oxygen ions are conducted®®.

However, the ionic conductivity in these materials is dependent on the cell
operating temperature, the ionic conduction of YSZ at 700 °C is less than 0.01 S
cm?l, ten times less conductive than at 1000 °C%. Lately, materials such as
gadolinium doped-ceria (GDC), samarium doped-ceria and strontium-doped
lanthanum, gallium, and magnesium (LSGM), have emerged as a suitable
alternatives to YSZ in IT-SOFC applications. Whereas, at the same operation
temperature, 700 °C, they possess higher conductivity compared to YSZ (LSGM
at 700 °C 0.08 S cm™ and GDC at 700 °C 0.04 S cm™1)5457.58,
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One of the main bottlenecks related to electrolytes is phase changes during the
operation, mainly in HT-SOFC. As previously mentioned, YSZ is the most
common electrolyte in HT-SOFCs, and when exposed to high temperatures for a
long time, it undergoes a crystalline system change, from cubic to tetragonal. The
tetragonal phase, prejudices the transport of oxygen ions, bringing a loss of

efficiency to the cell>%°,

2.2.3 Cathodes

Cathode is the interaction interface between oxygen and electrolyte. The main
electrode function is the catalysis of ORR, to conduct oxygen ions to electrolyte
and receive electrons from the external circuit (in a SOFC with oxygen ions

conduction electrolyte)®’.

The requirements for the material to be used as a cathode are a high surface
area, high catalytic activity for ORR, porous microstructure, chemical and thermal
stability, MIEC, and low cost associated with manufacturing. These material
properties are similar to those of the anode, as mentioned in the previous section.
Ceramic with a porous structure, high surface area, and catalytic sites is
necessary. These properties will provide a suitable TPB area for ORR and

transport of oxygen ions to the electrolyte by the diffusion mechanism®*62,

Regarding the oxides used for HT-SOFC, manganese-based materials are the
most used for cathodes. For instance, the perovskite structure (La,Sr)MnOs,
LSM, is used because it is chemically, thermally, and morphologically stable, and
is an excellent electronic conductor at temperatures above 850 °C. However, to
achieve ionic conduction, it must be mixed with the electrolyte material.
Nevertheless, this structure has an oxygen excess that is caused by the formation
of defects, which in turn, are generated by cation vacancies. As a consequence
the cell losses efficiency which is caused by the increase of polarization

resistance®3.64,
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With the development of IT-SOFC technology, new materials have been
presented as promising cathodes, with great emphasis on cobalt-based
composition. The perovskite Lai1-xSrxCoi-yFeyOs, LSCF, has been widely studied
because it presents at temperatures around 600 °C, electrical conductivity
between 102-10% S cm™, and ionic conductivity between 102-101S cm 6567,
However, the use of this material is not yet cost-effective, due to the high cost
associated with cobalt and problems of phase segregation after a long time of

operation0:68,

One of the consequences related to the decrease in operating temperature is a
loose in the catalytic activity of perovskite-type ceramics for ORR and also a
decrease in ionic conduction. Another structure that stands out for application in
IT-SOFC is the perovskites with the Ruddlesden-Popper (RP) phase. These are
not necessarily composed of 2A elements, alkaline earth metals, which avoids
the problem of segregation, and the arrangement of the structure type allows a
high number of interstitial oxygens which enable rapid transport of oxygen ions

across the surface, facilitating ORR®%-71,

2.3 Perovskites for new energy
Perovskites refer to a class of materials with structures analogue to calcium
titanate (CaTiOs). Perovskites are ABXs-type structures, where the A and B sites
are occupied by different cations and the X site can be occupied by oxygen or 7A
elements family (halides). In the present work, the focus will be on perovskite
oxides, which are structures where the X site is occupied by oxygen atoms, ABOs.
The A and B sites can be occupied by elements of family 1A, 2A, rare earths, and
transition metals. Regarding the electro-neutrality of the structure, the atoms
occupying the A and B sites must have an oxidation number summed up equal
to +6, since with three oxygen occupying the X site there is an oxidation number

equal to -614:53,

The atom that occupies the A-site is in 12-fold coordination with oxygen anions
and the cation that fills the B-site is in 6-fold coordination with oxygen anions.

Figure 3 presents the ideal structure of perovskites. The crystalline systems of
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perovskites can vary according to the elements that compose them, being able
to transit between tetragonal, orthorhombic, and cubic systems. One of the
determining parameters for a perovskite crystalline system is the ratio of the radii
of participating species, which is strictly related to the geometric restriction of the

structure’273,

Figure 3: Schematic structure of cubic perovskite (ABQO3)".

This parameter is known as the Goldschmidt tolerance factor, which has a strong
relationship with the microstrain present in the structure. The tolerance factor (t)
is given by Equation 6, where r,, 1,1, are the radii of the species that occupy the

A and B sites and of oxygen, respectively.

t = (Ta+70)
V2 (rptro)

(6)
The perovskite structure is only formed if 0.80 < t < 1.10, and for an ideal cubic
system, t = 1. When the cation occupying the A site is very small, the value of t
is less than 1, which generates an octahedral distortion in the system and a
decrease in the symmetry of the system. At this point, it is important to note that
some properties of interest in perovskites, such as superconductivity, high mixed
conductivity, and piezoelectricity, arise exactly through the mismatch of bonds

between atoms#2:63,
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It is worth noting that the tolerance factor is not the only parameter to be
considered, it is vital to observe the nature of bonding between the atoms
occupying the A and B sites. In order, to form the perovskite structure, the bonds
need to have greater ionic than covalent character. This is owing to the form in
which atoms that have a higher covalent nature coordinate with each other.
Generally, this class of atoms has a coordination number lower than 6 and,

therefore, does not stabilize in a perovskite structure’76,

Among many systems, perovskites have attracted attention because they can
incorporate a wide variety of cations in their structure, with several different
oxidation states. The structural flexibility of perovskites promotes the formation of
a large amount of oxygen vacancies, thereby maintaining the architecture of the
structure. This capability to accommodate cations and create oxygen vacancies
can further electrocatalytic processes and control the electronic conductivity,

leading to different physical, chemical, and photocatalytic properties.

Regarding energy conversion technologies, perovskites are widely studied to be
applied as SOFC electrodes. As discussed above in this section, owing to the
electrocatalytic, electrical, and mechanical properties. Perovskite structures can
be applied as all components of SOFC.

2.3.1 Ruddlesden-Popper phase
Among the possible variations in perovskites structures, one that has been
extensively explored in literature, with great prominence in fuel cells application,
is the Ruddlesden-Popper (RP) perovskite system. The phase takes the name
from the researchers Ruddlesden and Popper, who in 1958 managed to
synthesize and stabilize the phase. The basic chemical formula of the RP phase
is known as An+1BnOsn+1. Where n is the number of perovskite octahedrons. It
generally has a tetragonal crystal system, with the ABOs perovskites being
intercalated with layers of rock salt AO along the ¢ axis. Figure 4 schematically

presents the RP structure’’-"8,
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Figure 4: Ruddlesden-Popper phase structure!.
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The RP phase is widely applied for IT-SOFC application, this is owing to the
properties that the material presents in the operating temperature range of these
cells. Initially, the RP phase was extensively studied for application as cathodes,
since at intermediate temperatures (500 °C — 700 °C) it presents a high oxygen
conduction and catalytic activity for ORR. This property can be easily explained
it is the structure, which provides, through the mechanisms of interstitial oxygen
diffusion, rapid conduction of oxygen ions when compared to common
perovskites. Another important characteristic related to the RP structure is that
these materials are not necessarily composed of 2A family elements, which

reduces the possibility of phase segregation during operation’®-81,

Recently, the use of the same structure for application in anodes has been
proposed due to the chemical stability that the structure presents in a reducing
environment. Furthermore, RP phase presents a coherent coefficient of thermal
expansion, providing compatibility between the elements of the cells. In addition,
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it is important to put in relevance again the high capacity of the structure to store
interstitial oxygen and oxygen vacancies, mainly due to the intercalation of layers
between rock salt and perovskites, which promotes a high conductivity of ions

through the mechanism of diffusion through interstices or for vacancies®828283,

Chen’s group studied the properties of La15SrosNiO4+5 doped with copper as a
cathode for electrolysis in solid oxide electrolysis cells. The research group found
a high current density, improved catalytic activity with an increase in the copper
content, and no degradation after the reaction. These results show that the

system is promising for use in electrochemical applications84:8,

2.3.2 Doping in perovskites
One strategy for changing the material properties is to add defects in a controlled
manner. One method is the addition of dopants to occupy crystalline sites A or B.
Depending on the radius, size, valence, or nature of the ion, itis possible to create
oxygen vacancies or increase the interstitial oxygen number, which can lead to a

change in electrical or ionic conductivity, for example.

