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Abstract

The last decades have been characterized by a constant increase in the need of energy
coupled with an increase in the greenhouse gases emissions, since a large amount of the
energy is provided by combustion plants burning fossil fuels. The level of CO, has reached
a negative record and this tendency has to be reversed in favor of a more environmentally
sustainable approach. In this scenario different solutions for energy conversion and
storage need to be found: the use of fossil fuels has to be reduced and replace with other
and more sustainable forms of energy conversion. At the same time the change has to be
guided by an improvement in the current technology for energy conversion to facilitate
the transition process. For this purpose, the traditional combustion process can be
improved using oxy-fuel conditions, where a stream of pure O, provided by an oxygen
transport membrane is used instead of air and the resulting high concentrated CO, flue
gas is easier to capture. A cleaner form of energy can be obtained using Solid Oxide
Reversible Cells (SORCs), highly efficient electrochemical devices able convert chemicals
directly into electrical current without production of pollutants. When operated in
electrolysis mode, SORCs allow to store electrical energy in the form of fuels, obtained
from CO; reduction.

Despite being extremely appealing, both these possibilities are not integrated in large
scale energy plants yet, due mainly to their cost and long-term stability issues. These
aspects can be improved with materials having a better performance and this can be
achieved by an appropriate tailoring of their properties.

This thesis presents the attempt to address these issues by developing novel advanced
ceramic materials with high performances in order to fulfill a lower temperature
application. In particular, this has been pursued aiming at improving the ionic conductivity
of the materials. A GDC/YSZ nanocomposite has been prepared by inkjet printing and
characterized as electrolyte, with attention to the interaction between the two phases.
Complex perovskites have been designed and optimized to stabilize a high oxygen
defective crystal phase displaying mixed ionic and electronic conductivity. These materials
have been characterized in their structure, oxygen mobility and conductivity, before being

tested as oxygen transport membranes and cathodes for solid oxide fuel cells.
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Chapter 1

Introduction and background

SETTING THE CONTEXT FOR A DISCUSSION ON ENERGY CONVERSION AND HOW TO MAKE IT MORE

SUSTAINABLE

In this chapter the context in which the thesis is developed is presented, along with an
introduction on main the topics developed in the work. First, a motivation for the pursue
of new forms for energy conversion is found analyzing the trends in energy production
and greenhouse gases emissions in the recent years, with a glance at projections for the
years to come. Successively some possible strategies for overcoming the issues related to
the impact of energy conversion processes are listed: a short term action to reduce the
emissions of the existing plants, with a focus on CO,, and a long term objective of
developing more efficient methods for energy harvesting. Finally, a method for CO,

evaluation is considered.
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1.1 The environmental impact of energy conversion

In the last decades an increase in the planet temperature due to massive greenhouse
gases emission has been observed, driven by the constant increase of population and
energy demand. This phenomenon has become critical because of its impact on human
health and environment, with effects including environmental cataclysms, glaciers
melting and seas tropicalization.!

The projections for the Earth overheating foresee that, proceeding at nowadays trends,
this process is not going to slow down in the upcoming years.” As a consequence of that,
all related threatens are expected to get more frequent. Recently, CO, level in the
atmosphere has broken the record of 400 ppm and is still increasing year after year with

an almost linear trend regarded as threatening.**
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Fig 1.1: Atmospheric CO, levels as a function of years. Inset showing the growth of CO, level since 1980. Drawn
from data taken from [3] and [4].

However, despite being the one produced in largest amount, CO; is not even the most
harmful greenhouse gas to be released in the atmosphere. Scaling the impact on
greenhouse effect with respect of CO, (which could be considered as benchmark, with a

value of 1), methane (CH4) has a 28-fold impact with respect to CO, and nitrous oxide
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(N,O) impacts is 265 times higher. It is thus fundamental not only to reduce CO, emissions,

but moreover to limit as much as possible the release of the other gases too, when

feasible.”
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Fig 1.2: Global greenhouse gases emission sorted by gas. Taken from International Panel on Climate Change

2014 meeting [5].
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Fig 1.3: CO, production (in millions of tons) per year as a function of the sector. Drawn from data taken from [6].
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Considering all the greenhouse gases as a function of the sector responsible for their
emission, the main sources of anthropogenic pollution are agriculture and energy
conversion processes (i.e. combustion), and both of them play a crucial role in human life.
Focusing on the latter, figure 1.3 shows that energy conversion accounts for more than
half of the CO, production.® Moreover, this sector is responsible for about half of the
methane released in the atmosphere and has a non-negligible role (with an impact which
is more than 1000 times higher than transportation) in nitrous oxide emissions. It is thus
evident that, while in the case of agriculture emissions are the product of millennia-
consolidated biochemical mechanisms, the variety of available possibilities for energy
harvesting and the continuous development of new technologies call for an action in this
direction. More concretely, with a constantly increasing energetic demand, a more

resolute shift to renewable sources is required.
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Fig 1.4: Representation of the possible scenarios for temperature increase as a function of years, projected as a
function of the amount of CO, released per year. The curves are calculated on the base of the temperature
increase with respect to the level before industrial revolution. Taken from [7], who elaborated it from [2].
Figure 1.4 pictures the possible scenarios for temperature increase in the upcoming years,
as a function of the adopted politics on greenhouse gases emissions.” It can be observed
that, besides being applied immediately, the effect of the more stringent politics is
evident in the long time. This remarks the importance of short term interventions aiming
at improving the actual energy conversion processes and reducing as much as possible

emissions by the use of closed CO, cycles, i.e. avoiding producing new pollutants by

consuming new fossil fuels. For this purpose, in the last years many strategies have
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emerged concerning Carbon Capture and Storage (CCS) or Carbon Capture and Utilization
(CCU).2® These aim at obtaining a concentrated stream of CO, from combustion processes
in order to store it easily or using it as reactant. In this frame, the concept of CO,
valorization through conversion represent an interesting perspective, allowing to
transform a pollutant and waste byproduct to valuable chemical or fuel.

This approach could impact positively on the carbon balance, in fact if CO, is reused for
the production of fuels (exploiting energy coming from renewable sources and the
electrolysis process, as an example) and subsequently stocked, this could create a close

circle with a lower net CO, impact on the atmosphere.°

Energy
conversion

Co-electrolysis

Renewable
sources

Fig 1.5: Representation of a possible path for the closed CO, cycle.

Aiming at a more efficient and sustainable energy production, it becomes evident that
combustion related technologies are easy to manage and convenient as long as fossil fuels
prices do not run out or become very expensive, but at the price of high CO, emissions. In
fact, fossil fuel plants are far from being efficient. A first and relevant cut of the energy
extracted from combustion is taken away by Carnot’s law, which sets an intrinsic limit to
this processes before they start. About half of the fuel’s energy potential is converted in
heat and, besides being recoverable in co-generation cycles, heat is the least efficient
form for energy transmission. This means that, besides incomplete fuel utilization, a high
amount of fuel is wasted, with the consequence that the production of CO, is related to a

low value product.
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1.2 Fuel cells

An interesting alternative to combustion processes is offered by fuel cells, which are
electrochemical devices in which the chemical energy of a fuel is directly converted into
electricity without intermediate steps. The working principle of fuel cells resembles the
case of batteries, having an anode, electrolyte and cathode with a flow of charges
between the two electrodes, but the main difference is that fuel cells are open systems,
so they can virtually work for as long as they are fed with reactants.

The origin of fuel cells dates back to 1838-1839 and is due to the joint discoveries of
Friederich Schonbein and William Robert Grove, with the former identifying their working
principle and the latter observing an electric current between two platinum electrodes
immersed in sulphuric acid and separately exposed to hydrogen and oxygen

11
atmospheres.