The creation of oxygen vacancies and the increase in interstitial oxygen can be
provided by doping elements that have nearly radii but are aliovalent, that is,
cations with a different ion valence at higher concentrations. The addition of ions
at the B-site with lower valence generates oxygen ion vacancies, as shown in
Equation 7, in the Kroger-Vink notation. However, if there is an increase in
impurities with a valence number greater than that of the cation that originally
occupies the B site, in this case, there is an increase in the number of oxygen

ions in the interstices of the structure86-88,

Oo* + BeX+ MO — Mg" + Vo™+ BO2 (7)

The same doping strategy and considerations can be applied to site A. Doping
with aliovalent species is expected to generate vacancies that promote a greater
transport capacity in the material. This is predictable since the increase in the

number of carriers can increase the ion conduction in the material89-90,
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2.3.3 Lanthanum titanate, nickelate and cuprate systems
Lanthanum titanate has a tolerance factor of 0.90, indicating that the A-site is
small and can create distortions in a certain direction. This deformation is known

as octahedral distortion, and this leads to a system symmetry decrease®'.

Lanthanum titanate perovskite is a typical Mott insulator at room temperature and
at high temperature behaves as metallic. In perovskites systems, the B-site
element plays a fundamental role in electronic conductions and catalytic
behavior, thus it is substantial that the B-site cation has the potential to adopt
multiple oxidation states. In lanthanum titanate, the behavior mentioned above
can be explained by the presence of Ti®*. In a reduction atmosphere, as in SOFC
anodes, it remains Ti*'/Ti®*, this forms a redox couple which allows the
acceptance of electrons from hydrogen gas or hydrocarbon to promote a
dissociation. Besides that, the couple redox increases the electronic conductivity
by charge compensation effect. In titanates, the concentration of charge carriers
has a high dependence on the concentration of Ti®*. The control of Ti** can be
made in several ways, one strategy is controlling the sintering or calcination
atmosphere. These structures have been widely studied because of their good

structural stability in reducing and oxidizing atmospheres. °2-%,

However, lanthanum titanate-based perovskites show poor electrochemical
properties which impedes a good electrocatalytic activity. Therefore, these

structures need to be improved whether it is to be applied as anodes in SOFC®’,

It is possible to improve ionic conductivity by creating and controlling oxygen
vacancies. With an increase in the number of vacancies, the mobility of the ions
improved because there were several sites available for jumping. One way of
overcoming the poor catalytic activity is by doping the B-site with transition
metals. Nickel and copper are common metals used for B-site occupation in
perovskites. These metals are well known as good species for their catalytic
activity and are widely used as catalysts in the dry reforming of methane (DRM)

and partial oxidation of methane (POM). These features allow us to study them
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as anodes for direct carbon-based solid oxide fuel cells. In addition, nickel
presents excellent electrical and thermal properties and, finally, Brazil holds

about 16% of the world's nickel reserves, which lowers the production cost43.98:99,

Another promising element to substitute the B-site is copper. Cu has been widely
reported as an excellent element to improve material electrical properties.
Copper-based perovskites are well known as excellent conductors with
conductivity reported in 106 S cm 190, This can be associated with the presence
of redox couple Cu3®/Cu?*, which works in the same way as Ti**/Ti* couple
redox!01-103 Another important characteristic, as well as nickel, copper presents
good catalytical properties to DRM and POM reactions#39, At least, Brazil is
responsible for 7% of copper production in the world, which allows a low cost

associated with raw materiall%4,

In the case of Lanthanum based perovskite, another common strategy to improve
electrical properties is doping the A-site with Sr that has a similar La radius (La®*
= 1.06 A)105106 (5r2+ = 1,12 A)107.108 |t has been widely reported the increase of
electrical conductivity with the Sr content growth, the presence of Sr induces the
oxidizing of the B-site which heightens carrier concentrations. Several research
groups have been studying the strontium doping at the A-site'%%-113, this material
was reported to be a chemically stable in reducing atmosphere®”’.

Several research groups have been studying lanthanum titanate-based
perovskites to apply as anode of SOFC and direct methane SOFC due to their
properties. Wang’s group prepared a cell with Lao.3Sro.7TiO3 as anode of direct
methane fuel cell, YSZ was the electrolyte and (Lao.6Sro.4)0.95C00.2F€0.803-5 as
cathode. The cell reached 292 mW cm at 850 °C feed with methane containing
H2S and CO1%4,

2.4 Exsolution
Structured nanomaterials have been widely applied in several research areas,
such as catalysts, photochemistry, disease treatments, electronic devices, drug

delivery, electrochemical conversion, and energy conversion devices, among
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others. The nanostructures application has earned increasing relevance in these
areas due to the different properties that nanostructured materials present in

concerning their bulk form11>-119,

Regarding catalysts, there are several ways to obtain nanostructures such as the
infiltration technique, sputtering deposition, chemical vapor deposition (CVD),
Pulsed Laser Deposition (PLD), impregnation, and among others. Due to its
characteristic at the nanometer scale, one of the main problems related to the
formation of these nanostructures is linked to the long-term stability and catalytic

activity120-123,

For catalysts that act in reactions containing hydrocarbons, these methods are
not as efficient as one would like, because when nanostructures are exposed to
high temperatures, there is a tendency for these structures to agglomerate, taking

to grain growth, and carbon to deposit on the catalyst surface'?4125,

The grain growth of these nanostructures is a major problem for the catalytic
activity. At first, this problem is related to the increase in the dimension of the
structures, which first removes the material from the nanometric scale and
consequently loses the properties that these materials have only in that scale. In
a second moment, the agglomeration will be responsible for the decreasing of the

surface area of these structures26.127,

Regarding the coke formation, the deposition of carbon over the catalyst surface
causes problems such as the loss of efficiency and sometimes the pores closing.
This occurs due to the coarsening of the carbon layer, which leads to a decrease
of active sites, therefore, the efficiency of the catalyst also decreases

dramatically*?4.

To overcome these problems related to the traditional methods of obtaining
nanostructures, one solution that has attracted tremendous attention is the
exsolution phenomenon. This process occurs in a single step to obtain anchored
nanoparticles, with high catalytic activity and resistance to poisoning in a solid

matrix, which has applications in several areas. When compared to the common
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methods for nanoparticles obtention presented above, exsolution is less time-

consuming and cheaper?s,

Nanoparticle exsolution is the in-situ growth of nanoparticles anchored in a solid
matrix. In this approach, the metal of interest is solubilized in a solid matrix (the
most common is perovskite ceramic) to form a solid solution. Thereatfter, this solid
solution is placed in a reducing environment and at a controlled temperature, so
that the metal that is dissolved in the solid solution emerges to the surface and
reduces. Basically, the exsolution is a decomposing process of one phase in a

controlled way#’'?°. Figure 5 schematically shows the exsolution process.

Figure 5: Schematic diagram of exsolution process*’

Crystallization Reduction %
Single-phase Metal o
solid solution

The huge difference between exsolution and the traditional deposition methods
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is that the nanoparticles are embedded in the solid matrix, these nanopatrticles
are anchored in the matrix (Figure 6A). This socketing is the result of an
alignment of the crystallographic plane of the solid matrix with the generated
nanoparticle (Figure 6B). This unique way of obtaining nanostructures promotes

different properties when compared to common methods!30-132,
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Figure 6: (a) schematic diagram showing the difference between the anchored and deposited
nanoparticle?® (b) transmission microscopy image showing the alignment between the
crystallographic planes of the host solid oxide and the nanoparticles!3°
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The first major difference is that nanoparticles generated by this method can be
regenerated, in the presence of temperature and an oxidizing atmosphere, the
metal present is redissolved in the solid matrix. This regeneration property
increases the structure lifetime and avoids agglomeration problems associated

with other methods133.134,

Another extremely important point regarding the alignment of the crystallographic
plane of these structures is the poisoning tolerance to the catalyst in the presence
of sulfur-containing gases and the protection from carbon deposition during the

catalysis of the hydrocarbon dehydrogenation reaction130.135-137,

In the presence of a reducing atmosphere and high temperature, the desorption
of the oxygen present in the solid matrix occurs. This oxygen taken from the
crystal lattice leaves an oxygen vacancy in the lattice and electrons (Equation
8).

0F =V, +2¢€ +20,(9) (8)

Through the mechanism of vacancy diffusion, the metallic species and the
oxygen ions present in the solid matrix exchange positions, with the vacancies
left by the oxygen ion diffusing to the surface. Due to the higher concentration of
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crystallographic defects, the surface is the place where the nucleation of
nanoparticles is favoured, this nucleation in turn is continuously fed by the
diffusion mechanism of metal ions present in the bulk of this solid matrix
(Equation 9)138-141,

oo ! 1
2Bg px + 05 =V, +2Bpg,rt 502(9) 9)

One of the ways to understand the nucleation process caused by the
phenomenon of exsolution is through the classical model of nucleation. This
model is based on the change in Gibbs free energy at the expense of two factors,
the first is the change in volume free energy before and after the nanostructures'
exsolution phenomena. The second is related to the surface and interface energy
due to the formation of a new phase. The nanostructure critical radius (rc) will only
have thermodynamic stability when the critical free energy barrier is overcome
(AGc). However, during the exsolution process, there is a change in free energy

caused by the transformation coming from the emergence of the newly reformed
nucleus in the solid matrix (AGv). Finally, y represents the interface free energy

per area unit. Mathematically, the energy required for the critical free energy to
form the nanoparticle is described in Equation 10 and graphically in Figure 7141,

16my3

3AG2 (10)

., 4
AG; = ET[VZ(TC)Z =
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Figure 7: Gibbs free energy relative to particle radius during the process of nucleation and growth
141

Surface energy term

AGexc

Volume term

The exsolution is a function of three factors, diffusion of the interest metallic ions
through the solid matrix, crystalline structure strains involved in the nucleation

process and growth of nanoparticles, and the local availability of the interest
i0n3128'137.