Ox Hy
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Fig 1.6: Scheme of Grove’s cell. Taken from [11]

Despite their discovery dates back to the first half of 1800, the real development of fuel
cell’s technology did not occur until a century later, with Francis Bacon’s alkaline cell
running a cell on pure O, and H, using nickel catalyst. The first solid oxide fuel cell is due
to Emil Baur and Hans Preis in 1930, who tested different electrolyte materials, finding
the suitability of the so-called “Nernst-Masse” a compound made of 85% ZrO,, 15% Y,03

discovered in 1899 by Nernst and used at the time as glower in lamps.™® A consistent
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impulse to the development of this technology came also from space programs, making
use of polymer electrolyte fuel cells in the beginning and then shifting to the more
consolidated alkaline cells for the Apollo missions.*?

What is notable is that, pushed by the need for addressing the two major issues of these
devices, i.e. having a good catalytic activity and availability and the problem of handling
hydrogen, researchers explored towards different directions, with the result that along

the years several technological solution for the use of fuel cells were produced:

e Polymer electrolyte membrane fuel cells (PEM)
e Phosphoric acid fuel cells (PAFC)

e Alkaline fuel cells (AFC)

e Molten carbonate fuel cells (MCFC)

e Solid oxide fuel cells (SOFC)

The classification of FC can be made according to their working principle or to the working
temperature: the first three kinds are considered as low-temperature operating fuel cells,
the last two are commonly ascribed into the intermediate/high temperature range.
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Fig 1.7: Schematic representation of the different kinds of fuel cells, including working temperature range, fuels and
transported species through the electrolyte. Taken from [13]

Here their working principles, advantages and disadvantages are briefly described.
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1.2.1 Polymer electrolyte membrane fuel cells (PEM, PEMFC)

Polymer electrolyte membrane fuel cells (PEMs) are based on a polymeric membrane
carrying protons from the anode to the cathode. The semi-reactions at the electrodes

anode and the catode are, respectively:

2H, » 4H* + 4e~ (A)

0,+ 4H" + 4e~ - 2H,0 (C)

The protonic conductivity is achieved using a humidified Nafion® membrane (Dupont), a
PTFE-derived polymer with sulfonic termination giving protonic conduction properties.
Platinum dispersed on carbon black is used as catalyst at both the electrodes.

The main advantage related to this configuration is the short start-up time due to the low
temperature of exercise, making them extremely suitable for mobile application and use
in vehicles. However, at this temperature platinum is very sensitive to poisoning
phenomena (for example from CO), requiring an absolute purity of the fed reactants.
Additionally, the so-called direct methanol fuel cells (DMFCs) also belong to this family. In
these configuration methanol is used as fuel, with the advantage of an easier
manageability with respect to hydrogen, without requiring for an external reforming

stage, for this reason it is called “direct”.*!

1.2.2 Phosphoric Acid fuel cells (PAFC)

Phosphoric Acid fuel cells (PAFCs) have many aspects in common with PEMs: they both
are based on protonic conduction through the electrolyte, for which in this case liquid
phosphoric acid is used, and deploy dispersed noble metal catalyst (typically platinum) at
the electrodes. The semi-reactions at the electrodes are the same as in the case of PEMs:

2H, » 4H* + 4e~ (A)

0,+ 4H" + 4e~ - 2H,0 (C)
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In order to have a good protonic conductivity, PAFCs work at 200 °C. This brings the extra
benefit that platinum at this temperature is not sensitive to poisoning anymore,
simplifying the feeding system. On the other hand the management of the electrolyte,
which beside being hazardous requires a constant monitoring of the level of water to
avoid dilution, represents the most cumbersome aspect of this technology, which is

preferred for stationary application.

1.2.3 Alkaline Fuel Cells (AFC)

Alkaline Fuel Cells (AFCs) have in common the concept of liquid electrolyte with PAFCs,
which in AFCs it is dispersed into a porous matrix. Their conduction relies on hydroxides
species and an alkaline solution (typically KOH) is used as electrolyte, as the alkaline
ambient was found to favor the oxygen reduction reaction. Nickel based catalysts (like
Raney metals) are used at the electrodes. The semi-reactions occurring at the electrodes

are:

2H2+4‘0H_ —)4‘H20+4e_ (A)

0, + 2H,0 + 4e~ — 40H" (C)

The advantages of using an alkaline electrolyte are due to the relative low cost of the
components and the good efficiency of these cells. However, since the system is
irreversibly damaged in presence of CO,, a separated filtering stage for the purification of
air is required. Moreover, as in the case of PAFCs, the management of water in the
electrolyte is essential, to avoid dilution phenomena. Often these drawback induce PEMs

to be preferred for the easier system manageability.

1.2.4 Molten Carbonate Fuel Cells (MCFC)

In Molten Carbonate Fuel Cells, the electrolyte is made of a mixture of liquid alkaline

carbonates (lithium and sodium, or lithium and potassium) retained in a ceramic matrix.
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These cells are operated at 600 °C, the temperature at which the carbonates form a highly
conductive molten salt. Unlike other kinds of fuel cells CO; is not detrimental to the
device, but is an essential reactant to be fed at the cathode together with oxygen. Since
they perform at high temperature, metallic nickel and nickel oxide can be used at the

electrodes. The semi-reaction occurring at the anode and the cathode are respectively:

2H, + 2C02~ > 2H,0 + 2C0, + 4e~ (A)

2C0, + 0, + 4e~ - 2C0%~ (C)

A strength point of this configuration is that at the working temperature reforming
processes could happen without the requirements of an external stage, allowing a wide
variety of fuels to be used. Moreover, in such a scenario the produced CO; can be
transferred to the cathode and be reused.

MCFCs are typically used in stationary plants for large scale energy production.

1.2.5 Solid Oxide Fuel Cells (SOFC)

Solid Oxide Fuel Cells (SOFCs) are based on a ceramic electrolyte and unlike the other
kinds of fuel cell, do not necessitate of any liquid management. They are typically
operated at high temperature, in the range between 800 and 1000 °C, to overcome the
high energy barrier associated with ionic conduction, as the state of the art material for
the electrolyte is Yttrium Stabilized Zirconia (YSZ), which displays a 0.02 S-cm™
conductivity at 800 °C.* In these working conditions the use of noble metals-based
catalysts is not necessary, therefore a Ni-cermet (made of reduced and connected nickel
particles mixed with the electrolyte) is typically used at the anode.’ Moreover, since the
temperature is high enough for internal reforming to occur, SOFCs can run on a variety of
different fuels at the anode without the need for a separate reforming stage.*™® A
perovskitic oxide (Lag.gSro,MnQO3, LSM) mixed with the electrolyte is used as cathode.

During the operation of the cell, air is fed at the cathode, where oxygen is reduced and

incorporated as oxygen ion (0%) and then is transported through the vacancies of the

10
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electrolyte to the anode, where it can react with the fuel. The two semi-reactions at the

cathode and at the anode are, respectively:

2H, + 20%~ - 2H,0 + 4e~ (A)

0, +4e™ - 20%" (@)
Compared to other fuel cells, SOFCs are the ones displaying the highest efficiency, being
typically around 60% for low heat value, with Chinese SOFCMAN reporting values up to
72 %.> When these are coupled with co-generation plants, the overall efficiency can

easily reach 80-90 %,20 with lower emission of CO, and NO, than traditional systems.

1
502(9) +2¢” = 0%~ (cathode)

0%~ + H,(g) = H,0(g) + 2e~ (anode)
Fig 1.8: Schematic working representation of in a state of the art SOFC fed with hydrogen and air. Taken from [15]

Despite their high efficiency, one of the main issues limiting to the diffusion of SOFCs is
the cost and expected lifetime of these devices. Both of them are a direct consequence of
the high temperature at which fuel cells operate, limiting the choice of the suitable
materials and shortening the lifetime of the components due to interdiffusion, kinetic-

demixing and other degradation phenomena.’>*

Therefore lowering the working
temperature would result in the availability of a wider range of materials and minor
degradation effects. On the other hand, reducing the working temperature arises a non-

negligible drawback, as the conductivity of the electrolyte is expected to decrease and the

11
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23725 For this

kinetics at the electrodes to be slowed down, especially at the cathode.
reason new cathodes with high mixed ionic and electronic conductivity at intermediate
temperature have been investigated.

Concerning the electrolyte, in order to keep the same performances and efficiency

27

different strategies can be pursued: finding new suitable materials,?®?’ interfacing
nanostructures®®?° or reducing the thickness of the layer so that the ohmic losses are
reduced.?*?!

The last strategy arises from the fact that a cell’s electrolyte is a pure ohmic element and
ohmic losses are directly proportional to the thickness. This implied the shift from 1*
generation fuel cells (electrolyte supported) to 2" generation cells (anode supported).
Nonetheless, reducing the thickness of the electrolyte is a challenging operation, since the
electrolyte is responsible for the gas tightness between the two sides of the cell. For this
reason, despite GDC having a higher ionic conductivity which would allow an use at lower
temperature, often YSZ is still preferred for its stability. In fact above 600 °C in reducing
conditions the formation of Ce*" occurs, leading to two major drawbacks: unit cell volume
expansion and electrical losses shorting the cell.3%*

A more recent architecture of fuel cells involves the use of a double-layered electrolyte
made of YSZ/GDC which ensures a pure ionic conductivity and prevents reaction with the

cathode.?***

12
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1.3 Carbon capture, storage and utilization

As observed before, besides the research for smarter strategies for more efficient energy
conversion processes, a short term intervention is required in order to reduce CO,
emissions and counter the climate change.’

Despite the huge efforts for achieving large scale production from renewable sources, the
market of energy still relies on fossil power plants, which represent a major source for
energy conversion and consequently anthropogenic CO, production. This highlights the
importance of finding a solution for sequestering CO, before it is released in the
atmosphere. This can be done, for example, by Carbon Capture and Utilization (CCU) or
Carbon Capture and Storage (CCS) technologies.™®

Independently from the final purpose of CO,, the first step is the same whether CCS or
CCU are considered, and it consists in targeting CO, before it is released in the

atmosphere. Currently, three kind carbon capture technologies are available:

e Pre-combustion capture;
e Post-combustion capture;

e Oxy-fuel combustion capture.

Pre-combustion methods refer to a capture of CO, obtained as a byproduct of a fuel
conversion process not involving combustion. This is the case of steam reforming or
integrated gasification combined cycles, as an example, which aim to obtaining hydrogen
as fuel to be burned and need for a removal of carbon dioxide. In this case the capture is
typically achieved by the use of physical solvents, like in selexol® (making use of a mixture
of dimethyl ethers and polyethylene glycols) and rectisol® (exploiting cold methanol)
processes. The advantage of this strategy is that physical solvents can strip a variety of
undesired gases (including SO,) from the combustion flue stream and these can be further
separated, nonetheless it’s expensive due to the necessary regeneration step.*®

On the contrary of the aforementioned, post-combustion techniques target the CO, that
is formed when the combustion process is completed. This can be achieved using different

methods, including adsorption in solvent, adsorption by solid sorbents (including porous

13
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organic frameworks), use of membranes, cryogenic separation, pressure and vacuum
swing adsorption.

Among them, the use of chemical solvents is the most widespread. These are typically
amines, of which monoethanolamine (MEA) is the most commonly used.

A critical issue of post-combustion techniques is the regeneration step, which is even
more expensive than in the case of pre-combustion. In fact, chemical solvents need to be
heated in order to be regenerated and this operation can impact on the total cost of
separation. Moreover, the release of toxic gases coming from the decomposition of
amines due to heating should be taken in account.?’

Oxy-fuel combustion differs substantially from the other two techniques since it aims at
avoiding a separation stage for CO,. This is achieved if a stream of highly concentrated
and pure CO, is obtained from combustion. Therefore the target of oxy-fuel process is the
combustion process itself, and consists in providing a flux of pure oxygen as combustive

agent, obtaining as products of combustion only CO, and water.**°

Other (e.g.
NOx, SOx,
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waste with solvent etc.)
CO, (e.g. flue
Carbon gas, biogas, co co
souree Conversion | €Missions) | geparation and 2 - 2 ;fr':peoglj
.g. fuels, utilisation
f:\fge' l Main product TSolvents, solid
materials) (e.g. energy, sorbents,
fertiliser, membranes
ethylene etc.
oxide) Post-conversion capture

Intermediate

Carbon products,
CO. CO
conversion capture ompression storage or
(e.g. fuels, = diat utilisation
raw materials ntermediate
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Carbon
source - CO, Co, CO,  Transport,
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(e.g. energy) Oxy-fuel combustion

Fig 1.9: Schematic description of the carbon capture processes. Taken from [10]

14
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After capturing CO,, two possible alternatives exist: storing it (CCS) or making use of it
(CCU) as a precursor for the production of new chemicals.

Carbon Capture and Storage (CCS) consists in compressing the captured CO, and then
shipping it to be stored in the ground, ocean pavement or as mineral carbonate. The
former and more widespread option consists into injecting the CO, deep into the soil,
exploiting depleted gas or oil reservoirs as storing facilities. Carbon dioxide is then trapped
under the soil through impermeable rocks (like shales or clays) which prevent the fugue
of the gas. Despite being an interesting possibility, that could rely on the vast experience
of oil and gas industries about extraction, storage has some major drawbacks. In principle,
CO, is treated as a problem and no profit is obtained from it. This would discourage
investors and limit the development of this kind of technology. But, even more relevant
from the environmental point of view is the fact that CO, reservoirs in the ground may be
subjected to geological phenomena, which may change the conformation of rocks and
consequently cause an abrupt release of large amount of CO, in the atmosphere.

Last but not least, CCS represents an open cycle, which does not prevent the formation of
new CO,.

As an alternative to storage, Carbon Capture and Utilization (CCU) aims at giving a new
life to carbon dioxide through usage in industrial applications or in the production of new
chemicals and fuels.® This last option is especially interesting, because aims at creating a
close circle which does not require the consume of new fuels for energy production and
the consequent release of new CO, in the atmosphere, but balances the two.** CO, can
not only be used as industrial additive, but even be processed through different

techniques in order to obtain valuable products.

15
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1.4 The role of oxygen transport membranes in Carbon Capture and Utilization or

Storage

Itis evident that one of the critical issues for CO, capture-related technologies is obtaining
a CO,-rich flow to be handled without the need for separate filtering stages. This is
possible in the case in which pure oxygen is fed for combustion instead of air and the
process is known as oxy-fuel combustion. As an additional advantage arising from the
removal of nitrogen from the combustion atmosphere, nitrogen oxides are not formed.*
A major cost, both from financial and energetic perspective, in oxy-fuel technology is
related to the need to supply large quantities of pure oxygen at the combustion stage.
Being the only large scale method available for industrial supplies, this typically achieved
using oxygen produced by cryogenic distillation of the air. In this method, air separation
units (ASUs) cool a stream of air at a temperature at which oxygen liquefies to separate
it. Despite producing a stream of pure O,, this technique is expensive and energy
consuming.

An alternative approach allowing to make the production of pure oxygen more
sustainable consists in using oxygen transport membranes (OTMs). These are dense and
gastight ceramic membranes displaying mixed ionic and electronic conductivity (MIEC)
which are capable of transporting oxygen from a high pO, side (called feed) to a low pO,
side (called permeate).

Unlike solid oxide electrolytes, where the driving force for oxygen ions migration is
provided by an external electromotive force, in mixed conductivity membranes the
driving force for the conduction of oxygen is represented by the oxygen chemical potential

gradient between the two sides of the membrane.*

a) b) C) RS EAT
2 e -
) B
—_— e
o> 1 2 P1 -0%> 2
0,+4e—>20* I —> W20*—>0,+4e Fo, 7 ©: ?/ﬂlb Fo,
e ~ s .
< e T N —
1 2 ~\‘é e —
Poz > PC,2 .