Due to the factors presented above, not all crystalline structures could serve as
a host solid oxide for exsolution. This is expected since these phases sometimes
do not have physicochemical characteristics to play such a role. As previously
mentioned, perovskites are structures known to have a great capacity to transport
cations, oxygen ions, and electrons through their crystal lattice. In addition, this
crystalline system can accommodate different types of metals in the B site. Other
crystalline structures such as fluorites, wurtzites, spinels, halites, and rutile,

among others, do not have these same characteristics as perovskites128142.143,

Another advantage of perovskites is their ability to create defects to improve the
diffusion of ions through the crystal lattice. There are several methods to improve

the interest ions diffusion in the host solid oxide such as deficient A-sites and
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doping with aliovalent ions of different ionic radii to create oxygen vacancies
through which the ions will be transported. One of the examples of this defect
engineering is the partial replacement of La3* ions by Sr?* ions at the perovskites
A-site. This substitution of ions with different valences promotes the creation of
oxygen vacancy which, as discussed, increases the transport capacity of ions
that occupy the B-site and therefore facilitates the transport of cations of

interest>2:144,

It is worth noting that when dealing with perovskites, the cations that can exsolve
usually occupy the B-site of the structure, this is directly linked to the Gibbs free
energy related to the reduction phenomenon. The ions that occupy the A-site
demand high energy for the transformation, which makes them inactive for redox

reactions!2s,

There are several factors to control the size and shape of the exsolved
nanoparticle, such as temperatures, time, and reducing gas, among others. The
literature has shown that, depending on the metal of interest, high temperatures
and long exposure times can promote an increase in the average size of the

generated nanoparticles3>145,

Finally, exsolved nanopatrticles have found applications in various research fields,
including energy conversion, energy storage, sensors, catalysis, and others. In
the context of energy conversion, metallic nanoparticle exsolution has been
extensively employed to enhance the performance of Solid Oxide Fuel Cells
(SOFCs), particularly at the anodes!#®4’. As discussed earlier, exsolved
nanoparticles are strongly anchored to the host oxide solid, leading to a robust
interaction between the nanoparticles and the matrix. Recent papers argue that
this interaction results in tailored properties, such as sulfur-poisoning resistance,

and helps to prevent coke deposition when operating with carbon-based
fue|5109,148—150_
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3. Objectives

The main objectives of the present work are:

Synthesis of Lao.sSro2Tio.7CuosxNixO3-5 (x = 0.1; 0.15; 0.2) and
La1.2Sro.7Cuo.5Nio.504:5 using the Pechini Method.

e Promote copper and nickel exsolution as an alloy.

e Investigate titanate crystal structure before and after the exsolution

process.

e Comprehend how temperature and strain modify the exsolution

phenomena in titanates.

e Explore titanates electrical properties in reducing and oxidizing

atmosphere.
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4. Materials and Methods

4.1 Synthesis and methods
The samples with compositions Lao.sSro.2Tio.7Nio.3-xCuxOs-5 (x=0.1, 0.15, 0.2) and
La1.2Sro.7Nio.sCuo0.504+5 were synthesized in batches with 5 g each via a Chemical
route based on modified Pechini method. The starting chemicals reagents were
grade >99.5% by Sigma-Aldrich: La(NO3)3.6H20, Sr(NOs)2, Cu(NO3)3.9H20,
Titanium isopropoxide, nickel acetate, citric acid (CA) and ethylene glycol (EG).
Titanium isopropoxide was diluted in EG and CA to avoid precipitation. The other
precursors were dissolved in ultrapure water (Milli-Q Type 1) with CA under
constant stirring at 80 °C for 2 h. After EG with CA and Titanium isopropoxide
was added to the solution with other precursors, the temperature was raised to
180 °C to promote polymerization. After 24 h it was formed a brick orange resin,
which was milled to a fine powder. The powder samples were calcined at 900 °C
in air for 5 h (controlled temperature ramp 5 °C mint). To perform exsolution of
nickel-copper alloy, the calcined powder was subsequently treated in a tubular
furnace with a reduction atmosphere, hydrogen (3% H2/Nz), at 900 °C, 850 °C,
800 °C, 750 °C for 10 h (controlled temperature ramp 5 °C min). Figure 8 shows
all stages of synthesis and Table 1 presents all prepared samples and the

respective treatments.
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Figure 8: Stages of synthesis
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Table 1: Samples and treatments

Sample Calcination Reduction Treatment Abbreviation
Lao.8Sro.2Tio.7Nio.1Cu0.203-5 39%Hy - 97%Ns. 900 °C N10C20
Lao.s8Sro.2Tio.7Nio.15CU0.1503- , oz - 0IN2, , N15C1s

0827027 07015 H0 1530 Air, 900 °C, 5h 850 °C, 800 °C, 750 °C
Lao.sSro.2Tio.7Nio.2Cuo0.103-5 10 h N20C1o0
Laz.2Sro0.7Nio.5Cu0.504+5 RP

4.2 Characterization

4.2.1 Thermogravimetric analysis (TGA)

The thermogravimetric analysis/differential thermal analysis (TGA/DTA) was
performed using a LABSYS EVO STA, from Setaram, with the accuracy of this
equipment it is possible to observe the mass change and sample chemical or
physical variation as a function of temperature. The samples used were the dried
gels obtained by the Pechini method synthesis. All analysis was done in Ar
atmosphere, from room temperature to 1500 °C at a heating and cooling rate of
10 °C min,

4.2.2 X-ray diffraction (XRD)

To perform the XRD analyses it was used an X-ray diffractometer D8 focus

model, manufactured by Bruker. The configuration used was 6/26 with Bragg-
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Brentano geometry and use CuKaq radiation with a silicon strip linear LynxEye 1D
detector accoupled. The system includes a primary Soller slit and a secondary
2.5° of divergence and anti-spreading. All data were acquired with maximum
voltage and current, 40 kV and 40 mA, in 20° — 80° (26) angular range with step
of 0.02°/sec. Another diffractometer was employed, the STADI-P diffractometer,
manufactured by STOE. This equipment operates in transmission model with
monochromatic radiation of copper. The data were acquired between 15° — 110°

(20) angular range.

The Rietveld method was applied to refine and extract information from XRD
data. Two databases were used for the diffraction patterns: ICSD — Inorganic
Crystal Structure Database and COD - Crystallography Open Database. For
refinement, three XRD patterns were used, with the respective collection
codes:4124868 — LaTiO3, space group 221 (Pm-3m), 253255 -
Lai.85Sro.15Cu0.8Nio.204, space group 139 (14/mmm), and 152432 — NiCu, space
group 225, (Fm-3m). The mathematical method was performed using TOPAS
Academic 7 software. Instrumental peak broadening was addressed by carrying
out a fundamental parameter (FP) function refinement using data from a strain-
free Al2Os standard sample of micrometer size. The size and peak shape
information obtained from the standard sample through a modified pseudo-Voigt
function (TCHZ) was utlized in conjunction with the TOPAS macros
LVol FWHM_CS L (for size) and eO_from_Strain (for strain) to make
corrections. Aiming to obtain structural information background, lattice

parameter, atom occupancy, and fraction composition were refined.

4.2.3 X-ray photoelectron spectroscopy (XPS)
X-ray Photoelectron Spectroscopy is a technique used to analyze chemically the
material surface (1-10 nm). The measurements were performed at the Brazilian
National Nanotechnology Laboratory (LNNano) that is part of the Brazilian Center
for Research in Energy and Materials (CNPEM). Survey and high-resolution
spectra were obtained using a Thermo Fisher Scientific X-ray excited
photoelectron spectrometer (XPS), K-Alpha model. The equipment is equipped
with an Al Ka (10 kV, 20 mA, and power 1,486.6 eV) X-ray source with a
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monochromator coupled to a variable spot size. In addition, the machine contains

an Argonium ion gun to eliminate contamination.

The curve adjustments were made using the Thermo Fisher Avantage data
system software, taking the Smart!>1:152 function as a baseline and the spectra
was calibrated based on the C 1s line with energy at 284.6 eV'3. The peaks were
identified using the NIST XPS database, and quantification was performed using

the relative area method with the peaks of interest (Cu 2p and Ni 3p).

4.2.4 Scanning electron microscope (SEM)
Scanning electron images were obtained through a SEM manufactured by JEOL,
FEG-SEM JMS-6701F. The machine is equipped with a Field Emission Gun
which allows a high resolution due to a lower energy dispersion, this source
provides a high magnification when compared with regular sources. All samples
were analyzed with 3 kV acceleration voltage and with a magnification of 50000,
70000, and 100000 times. The images were obtained through Secondary
Electron Imagin (SEI) detector. The powder samples were dispersed in
isopropanol by sonication. Thereafter, the samples were dripped in doped silicon

substrate.

4.2.5 Transmission electron microscopy (TEM)
Transmission electron microscopy was employed aiming to investigate exsolved
nanoparticles and attachment on perovskite host solid oxide. The analysis was
performed after proposal submission to LNNano. Images were obtained through
a JEOL JEM-2100 F, manufactured by JEOL. The machine possesses a Field
Emission Gun (FEG) and operates at 200 kV acceleration voltage in
Transmission Electron Microscopy (TEM) in high contrast and Scanning
Transmission Electron Microscopy (STEM) with 0.19 nm of spatial resolution. All
data collected were treated using the software ImageJ and digital micrograph.
The powder samples were dispersed in ultrapure water using an ultrasound.

Thereafter were dripped onto a carbon film supported on a gold grid.
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4.2.6 Dilatometry analysis

The dilatometry experiments were applied to investigate the densification
conditions. The measurements were performed using a DIL 402 PC (Netzsch).
The samples previously prepared were pressed into cylindrical bodies of 5 mm
diameter and about 5.8 mm in thickness under a uniaxial press with a pressure
of 1 ton cm™. The analysis of the green body was done in N2 atmosphere,
whereas the sample was heated from room temperature to 1500 °C at a rate of
10 °C min,

4.2.7 Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy is a technique used to analyze the
carriers transport properties of the samples, including capacitance and
resistance. The tests were conducted at the Laboratory for Materials and Energy
(LaMEnN). The impedance spectra were obtained using a Solatron (1287 and
1260) controlled by a microcomputer. The measurements were performed over

a frequency range from 0.1 Hz to 13 MHz, with an amplitude of 100 mV.

For the measurements in high-temperature it was used platinum electrodes, and
all samples were painted with platinum ink, subsequently heat treated at 800 °C,
with a controlled temperature ramp of 1 °C min-* (both for heating and cooling) to
cure the platinum paste. These measurements were carried out in a high-

temperature range of 450 °C to 650 °C, in an air atmosphere.

To investigate the electrical behavior at low temperatures, the samples were
painted with silver ink and heat treated at 600 °C, with a controlled temperature
ramp of 1 °C minl. The measurements were conducted between 200 °C and 450
°C.
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5. Results and discussions

5.1 Structure and morphology

In this chapter, it is presented all the results obtained concerning the crystal
structure and sample morphology. The first section discusses the carefully
chosen calcination process, which was determined using TGA/DTA.
Subsequently, we analyze the crystal structure of all samples through XRD
analyses before and after the reduction treatment. For a comprehensive
understanding of the lattice parameter changes and quantification of the exsolved
phase, we employ Rietveld refinement.

Identifying exsolution proves to be a challenging task, as in some cases, XRD
analysis fails to confirm the presence of exsolved metallic nanoparticles.
Therefore, to corroborate the existence of the metallic phase, we employ
complementary techniques. Specifically, XPS analysis provides a detailed
discussion of the sample chemical surface properties and the structural changes

obtained after reduction treatment.

The presence of nanoparticles anchored on the host solid oxide surface was
investigated through SEM images analysis. Additionally, TEM images were

crucial in providing insights into the nanoparticle’s compaosition.

Lastly, we employ dilatometry to characterize the samples, obtaining valuable
information about the sintering temperature, to further investigate their electrical
behavior using electrochemical impedance spectroscopy. This comprehensive
approach allows for a thorough examination and understanding of the

experimental results.
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5.1.1 Thermogravimetry analysis
Thermal analysis of NisCis dried gel is shown in Figure 9. All the samples
showed similar TG/DTA profiles due to the employed synthesis method and
structural semblance. The weight loss between room temperature and 250°C can
be attributed to the elimination of absorbed and structural water from the sample.
The second stage occurred between 250°C and 500°C, owing to the elimination
of the citrate and nitrate phases present in the dried gel. This weight loss is
correlated with a sharp endothermic peak in the DTA curve, resulting from the
decomposition of the dried gel. In the third stage, 450°C to 625°C, another weight
loss occurred, which was associated with the elimination of organics and carbon
dioxide from the metal oxides. Finally, the last step is associated with oxygen loss
and the formation of the perovskite structure, where it is expected the titanium
coordinated by six oxygen atoms at the B-site of the perovskite structure. Hence,
with the accuracy of the TG/DTA data, it was possible to conclude that the
Lanthanum Titanate samples could be calcined at 900°C to obtain the perovskite

phases.

Figure 9: TG/DTA data of Lao.sSro.2Tio.7Nio.15Cuo.1503-5 Synthesized by Pechini method.
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5.1.2 X-ray diffraction
5.1.2.1 Calcined samples

XRD analysis is crucial for better comprehension of crystalline structure as
prepared and after the exsolution process. All findings outlined in this section
were obtained using the powder samples. After the resin was calcined, all
samples underwent XRD characterization. Figure 10 shows the titanate series
XRD patterns calcined at 900 °C in static air for 5 h. Characteristic peaks of cubic
perovskite are observed at 26 = 23°, 32°, 45°, and 58° (COD n°:4124868) with
the respective reflections shown in Figure 10. These data indicate that all
calcined titanate powders have a primitive cubic perovskite system with the space
group Pm-3m. No secondary phases were detected in the XRD results.
Therefore, the experimental data suggest that Cu and Ni substituted Ti at B-site
without segregation of CuO and NiO. Moreover, it can be concluded that Sr

substituted La at A-site without La203 or SrO segregations.

Figure 10: XRD pattern after calcination at 900 °C for 5 h. The diffraction position corresponding

to the centered cubic LaTiOs structure is highlighted with an orange circle.
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Figure 11 shows Lai.2Sro.7Nio.sCuo.504+ XRD pattern, the phase crystallized in a
tetragonal system (ICSD n°:253255) with space group [4/mmm. Within the
accuracy of XRD, the experimental data indicates that the Cu substituted Ni
without segregation of CuO and NiO. Moreover, it can be concluded that Sr

substituted La without causing any segregation.

Figure 11: Ruddlesden-Popper phase XRD pattern after calcination at 900 °C for 5 h. The
diffraction position corresponding to the tetragonal LaisSrosNiosCuosOa4 structure is highlighted

with a blue square.
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Rietveld refinement was performed, and Table 2 summarized the main crystal

structure information. Figure 12 shows an example of the Rietveld refinement of

Lao.sSro.2Tio.7Nio.1Cu0.203.

Table 2: Data obtained through Rietveld refinement after powder calcined at 900 °C.

Crystallite Strain
Samples A (A) C (A) Si)z/e (nm) (109) Rwp  Gof  Rbraag
N10C20 3.929(4) - 70(2) 100(6) 5.358 2.008 1.35
Calcined N15Cis 3.928(1) - 62(1) 90(4) 5.966 2.198 2.548
N20C1o 3.927(1) - 25(2) 60(2) 5.688 2.036 2.203
RP 3.795(5) 12.848(2) 153(2) 367(3) 6.926 3.428 2.912

Figure 12: Rietveld pattern refinement of Lao.sSro2Tio.7Nio.1Cuo.203-5 as the cubic phase (Pm-3m).
The observed XRD pattern is shown with black cruise points, the red line represents the
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theoretical model while the blue line shows the difference between the theoretical model and the
experimental data. Finally, the expected peaks positions are shown above in green bars.
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In Table 2, it is worth noting the increase in lattice parameter with the rise of
copper content. This was expected since the Ni ionic radius is smaller than Cu
(Cu?* = 0.73 A and Ni?* = 0.69 A). Another crucial parameter obtained through
Rietveld refinement was strain. As explained in the literature review chapter, the
exsolution process is dependent on crystal strain. An increase in crystal strain
facilitates the exsolution process due to the structure's tendency to eliminate
crystal defects. An increase in crystal strain was anticipated with the increment
of copper content, as previously shown, copper possesses a larger ionic radius
than nickel, and B-site doping with a larger radii atom creates strain in the crystal
structure. According to the data is possible to conclude that
Lao.sSro.2Tio.7Nio.1Cu0.203-5 composition is the most promising for producing a

NiCu nanopatrticle alloy after reduction treatment.
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5.1.2.2 Reduced samples

After calcining all powder samples at 900°C for 5 hours, all compositions were
subsequently reduced at four different temperatures (900°C, 850°C, 800°C,
750°C) for 10 hours. In this section, the XRD patterns and Rietveld refinement of
all samples will be thoroughly discussed and compared. To clarify the exsolution
process, Equation 11 presents a general chemical equation of the exsolution
phenomena, and Equation 12 specifically represents the statement for this
system.