@

Fig 1.10: Representation of an oxygen permeation membrane driven by electromotive force (a) and pressure
gradient in the case of a mixed ionic and electronic conductor (b) and mixed transport obtained by mixing an
electronic conductor and an ionic conductor (c). Taken from [43]
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In the case of fast surface exchange, the oxygen flux through a permeation membrane is

described by Wagner’s equation:

RT p{;eed Opl0
— 2 el%ion dl
= p np 1
]02 16F2], pgzrmeate el rion( 02) 0, ( )

where ], is the oxygen permeation flux (mol-m?2s?); R and F are the gas and Faraday’s
constants, respectively; L is the membrane thickness (m); g,; and o;,,are the electronic
and the ionic conductivities (S-m™), respectively; and pgzee‘i and pgfrmeate are the oxygen
partial pressures (atm) at the high pressure side and at the low pressure side,

respectively.** Air or pure oxygen can be used at the feed side, while a variety of sweep

gases can be used at the permeate side, like N,, CO,, Ar or He.

Side A 9 o Side B

o'—/J - |
P, L ©

(3]
el P
1) / 0,.
«V, =
(o} S PO,
x=0 x=L

Fig 1.11: Oxygen transport mechanism through a permeation membrane: 1) gas diffusion at high pO, side; 2)
surface reaction and oxygen incorporation in the membrane; 3) bulk transport; 4) surface reaction at low pO, side
and oxygen release; 5) gas diffusion and oxygen removal by sweep gas. Taken from [45]

The transport of oxygen through a permeation membrane involves different steps: I)
molecular oxygen diffusion from the gas stream to the surface of the membrane Il) surface
exchange reaction occurring at the high pO, surface of the membrane, which includes
oxygen adsorption, reduction, dissociation and incorporation in the lattice; Ill)

simultaneous bulk diffusion of oxygen ions and charged species (electrons or holes) into
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the dense membrane; IV) Surface exchange reaction occurring at the low pO2 surface of
the membrane, including the oxidation and recombination of transported oxygen ions and
desorption of molecular oxygen; V) molecular diffusion of oxygen from the membrane
surface to the sweep gas stream. Typically in a 1 mm thick membranes the influence of
steps 1) and V) is so small compared to the other contributions that can be considered
negligible.*

When the thickness of the membrane is in the range of 300 um or higher, the oxygen
transport is mainly limited by bulk diffusion and the Wagner equation can be rewritten

as:

feed
RT p el%ion
Jo, = - Zeldion (o, )dinpo, (2)

- ermeate
16F2L ”Sz Oel+Cion

The conductivity expression in () can be rewritten as follows:

OelTion OelTion
Oamb = = = tionOer = te1Oion (3)
OeltTion Ototal

Where 6,,,, (S-cm™) is the ambipolar conductivity and t;,,, and t, represent the
transference number for ionic and electronic conduction, respectively. In the case of a
mixed ionic and electronic conductor, the electronic conductivity is the dominating
contribution to the ambipolar conductivity (g,; > 0;,,,) and the value of the transference

number t,; is close to unity. The expression for the oxygen flow can thus be rewritten as:

feed
RT Po
]02 = 16F2L pgezrmeate Oion (pOZ)dlnpOz (4)
2

And highlights the importance of finding materials having a high ionic conductivity.
On the contrary, for thin membranes the surface exchange reaction becomes the limiting
step in oxygen transport and Wagner equation can be rewritten introducing the critical

thickness parameter, firstly defined by Bouwmeester and Burgraaf:*®
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1 RT pfeed
[ —_— 02 .
]02 - 1+2ic 16F2L pgzrmeate Oion (poz)dlnpoz (5)

Where Lcis:
Le=—= (6)

And Dg and kg are the self-diffusion coefficient and the surface exchange coefficient of
oxygen. Both of them can be determined by isotopic exchange measurements.

It worth remarking that Lc should not be considered as an intrinsic property of the
material, since it is affected by a wide range of experimental conditions like temperature,

pO, gradient and surface roughness and porosity.
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Fig 1.12: Four-end (a) and three-end (b) configuration for the integration of an oxygen permeation membrane in
oxy-fuel combustion process. Taken from [47]
Oxygen transport membranes can be integrated in oxyfuel plants following two different
approaches, called three-end and four-end, respectively.*’ These configurations can be
distinguished according to two criteria: the operation mode (i.e. if the gradient is created
by vacuum or using a sweep gas) and their integration (i.e. if they require or not a separate

heating stage). The three-end mode is also called indirect configuration, because the
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produced oxygen is not directly in contact with the flue gas in the combustion process and
thus requires a vacuum stage for removal of oxygen from the membrane. The oxygen is
then separately mixed with the flue gases in a second stage. The four end mode is also
called direct configuration, because the produced oxygen is directly removed on the
permeate side by the flue gases stream, so that no additional pumping stage after
permeation is required and oxygen is used immediately in combustion. This implies that
the four-end mode is more energetically efficient and could be thermally integrated with
the combustion plant, without requiring a separate heating stage.

Despite being more energetically efficient, four-end mode exposes the membrane to
more harsh conditions, including a high amount of CO,, steam and other pollutants like

S0O,, which could accelerate degradation phenomena.

At the moment, oxygen transport membranes are not integrated in industrial processes
for energy production yet. One of the main challenges to address is obtaining materials
coupling high permeability and stability, especially in critical atmospheres. So far, the
most stable materials show a modest oxygen flux at high temperature. These oxides
display a good tolerance to CO, containing environments, but do not have sufficient ionic
or electronic conductivity to grant high flux of oxygen. On the contrary, materials like
Bap sSro.5CoosFep 2035 (BSCF) or LageSrosCop2FeqsOss display high mixed conductivity
properties and for this reason they have been widely investigated, but long term stability
is still problematic. In particular for what concerns the former, extremely high fluxes have
been observed, reaching 12.2 mLymin™cm™ in air at 1000 °C,*® but at the price of a low

tolerance to CO, containing environments.*’
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1.5 The potential of solid oxide electrolysis in CO, utilization

As aforementioned, the sequestration of CO, should not disregard the utilization of
carbon dioxide as precursor for the production of chemicals and fuels. What makes CO,
utilization more interesting with respect to the storage option is the need for efficiently
storing the excess of energy produced by discontinuous renewable sources, and the
valuable use of CO,, which could further drive the development of the technology.>®

The choice of utilizing energy produced from renewable sources for CO, reduction process
is the most reasonable, in fact it would produce a positive balance in the whole process,
or at least a closed loop. Moreover, this could offer a solution in case of an excess of
energy production from discontinuous sources, which could be converted during the
harvesting peaks and subsequently consuming the fuel used when is necessary.

For making CO, valuable it is necessary to reduce it and this can be achieved through

51-53 54-56
l, I

different techniques making use of thermochemica electrochemica or
photochemical methods;>”*® biotechnological methods involving algae are also under

development.
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Fig 1.13: A scheme of the possible pathways from CO, capture to the production of synthetic fuels. Taken from [41]
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Among the available techniques for CO, reduction, electrolysis is particularly appealing
since no movement of mechanical parts is involved in the reduction process (as for
example occurs in thermolysis and thermochemical cycles for capturing the maximum
sun’s intensity), does not manage liquids and this solution provides a high flexibility,
because electrolysis allows to directly tune the rate of reaction by controlling the applied
current.