ABO;_s - (1 —a)ABO5;_s+ aB + B0, (1)
LaygSTo2Tig7Nig3-xCuyOs_5 > (1 — a)LaggSTo,Tig7Nig3-xCuyO5_s + aNiCu+ B0, (12)

Figure 13 shows the XRD pattern of all titanate samples reduced at 900°C. It is
possible to observe new peaks emerging around 44° and 52° in 2 theta, and these
peaks correspond well with a nickel-copper alloy face-centered cubic structure
(ICSD n° 103063). The same behavior was observed in all samples reduced at
lower temperatures. Figure 14, Figure 15, and Figure 16 display the XRD
patterns after reduction treatment at 850°C, 800°C, and 750°C for 10 hours,

respectively.

Figure 13: XRD pattern after reduction treatment at 900 °C for 10 h. The diffraction position
corresponding to the centered cubic LaTiOs structure is highlighted with an orange circle, while
the green circle indicates the diffraction position associated with the centered cubic Nickel-Copper

alloy.
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Figure 14: XRD pattern after reduction treatment at 850 °C for 10 h. The diffraction position
corresponding to the centered cubic LaTiOs structure is highlighted with an orange circle, while

the green circle indicates the diffraction position associated with the centered cubic Nickel-Copper

alloy.
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Figure 15: XRD pattern after reduction treatment at 800 °C for 10 h. The diffraction position
corresponding to the centered cubic LaTiOs structure is highlighted with an orange circle, while

the green circle indicates the diffraction position associated with the centered cubic Nickel-Copper

alloy.
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Figure 16: XRD pattern after reduction treatment at 750 °C for 10 h. The diffraction position
corresponding to the centered cubic LaTiOs structure is highlighted with an orange circle, while

the green circle indicates the diffraction position associated with the centered cubic Nickel-Copper

alloy.
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The Rietveld refinement was performed to verify the changes in the crystal

structure, and Table 3 summarizes the main results after the reduction treatment.

Larger fractions of the metallic phase were observed at higher reducing
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temperatures. These results lead to the conclusion that a rise in temperature
favors the exsolution process. As previously discussed, strain plays a key role in
exsolution phenomena. Hence, it was expected that compositions with higher
strain values exsolve more easily than samples with lower strain. It is worth noting
that copper content also plays another crucial role in the exsolution process. The
Gibbs free energy in a reducing atmosphere of copper at 1000 K is around -150
kJ mol?, while for nickel, this value is around -50 kJ mol. Thus, it is possible to
conclude that copper facilitates the exsolution process from a thermodynamics

viewpoint.

Finally, the refinement revealed that after the reduction treatment, all
compositions experienced a crystal lattice parameter contraction. This
phenomenon is due to the oxygen released during exsolution, which has been
previously discussed by numerous research groups.”130.154155 Figure 17 shows
an example of the Rietveld refinement of Lao.sSro.2Tio.7Nio.15Cuo0.1503-5 reduced at
800 °C.

Table 3: Data obtained through Rietveld refinement after reduction treatment of all compositions
at 900 °C, 850 °C, 800 °C, and 750 °C.

Crystallite Strain LaTiOs NiCu

Samples  a(A) Size ("m)  (109) (%) (%) Rwp  Gof Ruoraag
NioCzo  3.925(1)  34(2)  87(4) 92.05 6.95 5621 2.162 2.824
900°C  NisCis 3.923(1)  59(4) 7(1) 96.26 3.74 7.487 3.002 1.462
NaoCio  3.921(1)  60(4) 7(1) 99.63 0.37 8.88 3.567 2.251
NioCzo  3.927(1)  34(1)  100(5) 97.43 257 4.315 1.557 0.664
850 °C NisCis 3.926(1) 27(1) 86(2) 995 05 3.77 1.413 0.602
N2oCio  3.925(1) 33(1) 80(3) 100 - 3921 15 1.001
N1oCzo  3.927(1)  18(1)  135(7) 97.53 247 5321 1.922 2.297
800°C NisCis 3.926(1)  24(1)  84(4) 99.38 0.62 4.357 1.627 1.499
N2oCio  3.925(1)  41(2)  11(1) 100 - 4807 1.828 2.081
NioCzo  3.929(4)  47(2)  128(7) 98.22 1.78 6.506 2.304 1.592
750°C  NisCis 3.928(1)  45(3)  134(5) 100 - 6111 2.114 2.043
N2oCio  3.927(1)  52(1)  127(7) 100 - 8.450 1.869 2.442

Figure 17: Rietveld pattern refinement of Lao.sSro.2Tio.7Nio.15CU0.1503-5 as the cubic phase (Pm-3m)
after reduction treatment at 800 °C. The observed XRD pattern is shown with x points within the
theoretical model, the blue line shows the difference between the theoretical model and the
experimental data. Finally, the expected peaks positions are shown above in green bars.
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Discussing the RP-phase, it is evident from the results that new phases have
emerged in the Ruddlesden-Popper (RP) phase, Figure 18. Among these
phases, one is identified as a cubic nickel-copper alloy (ICSD n° 103063), and
the other is identified as La2SrOx. However, it is apparent that the Ruddlesden-
Popper perovskite host solid oxide was not preserved during the reduction
treatment. In this context, it can be concluded that A2O3 was preferentially formed
at the expense of the perovskite host solid oxide, Equation 13. Another critical
factor influencing the evolution of the two new phases is the ease of Cu and Ni
reduction. The B-site of the perovskite typically ensures the system's stability,
and it is likely that all the content of the B-site was reduced, leading to damage
to the host oxide phase.

La,; »S757NigsCgs0sps — y LaySr0, + 0.5NiCu + 0, (13)

Figure 18: XRD pattern of RP-phase after reduction treatment at 900 °C for 10 h. The diffraction

position corresponding to the La2SrOx structure is highlighted with a black circle, while the green

circle indicates the diffraction position associated with the centered cubic Nickel-Copper alloy.
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5.1.3 X-ray photoelectron spectroscopy

In perovskite structures, the valence of the B-site cations is a critical factor
influencing electro-activity and structural stability. This characteristic can be
harnessed to evaluate the effectiveness of the exsolution process. To achieve
this, high-resolution X-ray Photoelectron Spectroscopy (XPS) measurements
were used to analyze the surface composition and chemical state of copper and

nickel in the sample both before and after the reduction treatment.

XPS analysis provides valuable information about the chemical environment and
oxidation state of the elements on the sample's surface. By comparing the XPS
spectra before and after reduction, it becomes possible to detect changes in the
chemical species present, particularly in the case of metallic exsolved

nanoparticles.
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XPS analysis is commonly employed to identify the presence of metallic exsolved
nanoparticles”134149 However, due to the exsolution process, the metallic
fraction is typically less than 1 wt%, which may fall below the sensitivity threshold
of certain diffractometers!®®. Nevertheless, XPS analysis remains valuable for
providing accurate surface information, disclosing the valence state of species,

and quantifying their concentrations.

The Ni 3p spectra was used to investigate the valence state of Niin the RP phase,
while for the titanates phase, the Ni 2p spectra was employed. Figure 19 displays
the 3p sublevel high-resolution spectra data acquired before reduction treatment.
The peaks observed at a binding energy of 67.5 eV and 69.3 eV, are associated
with the presence of Ni* and Ni?* respectively, in the RP phase!. After reduction,
it can be observed the presence of Ni° at binding energy 66.1 eV, along with Ni*
at 67.5 eV136.157,

Figure 19 — High-resolution and deconvoluted XPS spectra of Ni 3p spectra of RP phase as
prepared and after reduction treatment at 900 °C.
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To investigate the presence of Ni on the titanate surface, high-resolution Ni 2p

spectra were used. However, analyzing the Ni 2p spectra is challenging because
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the Ni 2p2/3 peak partly overlaps with La 3d23. To address this issue, a complex
fitting approach was adopted, following the procedure described in a recent work
by Martinez’s group®®8. In Figure 20 it can be observed the Ni 2p23 / La 3d23
sublevel high-resolution spectra. The broad peak around ~848 eV is attributed to
a plasmon peak, which is associated with the excitation of the conduction band
electrons. The peaks at the binding energies of ~851 eV and ~856 eV were
assigned to the presence of lanthanum on the surface sample. Additionally,
peaks around 852.5 eV and 854.6 eV are ascribed to metallic nickel (Ni®) and Ni*,

respectively.

Figure 20 — High-resolution and deconvoluted XPS spectra of Ni 2ps2 and La 3ds2 spectra of
Lao.sSro.2Tio.7Nio.15CU0.1503- 5 as prepared and after reduction treatment at 900 °C.
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In Figure 21 and Figure 22, the Cu 2ps2 of RP-phase and NisCis, respectively,
are shown. In the 937 eV — 945 eV range, a broad peak is observed, which is
attributed to a shake-up peak, the signal can be observed before and after
reduction treatment. The shake-up peak arises from the reorganization caused
by the electron ejection from the inner level, and one possibility in this

phenomenon is the transition of the electron to a higher energy level (shake-up).



64

The peaks at the binding energy of ~932.1 eV, ~933.1 eV, and ~934.3 eV are
attributed to Cu®, Cu*, and Cu?*, respectively®143, Despite nickel and copper
being more stable in the +2-oxidation state, they are reduced to the +1-oxidation
state to maintain the principle of electroneutrality. As listed in Table 4, it can be
observed the relative atomic percentage of all species. Hence, XPS data confirms

the exsolution of NiCu nanoparticles in RP phase.

Figure 21: High-resolution and deconvoluted XPS spectra of Cu 2ps2 spectra of RP phase as
prepared and after reduction treatment at 900 °C.
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Figure 22: High-resolution and deconvoluted XPS spectra of Cu 2ps2z spectra of
Lao.sSro.2Tio.7Nio.15CU0.1503- 5 as prepared and after reduction treatment at 900 °C.
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Table 4: XPS fitting results of Cu 2p, Ni 3p, and Ti 2p proportions as prepared and after reduction
treatment.

Sample Cu%cCu* Cu%cCu? Ni%Ni*  Ni%Ni?* Tis*/Ti*
NioCzocalcined 0.0 0.0 0.0 0.0 0.2
NioCzoexsolved 1.1 0.0 0.1 0.0 0.4
N1sCis calcined 0.0 0.0 0.0 0.0 0.3
N1sCis exsolved 1.2 0.0 0.1 0.0 0.5
N20C1o calcined 0.0 0.0 0.0 0.0 0.3
N20Ci0 exsolved 0.8 0.0 0.1 0.0 0.3

RP calcined 0.0 0.0 0.0 0.0 0.0
RP exsolved 0.6 1.1 0.3 0.0 0.0

Finally, XPS analysis provide crucial insights into the interference of titanium on
electrical properties. Figure 23 displays titanium 2p of Lao.sSro.2Tio.7Nio.15CuUo.15-
Os- 5 after reduction treatment at 900 °C. The main peaks are observed around
458.3 eV and 463.3 eV, indicating the presence of trivalent titanium (Ti3*). The
presence of Ti®* before reduction can be explained by the doping of copper and
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nickel at the B-site, which can facilitate the reduction of titanium for better
accommodation. After the reduction treatment, the increase in Ti®* content is

attributed to the reduction treatment itself.

In titanate-based perovskites, the electrical properties are closely tied to the
presence of Ti®* in the structure. This is due to the existence of the Ti®*/Ti** redox
couple, which will be further discussed in the electrical properties section. For
now, it is worth noting that XPS reveals a higher atomic percentage of Ti®* in

Lao.sSro.2Tio.7Nio.2Cu0.103-5 and Lao.sSro.2Tio.7Nio.15Cu0.1503-5 samples.

Figure 23: High-resolution and deconvoluted XPS spectra of Ti 2ps2 spectra of
Lao.sSro.2Tio.7Nio.15CU0.1503- 5 after reduction treatment at 900 °C.
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5.1.4 Electron Microscopy
As discussed in previous topics verifying exsolved nanoparticles is not a trivial

job. Indeed, the low metallic fraction and local distortions promoted by the
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phenomenon turns tough the characterization through the most common
characterization methods such as X-ray diffraction. Thus, other techniques must

be employed aiming to identify and characterize the samples.

5.1.4.1 Scanning Electron Microscopy (SEM)
All the samples were characterized after calcination, the main goal of the analysis
was to verify the morphology and observe the surface of each sample. Figure 24
shows LaosSro.2Tio.7Nio1CUo.203-5 after calcined. It can be observed particles bigger
than 500 nm with no specific morphology, it was expected particles smaller than
1 um due to the synthesis route. However, the size can be affected by furnace
time and temperature, which leads to particle growth through sintering, this can

explain why the particles were bigger than expected.

Figure 24: LaosSro2Tio.7Nio.1Cuo203-5 calcined at 900 °C for 5 hours. Image obtained with 3 kV
acceleration voltage.

After reduction treatment at 750°C, 800°C, 850°C, and 900°C, all samples were
also characterized using a scanning electron microscope to investigate possible

morphological changes and determine the effectiveness of the treatment on
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nanoparticle exsolution. Figure 25, Figure 26, Figure 27, and Figure 28 show
the samples after reduction treatment at 750 °C, 800 °C, 850 °C, and 900 °C,

respectively.

Figure 25: Scanning Electron Images of treatment LaosSro.2Tio.7Nio.1sCuUo.15035 (@),
Lao.sSro.2Tio.7Nio.2Cuo.103-5 (b), Lao.sSro.2Tio.7Nio.1Cuo.203-5 (C) after reduction at 750 °C.
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Figure 26: Scanning Electron Images of treatment Lao.sSro.2Tio.7Nio.1sCuo.1s035 (@),
Lao.sSro.2Tio.7Nio.2Cu0.103-5 (b), Lao.sSro.2Tio.7Nio.1Cuo.203-5 (C) after reduction at 800 °C.

Figure 27: Scanning Electron Images of treatment LaosSro.2Tio.7Nio.15sCu0.15035 (@),
Lao.sSro.2Tio.7Nio.2Cuo.103-5 (b), Lao.sSro.2Tio.7Nio.1Cuo.203-5 (C) after reduction at 850 °C.
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Figure 28: Scanning Electron Images of treatment Lao.sSro.2Tio.7Nio.1sCuo.15035 (@),
Lao.sSro.2Tio.7Nio.2Cuo.103-5 (b), Lao.sSro.2Tio.7Nio.1Cuo.203-5 (C) after reduction at 900 °C.
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In contrast to the findings obtained through XRD analysis and Rietveld

refinement, SEM corroborates the presence of spherical-shaped nanopatrticles
firmly anchored to the surface of the samples across all compositions. However,
it is worth noting that during the measurements, certain limitations arose due to
technical issues with the video card, resulting in compromised image quality and
resolution. Nonetheless, despite these limitations, the observed spherical

nanoparticles exhibited an average size ranging from 30 nm to 50 nm.

It can be observed that at 900 °C the sample sintered and formed some grain
boundaries. Owing to the higher diffusion rate of atoms through the grain
boundary, it is possible to observe that most of the exsolved nanopatrticles are on
top of the grain boundary or close to it. It is important to emphasize that the SEM
analysis provided invaluable insights into the morphology and distribution of the
nanoparticles, shedding light on their behavior under the influence of temperature
variations. Nonetheless, the technical limitations should be acknowledged when

interpreting the SEM results.

Finally, Figure 29 shows the RP phase after the reduction step. As previously
discussed in the XRD analysis section, probably all Nickel and Copper content at
B-site was exsolved. This fact could explain the presence of a bigger spherical
nanoparticles shape, with size around of 70 nm.
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Figure 29: Scanning Electron Images of treatment Lai.2Sro7Nio.sCuosOa4+xs after reduction at 900
°C.

5.1.4.2 Transmission Electron Microscopy (TEM)
Scanning electron microscopy (SEM) proved to be effective in showing
nanoparticles anchored on the sample surface; however, without EDX analysis
support, the technique is not capable of determining the chemical nanopatrticle
composition. In contrast, transmission electron microscopy (TEM) is well-suited
for investigating local distortions such as exsolution phenomena and allows for
the investigation of nanoparticle content through electron diffraction. Therefore,

TEM was applied with the aim of investigating the nanoparticle composition.

Figure 30 displays Lao.sSro.2Tio.7Nio.2Cu0.103-s HRTEM image that was taken after
reduction at 800 °C for 10 hours, revealing a clear heterojunction between the
host solid oxide and the nanoparticle. In the image, the blue square highlights the
perovskite host. The Inverse Fast Fourier Transform (IFFT) was performed on
the area within the blue square, allowing the observation of two main diffraction
points that index with planes (1 1 1) with a plane distance of 0.223 nm and (1 1
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0) with a plane distance of 0.271 nm. Both values are close to those of lanthanum

titanate perovskite, which corroborates with the XRD analysis.

Additionally, in the same image shown in Figure 30, a spherical nanopatrticle is
observed attached to the surface, and a red square indicates the IFFT of that
area. In the IFFT, only one diffraction point is observed, presenting the same
distance as the copper-nickel (2 0 0) plane. Another crucial piece of information
obtained from the TEM images is the presence of amorphous regions around the
nanoparticle. Nickel and copper easily oxidize at room temperature, and the
amorphous region around the nanopatrticle is likely the formation of nickel and

copper oxides.

Figure 30: High Resolution Transmission Electron Images (HRTEM) of Lao.sSro.2Tio.7Nio.2Cuo0.103-
s after reduction treatment at 800 °C for 10 hours.
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Figure 31 displays Lao.sSro.2Tio.7Nio.15Cu0.1503-5 reduced at 800 °C for 10 hours
HRTEM images. It can be observed that the nanoparticle is strongly anchored at
the matrix surface. The red square indicates the spherical nanoparticle IFFT and
shows only one diffraction point which index with (2 0 0) plane and 0.177 nm
interplanar spacing. The difference between this interplanar spacing and the
previous is owing to the nanoparticle composition, probably this nanoparticle can
present a high content of copper. The results present coherence with XRD and

Rietveld refinement analysis.