Solid Oxide Electrolysis Cells (SOECs) have been first reported in 1967 by Spacil and
Tedmon and water electrolysis was designed for producing oxygen during space travels,®
in the case of CO, the concept of electrolysis for the production of fuels was introduced
later by Isenberg in 1981.%" Though the interest in SOECs has been growing just recently,
electrolysis technology has indirectly benefitted of the intensive investigation on fuel cells
in the last 40 years, since the working principle behind it is very similar to the case of a
fuel cell. Before looking at it is worth saying that since in electrolysis mode the polarity of
the electrodes is reversed with respect to a fuel cell, their name is switched too and, to
prevent confusion between the two working modes which have opposite nomenclature,
often the electrodes are simply called fuel electrode (i.e. the fuel cell anode, electrolyzer

cathode) and air electrode (i.e. the fuel cell cathode, electrolyzer anode).®?

Solid Oxide Electrolysis Cell (SOEC) Solid Oxide Fuel Cell (SOFC)

02 | 02
Oxygen electrode \ + 7| Oxygen electrode N\ 7,

20” 20~

s

Fuel electrode . ®x4e/ Fuelzeleclrode Lo m4e/
2H,0 + 4e — 2H, + 20% \\, - 2H, + 20 > 2H,0 + 4¢’ / ;
2C0, + 4" — 2C0 + 20> 2H,0 /\’ 2H2 2C0 +20% - 2€0, +4e 2H20 A 2H,
2CO, 2CO 2CO, 2CO

Fig 1.14: Representation of the working mode of a solid oxide electrolysis cell and a solid oxide fuel cell. Taken from
[62]

In electrolysis mode, fuels are provided at the fuel electrode, where they are reduced and
the produced oxygen ions are carried through the electrolyte reaching the air electrode,
where they recombine to molecular oxygen and are released as gas.

The difficulty in the reduction process lies in the high stability of CO, (AG}’= -396 kj/mol)
which requires a high energetic input to be performed. This can be reduced when the

process is coupled with water in the co-electrolysis process. As an additional benefit, in
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presence of water the formation of carbon is hindered, impurities in the feed gas are more
easily removed and, above 830 °C, reverse water gas shift reaction can push towards
higher CO, conversion.®*®*

The semi-reactions occurring at the electrodes of a SOEC during co-electrolysis are:

20% 5 0, + 4e” (A)
H,0 + 2e™ - H, + 0%~ (C)
CO, + 2e~ - CO + 0%~ (C)

The chemical reactions of reverse water gas shift (above 827 °C) and methanation can also

taking part into the processes occurring at the nickel electrode.

Despite being extremely appealing, SOECs are further from commercialization than SOFCs
and this is mainly due to harsher degradation phenomena. They are subjected to
electrode delamination due to the formation of oxygen bubbles in the electrolyte near
the interface, demixing of air electrode materials and migration and coarsening of nickel
at the fuel electrolyte in presence of high pO,, as an example.®>™®

Recently, the concept of Solid Oxide Reversible Cells (SORCs) has been proposed and
consists of using the same device by alternating between fuel cell and electrolysis cell
working mode. The cell can thus be operated in either one working mode or the reverse
according to the applied potential and the kind of reactants fed at the electrodes. It has
been demonstrated that cycling between fuel cell operation and electrolysis operation is

an effective strategy for eliminating degradation occurring in electrolysis mode, even

working at high currents (1 A).*°
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Chapter 2

Thesis objectives and structure

AN OVERVIEW ON THE OBJECTIVES AND TOPICS DEVELOPED IN THE THESIS

The main objective of this thesis was to identify promising ceramic materials to be applied
in the field of energy conversion and storage for a sustainable development.

For the reasons presented in chapter 1, nowadays situation is critical and the direction we
will decide to take may have a deep impact on the environment in the years to come.
Considering how the energy consumption is increasing year after year and how the access
to it affects people’s quality of life, a decrease in energy conversion processes is not
conceivable, therefore it is necessary to act in order to improve them and reduce their
impact on the environment. Typically this process requires time and often years are
necessary between the development of a new solution to its actual technological
integration and diffusion. For this reason it is necessary to act with a strategy that
considers both interventions in the near future, concerning the existing plants and how it
is possible to reduce their environmental impact, and interventions in the long term,
aiming to replacing the traditional plants for energy conversion with more sustainable and
efficient technologies which can in the meanwhile become more mature and
consolidated.

In order to fulfill this objective two application fields were identified: oxygen transport
membranes and solid oxide fuel cells.

The former is relevant in the context of combustion plants for energy conversion from
fossil fuels, where the management of the flue gases can be largely improved by feeding
pure oxygen in the combustion. Actually they provide the largest amount of energy.

The latter represent a challenging, yet growing, possibility for the direct conversion of

chemicals into electrical energy without the drawbacks of combustion processes, allowing
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to obtain higher and cleaner energy from the same fuel used during combustion. As seen
in chapter 1, the optimization of fuel cells should necessary pass through the
improvement of cathodes and electrolytes performances.

Oxygen transport membranes and fuel cells work at high temperature and make use of
ceramic materials which share similar requirements. In fact, both membranes and fuel
cells performances are strictly related to the conductivity properties of the constituent
materials. This analogy becomes even more relevant for what concerns the cathodes, for
which mixed ionic and electronic conductivity is essential, while In the case of the
electrolyte pure ionic conductivity is required in order not to lose efficiency during
operation.

Therefore it is evident how obtaining ceramics with a high ionic conductivity would result
beneficial for the studied fields. This objective was pursued through different strategies:
investigating new formulations of the materials, interfacing known materials in high

contact environment and working on processing techniques to tailor their properties.

The contents of the thesis are organized in 8 chapters, briefly summarized as follows:

e Chapter 1 provides a general introduction on the issue of energy production and

an overview on the topics of fuel cells and oxygen membranes, highlighting the

energy-related context in which they can be used.

e Chapter 2 describes the objective of the thesis and its content.

e Chapter 3 gives an insight into the main materials involved into this thesis, their

structure, properties and how they have been synthesized.

e Chapter 4 presents the characterization techniques used in this work, their basic

principles and some advantages and disadvantages.

e Chapter 5 consists of the work on a GDC/YSZ electrolyte deposited in the form of

thin film by ink-jet printing to be used for intermediate and low temperature
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operation in solid oxide fuel cells. The material is produced through a novel hybrid
synthesis route involving pre-formed nanoparticles and a reactive sol-gel matrix.
The stability of the resulting nanocomposite with a focus on interdiffusional
processes between ceria and zirconia is studied, the rheological properties of the
resulting ink are characterized and finally the ionic conductivity of a thin film

electrolyte produced by ink-jet printing is tested for low temperature operation.

e Chapter 6 contains the work done on the evaluation of a doping strategy for
stabilizing the cubic phase of SrCoO; perovskite and the subsequent use of these
materials as oxygen permeation membranes. The first part of the chapter focuses
on the effect of dopants and investigates their influence on the structural stability
of the perovskite. Subsequently, the evolution of oxygen mobility is investigated
as a function of temperature and atmosphere and linked to the doping. Finally
dense ceramic membranes are prepared and tested in oxygen permeation, with

the most promising sample being tested in oxy-fuel relevant conditions.

e Chapter 7 is closely linked to chapter 6, since the perovskites composition
conceived, developed and tested as oxygen permeation membranes are
translated into the context of solid oxide fuel cells, where are investigated as
cathode materials for intermediate temperature operation. Their conductivity is
studied as a function of doping and oxygen mobility. Finally, the electrochemical
activity of the materials as cathodes is tested in symmetrical cell configuration and

the contributions to the total resistance are identified.

e Chapter 8 summarizes the obtained results and gives an outlook on the future

perspectives of this thesis.
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Chapter 3

Investigated materials

AN INTRODUCTION ABOUT THE USED MATERIALS, THEIR STRUCTURE AND PROPERTIES

In this chapter the main materials used in the thesis are presented and their structure
and properties are illustrated.

3.1 Yttrium Stabilized Zirconia (YSZ)

Zirconium dioxide (ZrO,, called zirconia) is a white insulating oxide with refractory
properties, which make it suitable for applications requiring high temperature and
chemical resistance, like barrier coatings.1 Other fields of application for zirconium oxide
include gas sensing,” dental prosthesis® and hard ceramics.