Figure 31: High Resolution Transmission Electron Images (HRTEM) of
Lao.sSro.2Tio.7Nio.1sCu0.1503-5 after reduction treatment at 800 °C for 10 hours.
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Figure 32 shows Lao.sSro.2Tio.7Nio.15Cu0.1503-5 reduced at 800 °C for 10 hours
HRTEM images. One more time, it can be easily observed a heterojunction
between nanoparticle and host solid oxide. Due to low signal only one distance
could be found which is 0.201 nm and indexes with (1 1 1) copper-nickel plane.
The red square shows the spherical nanopatrticle area IFFT. Matrix analysis show
only one diffraction point with a plane distance equal 0.225 nm which closely
corresponds to plane (1 1 1) conforming previous results obtained at XRD

analysis.

Figure 32: High Resolution Transmission Electron Images (HRTEM) of Lao.sSro.2Tio.7Nio.1Cuo.203-
s after reduction treatment at 800 °C for 10 hours.
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Finally, Figure 33 shows STEM images acquired with a High-angle annular dark-
field (HAADF) detector of the same region of the TEM image is displayed at
Figure 31. A clear contrast difference can be observed between the nanopatrticle
and matrix. HAADF detector strongly relies on sample composition as the higher
atomic number greater are the scattering. Hence, it can be concluded that

contrast is owing to the compositional difference.

Figure 33: STEM-HAADF image of Lao.sSro.2Tio.7Nio.15Cu0.1503-5 after reduction treatment at 800
°C for 10 hours

5.1.5 Dilatometry
Verifying ceramics electrical properties in some cases requires a sintering
process to densify and promote ionic or electronic conduction. Aiming to
investigate the samples sintering temperature and furnace time, dilatometry tests

were performed.

The RP and Ni15Cis samples were submitted to this test. Figure 34 shows the
dilatometry curve of the RP phase, two sintering phenomena can be observed at
approximately 1055 °C and 1150 °C. The higher temperature with the biggest
densification tax was employed to sinter the sample, in that case approximately
1150 °C. Thereafter, an isothermal analysis of the RP phase was performed at
the sintering temperature aiming to predict the time required to obtain 92%
densification. This percentage is related to the minimum densification to avoid the
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direct passage of hydrogen and water throughout the anode. Figure 35 shows
isothermal analysis at 1150 °C for 2 h, the data treatment provides the calculation
of 12 h in a furnace to reach a 92% densified ceramic.

Figure 34: Dilatometry curve of Lai2Sro.7CuosNiosO4s5 from room temperature to 1500 °C in
nitrogen.
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A similar process was performed to understand the titanate samples behavior.
Figure 36 shows the dilatometry curve of the N1sC1s. Two sintering phenomena
can be observed during the heating ramp. The first one rises to approximately
1150 °C, followed by another at 1400 °C. The accuracy of these data allowed the
choice of the sintering temperature. Figure 37 shows isothermal analysis at 1400
°C for 1 h, within this data was able to predict that the heat treatment should be

around 13 h in a furnace to reach a 92% densified ceramic.

Figure 36: Dilatometry curve of Lao.sSro.2Tio.7Nio.15Cuo.1503- 5 from room temperature to 1500 °C
in nitrogen.
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Another relevant data acquired with the accuracy of dilatometry was the thermal
coefficient of expansion (TEC). Figure 38 shows the cooling ramp of N15sC15. TEC
was determined by the slope of the curve, for the sample was found as 6.41x10
6 K1and 7.15x10° K for RP phase. It is substantially lower when compared with
the most common electrolytes TEC values, which vary from 10 to 12x10° K1 for
LSGM, YSZ, SDC, and CGQ?*59.160,
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Figure 37: Lao.sSro.2Tio.7Nio.15Cu0.1503- 5 Isothermal curve in 1150 °C for 2 h in function of sample
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Figure 38: Cooling ramp of Lao.sSro.2Tio.7Nio.15CU0.1503-5.
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5.2 Electrical properties
In this section, the electrical properties will be discussed, focusing on the results
obtained through electrochemical impedance spectroscopy. This technique
sheds light on the electrical behavior of all samples under different conditions,
including static air atmosphere, reducing atmosphere, and temperatures ranging
from 250 °C to 650 °C.

The electrical impedance of a system can be described by Equation 14, where
Z represents the impedance associated with the system, Z' (resistive) is the real

part, and Z" (capacitive) is the imaginary part.

Z=27+jz" (14)
The Nyquist diagram is a way to present the impedance results, and the plot
shows both the imaginary and real parts of impedance. Typically, the diagrams
display a succession of semicircles, representing various contributions to the total
electrical impedance of the material under test. The resistance can be determined
by observing the intersection on the Z' axis or through extrapolation. Additionally,
the capacitance can be calculated using Equation 15, where wapex is the

frequency of maximum loss.

c=—1 (15)

Rwapex

Figure 39 shows the Nyquist diagram of NioC2o, it can be observed two
semicircles related to the bulk resistance and other with grain boundary
resistance associated with the properties of the sample. The total conductivity
can be calculated using Equation 16. Where o is the total conductivity, [ is the
thickness, A is the surface area of the sample and, finally, Rs is the resistance of

the sample.

0o=— (16)

In these perovskite systems, charged oxygen vacancies are the most important
factors for electrical conduction, and this process is thermally activated. The total
conduction in Lao.sSro.2Tio.7Nio.2xCuxOs-5 is mainly attributed to the presence of
oxygen vacancies, which create conditions for electron or ion conduction. In this

case, the vacancies are created by doping at the B-site and A-site. All resistance
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values are accessible in Table 5, which presents the total conductivity and

resistance of each sample under a static air atmosphere.

Figure 39: The Nyquist diagram of Lao.sSro.2Tio.7Nio.1Cuo.203.s impedance at 300 °C
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Table 5: Temperature (K), DC resistance (QQ cm?), and total conductivity (S cm) for each sample

Sample Temperature (K)  poc (Q.cm™) o (Scm?)

432 1.2 x 10’ 7.8x 108

445 1.1 x 10’ 9.0x 108

478 2.3 x 108 4.3 x 107

528 8.1x10° 1.2 x10°

575 1.5x 10° 6.4 x 106

620 8.6 104 1.1 x 10°

S 664 21278.6 4.7 x 10°
Lao.sSro.2Tio.7Nio.2Cu0.103-5 714 8897 3 11 %104
749 4203.0 2.4 x10*

798 2073.8 4.8 x 104

839 1034.0 9.7 x 10

880 552.9 1.8 x 103

920 291.3 3.4x103

960 160.0 6.2 x 103

446 2.9 x 10’ 3.4x108

478 2.4 x 108 4.1 x 107

. 530 1.2 x 108 8.3x 10”7
Lao.8Sro.2Tio.7Nio.15CuU0.1503-5 576 2 4 % 10° 4.1 x 10
622 1.3 x 10° 7.7 x 10

665 18338.5 5.4 x10°
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714 7537.8 1.3 x10*
748 3454.8 2.9x10%
797 1682.6 5.9 x 104
839 815.7 1.2x 1073
879 435.3 2.3x103
918 225.2 4.4 x103
961 124.0 8.0 x 103
442 2.6 x 107 3.8x108
485 9.3 x 106 1.0x 10”7
529 4.5 x 108 2.2 x107
575 7.8 x10° 1.2 x10°
617 3.5x10° 2.8 x10°
665 28350.0 4.4 x10°
Lao.sSro.2Tio.7Nio.1Cu0.203-5 714 15528 8.1x10°
748 9919.3 1.3x10°
797 6030.7 2.1x10°
839 3884.1 3.2x10°
879 2359.7 5.3x10°
918 1512.8 8.3x 10°
961 948.3 1.3 x10%

In comparison, Ashok’s group found 4.9 x 104 S cm™ for Lao.sSro.2TiO3-5 at 923
K. This works shows that the presence of nickel and copper in the composition
enhanced 10 times the total conductivity of the samples at the same

temperature!®?,

DC resistance was found to decrease with the increase of temperature, this fact
indicates that the conduction is thermally activated. The Arrhenius plot can
provide information about the activation energy of the carriers for the conduction
process. Equation 17 shows the Arrhenius linearized equation where Ea is the
activation energy, T is the absolute temperature, ks is the Boltzmann constant

(8.61 x 10°eV/K) and g, is a pre-exponential factor.

1

o Ea (17)

Ino =Ing, —

Figure 40 shows the Arrhenius plot of all samples, displaying a linear behavior
where the slope of this linear function represents the activation energy. It is

evident from the plot that as the temperature increases, the total conductivity also
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increases. Another significant inference from the Arrhenius plot is the absence of
variation in the slope, indicating a consistent conduction mechanism throughout

the temperature range.

Figure 40: Arrhenius plot of total conductivity with variation of reciprocal temperature.
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Activation energy values of 0.77 eV, 0.80 eV, and 0.52 eV were found for
Lao.sSro.2Tio.7Nio.2Cu0.103-5, Lao.sSro.2Tio.7Nio.15CU0.1503-5 and
Lao.sSro.2Tio.7Nio.1Cu0.203-5, respectively. This indicates that the oxygen-ion
vacancy migration plays a dominant role in the conduction process across all

samples.

The presence of copper and nickel promotes an improvement of electrical
properties of Lao.sSro.2TiO3-5 System, as the substitution of aliovalent ions at the
B-site facilitates the mobility of charge carriers, thereby improving the total

conductivity.
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Moreover, these results are strongly supported by XPS analysis, as discussed
previously, where the presence of Ti¥* was found to enhance the electrical
properties. The Ti¥*/Ti** proportion is 0.3, 03 and 0.2 for
Lao.sSro.2Tio.7Nio.2Cu0.103-5, Lao.sSro.2Tio.7Nio.15CuU0.1503-5 and
Lao.sSro.2Tio.7Ni0.1Cu0.2035 respectively. Hence, it was expected that
Lao.sSro.2Tio.7Nio.2Cu0.103-5 and Lao.sSro.2Tio.7Nio.15Cu0.1503-5 would exhibit better

total conductivity due to the enhanced mobility through vacancies.

It is evident from the Arrhenius plot that the conduction mechanism in the RP
phase differs significantly from that of titanate perovskites. Figure 41 illustrates
the total conductivity of the RP phase in static air. The maximum total conductivity
occurs around 400 °C, after which it decreases with increasing temperature. This
behavior is typical of metals, suggesting that electronic conductivity is much more

dominant than ionic conductivity in this phase.

Figure 41: Total conductivity of Lai.2Sro.7Nio.sCuo.s04 from 400 °C to 650 °C in static air
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The presence of Ni*/Ni** and Cu*/Cu?* pairs, confirmed by XPS data, contributes

to the enhancement of the electrical conductivity behavior and provides additional
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channels for electron hopping. Table 6 provides information about the total

conductivity and activation energy for the RP phase.

Table 6: Temperature (K), DC resistance (Q cm'), and total conductivity (S cm1) and activation
energy for Lai.2Sro.7Nio.sCuo.50a.

Sample Temperature (K)  poc (Qcm?) o (Scm?) Ea(eV)
672 49.64 2.01 x 102
. 756 51.32 1.95 x 102
Laz1.2Sro.7Nio.sCuo0.504 841 53 66 1.86 x 102 0.03
924 55.34 1.81 x 102

Finally, to gain a better understanding of the electrical properties of titanates in a
reducing atmosphere, electrochemical impedance spectroscopy measurements
were conducted at low temperatures (200°C — 450°C) under a reducing
atmosphere (standard mixture of 3% H2 — 97% N2). Figure 42 presents an

Arrhenius plot comparing the measurements under a hydrogen atmosphere.

Figure 42: Arrhenius plot of total conductivity with variation of reciprocal temperature under 3% H:
— 97% N2 atmosphere.
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Notably, the total conductivity increased by approximately ~2 orders of magnitude
in the hydrogen environment. This behavior has been previously observed and
can be attributed to the reducing process of Ti** ions to Ti%*, leading to the
formation of oxygen vacancies. Equation 18 represents the chemical equilibrium

of vacancy formation.

2TiF; + 0F = V," + 2Tif; +50,(g) (18)

Within these data, it was possible to determine the activation energy for the
conduction process in a reducing atmosphere. The obtained values were 0.61
eV, 053 eV, and 058 eV, for LaosSro2Tio.7Nio.2Cu0.103-5,

Lao.8Sro.2Tio.7Nio.15CuU0.1503-5 and Lao.sSro.2Tio.7Nio.1Cuo.203-5 respectively.
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6. Conclusion

In summary, it was possible to synthesize the Lao.sSro.2Tio.7Nio.3xCuxO3-5 (X = 0.1,
0.15, 0.2) and Lai.2Sro.7Nio.sCu0504-5 without the presence of second phases
using the Pechini method. This was evaluated by X-ray diffraction (XRD), where

the analysis confirmed the absence of additional phases, validating the results.

The Rietveld refinement technique was then employed to provide crucial
information about lattice parameters, crystallite size, and strain in the crystal
structure, thereby aiding in the understanding of structural changes that occurred
after calcination. It was possible verify that the increase of copper promoted a

lattice parameter expansion and grew the crystal strain.

The samples were treated at various temperatures (900 °C, 850 °C, 800 °C, and
750 °C) for 10 hours in a reducing atmosphere, followed by XRD characterization.
The Rietveld refinement offered a deeper understanding of all structural changes
that occurred after this treatment and confirmed the presence of Copper-Nickel

nanoparticles alloy in some compositions after reduction.

Strain and temperature directly influence the fraction of exsolved metallic
nanoparticles, with higher reduction temperatures and greater strain leading to
an increased fraction of metallic nanoparticles. As indicated by the refinement,
the sample Lao.sSro.2Tio.7Nio.1Cuo0.2035 was the most promising to exsolve
nanoparticles due to the strain, and as expected it was the sample that exsolved

in all temperatures.

Composition is, another factor that directly impacts the fraction of exsolved metal
in the material. An increase in copper content appears to result in a higher fraction
of metallic nanoparticles. This can be explained by the fact that copper is more
easily reduced at higher temperatures and in a reduction atmosphere. As a result,
the presence of copper in the composition promotes higher exsolution of metallic

nanoparticles during the reduction process.
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The XPS analysis confirmed the presence of the Cu® and Ni° species after
reduction treatment as well as XRD data, corroborating the XRD data and
confirming the successful production of exsolved nanopatrticles. Besides that, the
XPS data shed light on the Ti**/Ti3* pair, providing insights into the improved
conduction observed in the L&ao.8Sro.2Tio.7Nio.2Cu0.103-5 and

Lao.sSro.2Tio.7Nio.15Cu0.1503-5 samples.

The Scanning Microscope images reveal the presence of spherical nanoparticles
firmly anchored on the surface of the host solid oxide, providing visual
confirmation of the findings from other analyses. The Transmission Electron
Images further validate the presence of the Copper-Nickel alloy within the
sample. However, to fully elucidate the dispersion of copper and nickel
throughout the sample, an Energy Dispersive X-ray (EDX) analysis must be
conducted. EDX analysis will provide elemental information and help gain a better

understanding of the spatial distribution of copper and nickel within the sample.

The electrical properties of the titanate samples were measured, providing
valuable insights into the transportation mechanisms. From the results obtained,
it was possible to conclude that the titanates samples exhibit mixed ionic and
electronic conduction, with ionic conduction predominating. On the other hand,
RP phase demonstrates pure electronic conduction.

Additionally, measurements conducted under a reducing atmosphere resulted in
an enhancement of total conduction. This improvement is likely attributed to the
creation of oxygen vacancies and the presence of Ti®* within the samples. The
reduction process appears to play a significant role in enhancing the electrical

properties of the titanates, making them more conductive under such conditions.

Finally, the material presents chemical and structural stability at reducing
atmosphere, a fundamental feature of SOFC electrode. Besides that, present
mixed ionic-electronic conductivity in reducing atmosphere, which is crucial for

SOFC anodes. Thus, these materials are promising to be used as a SOFC anode.



87

7. Future work

Fuel cell test
Ethanol reforming catalysis test
EDX - Transmission Electron Microscope aiming to investigate the

nanoparticle chemical composition and dispersion.
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Appendix 1
X  Experimental
3 ——— Calculated
— Difference
CIF_ICSD_253255

= R =7.137
c i
=} Gof = 3.531
£ Ryegg = 2.807
&£
2
R7)
o
[O]
=

T I T I T I T I T I T I T I T I T I T I T I T
20 25 30 35 40 45 50 55 60 65 70 75 80
20 (degree)

S.1 - Rietveld pattern refinement of Lai.2Sro.7Nio.sCuo.504:5 as the tetragonal phase (14/mmm).
The observed XRD pattern is shown with x points within the theoretical model, the blue line shows
the difference between the theoretical model and the experimental data. Finally, the expected

peaks positions are shown above in green bars.
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— Difference
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S.2 — Rietveld pattern refinement of Lao.sSro.2Tio.7Nio.15Cu0.1503-5 as the cubic phase (Pm-3m). The
observed XRD pattern is shown with x points within the theoretical model, the blue line shows the
difference between the theoretical model and the experimental data. Finally, the expected peaks

positions are shown above in green bars.
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S.3 — Rietveld pattern refinement of Lao.sSro.2Tio.7Nio.2Cu0.103-5 as the cubic phase (Pm-3m). The
observed XRD pattern is shown with x points within the theoretical model, the blue line shows the
difference between the theoretical model and the experimental data. Finally, the expected peaks

positions are shown above in green bars.