Zirconia has three polymorphs, being monoclinic at room temperature up to 1370 °C,

tetragonal between 1370 °C and 2320 °C and cubic above 2320 °C.*

1370 °C 2320 °C

Monoclinic Tetragonal Cubic

4 % vol.
increase

Fig 3.1.: Crystal structure of the three phases of zirconia. Taken from [4]
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The phase transition between monoclinic and tetragonal structure causes a 4% volume
increase which can result in poor matching with other materials, with consequent cracks
and difficult manufacturing of sintered zirconia.’

In its natural form, zirconium oxide does not present a significant amount of oxygen
vacancies, resulting in a limited ionic conductivity. The substitution of an acceptor
element (typically yttrium, Y**) for zirconium induces the a stabilization of the cubic
structure over a wide range of temperatures, with the additional benefit of introducing a
larger amount of oxygen vacancies available for ionic conduction.

The substitution mechanism is described by:

ZTOZ
Y,0; — 2 Yy + 305 + V5 (1)

Where Yy, is Y** replacing a Zr** atom and V' is an oxygen vacancy.

o Y3+
O Zr4+

YSZ (Yttria-Stabilised Zirconia)
Cubic Fluorite Structure

Fig 3.2.: Doping zirconia by yttria and resulting YSZ structure. Taken from [5]

The maximum ionic conductivity is obtained for Sc** (ri=0.87 A in 8-fold coordination)
substitution for Zr** (r=0.84 A in 8-fold coordination), since the ionic radiuses of the two
cations are similar. ®’ Despite that, often Y** (r;=1.02 A in 8-fold coordination) is preferred
for the lower cost and better stability.®

YSZ has a pure ionic conductivity over a wide range of oxygen partial pressures, making it

an ideal candidate for fuel cells electrolytes. In fact, despite other ionic conductors have
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been discovered, YSZ is still considered among the state of the art materials. However,
high temperature (>800 °C) is required to have conductivity values in the range of 10

S-cm™t?

3.1.2 Gadolinium Doped Ceria (GDC)

Cerium dioxide (CeO,, called ceria) is a material extensively studied in catalysis,'® water

splitting'! and recently in giant electrostriction, too."

Fig 3.3.: Crystal structure of the three phases of zirconia. Taken from [13]

Differently from zirconia, at room temperature cerium oxide is already stable in fluorite
structure, with intrinsic oxygen defects present due to the ce*"/ce* redox couple.”
Replacing cerium with a trivalent cation induces the formation of more extrinsic defects.
The maximum conductivity is measured for samarium (Sm*, r=1.08 A in 8-fold
coordination) replacement (SDC)* for cerium (Ce*, r=0.97 A in 8-fold coordination),

however often gadolinium (Gd*', r=1.05 A in 8-fold coordination) is the typical choice

preferred for its lower price.

CQOZ
Gd,05 —2 Gdly + 30X + V5 (2)
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GDC displays higher ionic conductivity than YSZ, especially in the low temperature range
(6i=3-10% S-cm™ at 600 °C)° however is not as stable in reducing environments: in fact

3 is formed and the

above 600 °C and in reducing conditions (p0,<102° atm),*® Ce
reduction is coupled with a 2% change in volume which may result detrimental for the
mechanical stability.’® Consequently to the formation of Ce**, reduced ceria displays a
non-negligible n-type electronic conductivity, which turn the material into a mixed
conductor. This may result in an internal short circuit of the cell and performances

degradation.

A typical strategy for avoiding GDC exposure at reducing atmosphere consists in coupling
it with YSZ, obtaining a double layered electrolyte. In this structure ceria acts also as a
barrier for zirconium diffusion towards the cathode material (typically perovskites),

preventing the formation of the SrzrOs insulating phase.’
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3.2 Perovskites

Perovskites are a family of materials represented by the stoichiometric formula ABX3,
where A is a large 12-fold coordinated cation (typically belonging to alkaline, alkaline
earths or rare earths group), B is a smaller 6-fold coordinated cation (typically a transition
metal) and X can be oxygen, nitrogen or a halide, with oxides being the most used in

SOFCs.1°

Fig 3.4.: Perovskite crystal structure. Taken from [19]

Since their discovery in 1840, perovskites have been growing in consideration due to the
extremely wide range of properties they display: besides being often good oxidation
catalysts®® they can display superconductivity,”! colossal magnetoresistance,®
ferroelectricity,”® or photocatalytic activity.?*

The archetype structure of perovskite is represented by CaTiOs, having a perfect cubic
structure. When another cation is replacing calcium or titanium, this produces a distortion
in the structure. To calculate the deviation from the cubic symmetry and obtain an
estimation of the extent of distortion, the tolerance factor t was first introduced by

Goldschmidt:*®

_ (ratro)
"~ V2(rp+ro) (3)
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where 14, 5 and 1, represent the ionic radiuses of A-cation, B-cation and oxygen ion,
respectively.

Cubic structure is observed for 0.9<t<1 values, while for values below 0.9 a distorted
structure (orthorhombic, rhombohedral or tetragonal) is detected, down to a limit value
of 0.7 below which the perovskite is not stable anymore. For t>1 hexagonal structure is
observed.

An interesting feature of perovskite is that, besides tolerating a distortion of the lattice,
they can easily accommodate a certain extent of defects without the crystal structure
being destabilized. This occurs through charge compensation mechanisms, which can be
explained as follows: since the three oxygen atoms from the stoichiometry are bringing a
fixed -6 valency, A and B-site cations total valency has to compensate the charge and not
always the cations are matched as A"*'B"*)0,, A2B**)0, or APVB**)0, between A and B-
site. As an example, when the total valence of cations is below +6 and no higher oxidation
states are available, charge is compensated by the creation of oxygen defects, which are
responsible for ionic conduction. However, the creation of too many oxygen defects
results in ordering phenomena which lead to a phase transition from perovskite to
brownmillerite structure,®® which has frozen vacancies. This is not desired, since for ionic

conductivity defects mobility is required.

Fig 3.5.: Transition equilibrium between perovskite and brownmillerite structure. Taken from [26]

When B-site cations have more oxidation states available, charge compensation
mechanisms can induce the formation of a B™/B™* redox couple responsible for

electronic conductivity.
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Moreover, cations defects can be tolerated too, and this possibility can be exploited to
tune the surface composition of a sample through segregation effects.

The possibilities of doping allow even to introduce more dopants in A and B-sites
simultaneously, creating a double doped system of the type A;A’B1.,B’yO3, where many
cations effects are displayed simultaneously, including mixed ionic and electronic

conductivity (MIEC).

Fig 3.6.: Possible mechanisms for oxygen reaction at the cathode. o,3 and y represent cathode, gas phase and
electrolyte respectively. Taken from [33]

Because of their mixed ionic and electronic conductivity, perovskites have been widely
investigated as cathodes, supported by their good stability in air at high temperatures.
The most studied compositions are based on manganese (LSM),*”? cobalt (LSC)* iron
(LSF, LSGF)*® or cobalt and iron (LSCF, BSCF)***2. In the case of manganese containing
compounds, since they do not display ionic conductivity LSM is commonly mixed with the
electrolyte material in order to enhance the amount of sites available for oxygen
reduction (called three-phase boundary).”® The main disadvantage is that in this
configuration the surface are of the electrode is not completely exploited, while in the
case of a mixed conductor, the whole electrode area can be used for the oxygen reduction
reaction.

Oxygen transport membranes based on perovksites have been tested too and a notable
interest has been devoted to the La-Sr-Co-Fe system,**> for which the highest
permeation fluxes were observed with increasing contents of strontium and cobalt. This
phase is expected to have a high amount of oxygen vacancies available for conduction,

however SrCoOs is not stable as cubic perovskite, rearranging to brownmillerite structure.
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Chapter 4

Characterization techniques and
experimental protocols used for the
analysis and testing of the samples

AN OVERVIEW AND DESCRIPTION OF THE CHARACTERIZATION TECHNIQUES AND TESTING
PROCEDURES

Besides the synthesis and preparation of a material, characterization of its properties
represent a fundamental step before proceeding with the testing, in order to assess the
suitability of the sample for the targeted application and the good outcome of the
synthesis step.

Crystal structure, microstructure and surface composition are intertwined properties
which can influence the final performance of a material. Moreover, it is useful to
determine the evolution of the sample in the testing conditions, where solid-gas reaction,
oxidation/reduction processes or diffusion phenomena could occur. When complex
electrochemical reactions involving transport of charged species occur, they can display
effects due to the simultaneous presence of many properties of the sample, like oxygen
mobility, ionic and electronic conductivity.

In other cases, like in the context of ink-jet printing, the full characterization of the
properties of an ink allow to have a precise estimation of what the printability behavior

of the ink could be.

In this chapter are reported the characterization techniques adopted for the investigation
of the properties of the prepared samples, the physical principles on which they are based

on and their advantages and limitations.
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4.1 X-Ray diffraction (XRD)

The characterization of the obtained crystal phase is the first step after the synthesis of a
sample. This allows determining the structure of the synthesized material and gives an
assessment of the synthesis procedure. For this purpose, X-Ray diffraction (XRD) is used.
In fact, XRD is a powerful technique able to provide information about the crystal phases
present in a sample.

Since a crystal can be described as a periodical array of atoms, these arrays can be seen
as atomic planes which interact with an incident electromagnetic radiation. A geometrical

description of this interaction is given by Bragg. *

d-s:/'% \4:(9)

Fig 4.1: Schematized interaction between X-Ray radiation and an array of lattice planes in a crystal. Taken from [1]

Bragg’s law defines the condition for constructive interference as when the difference in
the optical path of two parallel beams is an integer multiple of the incident radiation’s

wavelength:

n-A=2d-sinf (1)

where n is an integer number, 1 is the wavelength of incident radiation (1.5406 A, for Cu
Ka) d is the spacing between the diffracting lattice planes and 8 is the incident angle.

Therefore, for each specific crystallographic direction Bragg’s condition is fulfilled for a
single value of 6. Scanning an angular range allows determining the characteristic

diffraction peaks for a certain compound. These are compared with database references
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(JCPDS patterns) in order to identify the sample and detect the eventual presence of
secondary phases.

The advantages of X-ray diffraction are related to the short time necessary to carry out an
analysis and the easy preparation of the sample. Moreover, this is a non-destructive
technique allowing to recover completely the analyzed material after the analysis. Despite
being simple, the preparation of the sample should be as careful as possible, in order to
avoid the production of artefacts in the diffraction pattern.

X-ray diffraction measurements were carried out using a Bruker D8 diffractometer
equipped with a Cu Ko source (A=1.5406 A) and a solid state detector, working in Bragg

Brentano geometry.

4.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a surface-related technique based on the
emission of photoelectrons upon the irradiation of a sample with a X-ray source. Since the
photoemission occurs from discrete quantized levels, the energies of the emitted
electrons are characteristic of the considered element and energy level involved in the
transition. Moreover, despite being the penetration length of X-rays approximately 1 um,
the mean free path of photoelectrons is approximately 10 nm, making XPS a technique
sensitive to the upmost atomic layers. The characterization depth can be further reduced
working with angle resolved XPS.

For all these reason, XPS can provide information about the surface of a sample, revealing
which kind of elements are present, their oxidation state and the amount in which they

are present.

Ejected K Electron
(1s Electron)
®

Vacuum

Fermi
Valence Band 7/ / A/ 7/ 7/ 7/

L. Incident

X-ray

L
? (hv)

K

Fig 4.2: Schematized interaction of the photoemission induced by the incidence of X-ray radiation on a sample.
Taken from [2]
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Figure 4.2 shows the interaction between an incident photon and an electronic level,
resulting in an emitted electron.? When the photoelectron reaches the spectrometer,

their energies are related as follows:

Ex=h—-E,—¢ (2)

Where E}, is the measured kinetic energy of the emitted electrons, hv is the energy of the
incident radiation, E}, is the binding energy and ¢ the work function of the spectrometer.
Since E}, is the quantity measurable by the spectrometer and hv and ¢ are known, it is

possible to rearrange (2) obtaining:

Ey=hv—-E.—¢ (3)

that allows determining the binding energy for the specific photoemission level of an
element.

Besides evaluating the differences in the value of the binding energy, sometimes the
identification of an oxidation state in XPS is simplified by the presence of some
characteristic peaks called shake-ups. Those are the result of a final configuration
interaction when the photoelectron is emitted and represent a peculiar feature of certain
oxidation states of an element (Co?*, Ce*, as an example), thus they can be used as
fingerprints for the identification of the spectra.

Another information obtained by XPS is the quantitative analysis of the elemental
composition of the surface, which is obtained from the integration of the photoemission
peaks. Since the surface of a sample is the place where most of the catalytic reactions
occur, where many electrochemical reactions begin and where reacting species are
adsorbed, knowing its composition allows understanding the behavior in testing
conditions. For example, often the real composition of the surface of a sample is different
from the values expected from stoichiometry. Being able to identify segregation
phenomena could provide an extremely useful tool for the comprehension of the samples

reactivity.
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Despite being a very sensitive, XPS is a technique requiring ultra-high vacuum conditions
(p<10® mbar) and some elements may be degraded by X-ray irradiation in vacuum.? For
this reason, it's recommendable to reduce the sample exposition to X-rays and double
check that the sample spectrum is not changed after the measurement.

X-ray photoelectron spectroscopy was carried out with a Perkin Elmer ® 5600ci Multi
Technigue System. The spectrometer was calibrated assuming the binding energy (BE) of
the Au 4f;/, to be 84.0 eV with respect to the Fermi level.* An Al Ko standard source
working at 250 W was used to collect both extended (survey - 187.85 eV pass energy, 0.5
eV-step?, 0.05 s-step™) and detailed spectra (multiplex - 23.5 eV pass energy, 0.1 eV-step
! 0.1 s-step™). The peak positions were corrected for charging effects by considering the
C 1s peak at 285.0 eV and evaluating the BE differences.>® Finally, the atomic surface
composition was evaluated after a Shirley-type background subtraction, using PHI

sensitivity factors.’
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4.3 Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray Spectroscopy (EDX)

Scanning Electron Microscopy is a microscopy technique making use of electrons as
sensing probes. A focused beam of electrons is used to investigate the structure of a
sample on a smaller scale (up to 1 nanometer) compared to the one reached using visible
light. Moreover, since the interaction of the electron beam of the probe with a sample
produces many effects that display at different depth in the sample, it is possible to obtain
complementary information on the material through the coupled analysis of different

signals.®

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

Characteristic X-ray (EDX)

Backscattered Electrons (SE)
atomic number and phase differences
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states mformatnon

@

Inelastic Scattering
composition and bond stales (EELS)

SAMPLE

Elastic Scattering

" ff
Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Fig 4.3: Signals produced by the interaction of the electron beam and the sample. Taken from [8]

Figure 4.3 shows the interaction volume of electrons with a sample. Typically in SEM
secondary electrons (SE) and backscattered electrons (BSE) are considered. Since only the
secondary electrons generated close to the surface have a sufficient mean free path for
escaping the sample, they have a higher resolution. For this reason secondary electrons
can provide information about the sample topography and are useful to analyze the
smaller features.

On the contrary, backscattered electrons are generated from a deeper sampling volume

(thus have a smaller resolution) by scattering collisions with the atoms, which is a
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phenomenon related to the atomic number. The heavier is an element contained in a
sample, the more intense the scattering effect is. Backscattered electrons and can thus
give information about the kind and distribution of elements in the sample.

Moreover, the irradiation of the sample with an electron beam produces an interaction
between the sample’s outer electronic shells, which results in the emission of
characteristic X-rays occurring in a larger volume than secondary and backscattered
electrons. The measurement of the emitted X-rays is called Energy Dispersive X-ray
Spectroscopy (EDX) and allows a determination of the bulk composition. Often this
technique is coupled to quantitative analysis from XPS for observing the differences
between the bulk and the surface of a sample.

The main disadvantage related to SEM is the need for a conductive sample, which allows
the electron to escape from the surface after being irradiated. When the conductivity of
the sample is not high enough, charging effects can display, producing artefacts in the
images. These can be prevented through the deposition of a thin conductive layer
(typically a few nanometers of gold or carbon) on the specimen, that has to be kept in
consideration when investigating the nanometric features of a material.

Zeiss Supra and a Zeiss Merlin microscopes were used to characterize the produced

samples.

4.4 lodometric Titration

Determining the amount of oxygen nonstoiochiometry (0) in a perovskite is crucial for
understanding its mixed conductivity properties. In fact, the presence of oxygen vacancies
is fundamental for having ionic conduction and it can be associated with the formation of
higher oxidation state concerning B-site cations, producing redox couples responsible for
electronic conductivity.
A simple, yet effective, method for determining the oxygen nonstoichiometry is
iodometric titration. It consists of dissolving the material in a hydrochloric acid solution in
presence of iodide ions (typically coming from Kl) that can reduce the transition metal
species (according to the specific oxidation state of the metal and standard potential) and
then the amount of produced iodine is measured by titration with a standard thiosulfate

solution.’
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When a perovskite is dissolved in presence of iodide, the following reactions occur

(considering cobalt as an example):
Co** + 1~ - Co** +-1, (4)
Co** + 21~ - Co?*t + I, (5)

Where I~ is oxidized to I,. In excess of iodide ions in solution, iodine further reacts

forming triiodide, which is chemically equivalent to iodine but stable in solution:
L+1"->15 (6)

the amount of produced iodine can be measured by reaction with thiosulfate:
“12 4 5,03 > 17 +-5,08 (7)

In presence of high amounts of triiodide, the solution presents a brown color, which turns
to pale yellow as the reaction gets closer to the equivalent point. For this reason, in
proximity of the equivalent point a starch solution is used as indicator. Starch reacts with
triiodide forming a dark blue complex which facilitates the observation of the equivalent
point.

Itis important that the addition of starch is done just before reaching the equivalent point,
since in excess of I3 the reaction with starch could sequestrate part of the available
triiodide and provide deceiving results.

Despite being easy to perform, iodometric titration requires carefulness: it is important
that the reaction is performed in an inert environment, since the oxygen in the

atmosphere could react with the iodine subtracting it from the solution.
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4.5 Thermogravimetric analysis (TGA)/ Differential thermal analysis (DTA)

Whenever a solid or a liquid is heated in a gas environment, an interaction with the
surrounding atmosphere will occur. In the case of a liquid, this can produce an
evaporation of the solvent, decomposition and burning of the organic molecules; in solid
samples it determines crystallization, sintering or oxygen adsorption/release phenomena.
Phase transition could occur during heating and their identification is crucial to detect the
formation of undesired crystal phases that could display different activity from the main
phase. Moreover, if the sample is heated in a reactive atmosphere similar to the testing
environment (CO,, H,, etc.) which produces changes on the sample, these modifications
can be observed.

Thermal analysis methods are powerful techniques providing a wide range of information
about the changes occurring in a sample when it is heated. Two of these techniques are
thermogravimetric analysis (TGA) and differential thermal analysis (DTA), which are often
coupled and provide complementary information.®

Thermogravimetric analysis (TGA) consists in measuring the mass of a sample as the
temperature is increased, recording a change in the weight as a function of the reactive
atmosphere in which the sample is immersed. The measurement gives information about
chemical and physical phenomena occurring in the sample including solid-gas equilibrium
reactions (for example the oxygen incorporation or release in oxides), thermal
decomposition, adsorption and desorption of gases.

Differential thermal analysis (DTA) is a technique in which the sample and a reference
holder are heated in the same atmosphere and the difference in temperature between
the two is recorded. When plotted, the changes in temperature appear in the shape of
peaks and valleys, which are associated with solvent evaporation, crystallization, melting
or glass transition in the sample.

The coupling of the two techniques provides an effective tool for determining which
physical or chemical phenomena are occurring in the sample during heating.
Thermogravimetric and differential thermal analysis were performed with a STA 409 PG

(Netzsch) and a SDT 2960 TGA/DTA (TA instruments), using alumina crucibles.
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4.6 O,-TPD

Thermal programmed adsorption/desorption is a simple technique for determining the
bonding strength of chemical species attached to a sample. These could be both naturally
incorporated in the sample structure or previously dosed during a conditioning step.™*
This characterization consists in a controlled heating of the sample in a stream of gas
(called carrier gas) and monitoring the flue gases transported by the stream. A thermal
conductivity detector (TCD) records the difference between the conductivity of the
stream coming from the sample and a reference stream bypassing the sample. This
difference is plotted as a sequence of peaks (desorption) or valleys (adsorption) as a
function of temperature, and allows recognizing the presence of sites with different
bonding strength. Since the desorption is usually operated with a fast thermal ramp to
avoid dilution of the released gases, it is not possible to recognize the nature of the
desorbed gases in the case of many species being involved, differently from what is done
in gas chromatography. This can be achieved by coupling a mass spectrometer with TPD.
The Thermal Programmed Desorption measurements were carried out with an Autochem
Il (Micromeritics) equipped with TCD detector and coupled with a mass spectrometer (ESS
Evolution) in order to analyze the composition of the gases coming to the detector.

The experimental procedure consisted of three steps: a cleaning step at mild temperature
(2h in He flow at 450 °C) for removing surface adsorbed species, a dosing step at high
temperature (2h in pure O, at 900 °C, descent in pure O,) and the desorption step,

consisting in a thermal ramp where the released gases are monitored.
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4.7 Ink characterization

Inks properties are controlled by several parameters, which determine their flowing
properties, adhesion to a substrate (wettability) and jettability when printed. An overview

of the characterization techniques of the main properties is presented.

4.7.1 Particles size distribution (PSD)

Particle size distribution (PSD) is a technique based on Fraunhofer’s diffraction theory.
According to this theory, when a coherent light source is irradiated on a sample containing
particles, these will produce a scattering of the light and the angle between the scattered
beam and the incident beam is inversely proportional to the particles dimension. This
means that large particles will produce scattering at small angles, while small particles will
scatter at large angles. The integrated intensity of the scattered radiation allows
determining the fraction of particles having a certain size, thus a distribution of the

. . . . 12
particles size is obtained.
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Side Scattered Light Sensar

Fig 4.4: Schematized interaction of a laser source with a sample containing particles that give diffraction. Taken
from [12]
The disadvantage of this technology is that it a has threshold of detection which is around
0.1 um, meaning that below this dimension the determination of particle size is less
precise. However, considering the printing nozzle’s diameter (21.5 um) and the suggested
printing criteria enounced in chapter 2, this range is enough for assessing if the particles
dimension is suitable for printing. A Laser Diffraction Particle Size Analyzer LS 13 320
(Beckman Coulter) was used for measuring the particles size, after dispersing them in

ethanol.
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4.7.2 Surface tension

Surface tension is a crucial parameter concerning printability. Not only it is a member in
the definition of printability number Z, but it has a direct influence on the interaction
between the ink and the substrate. In fact, if the surface tension of the ink is higher than
the substrate surface energy, the printed droplets do not cover uniformly the surface and
a discontinuous pattern is produced.

The tensiometer is an instrument allowing to determine the surface tension of a liquid by
measuring the internal pressure of a bubble of gas (air, for example) formed in a liquid

using a capillary.”® According to Young-Laplace equation, the internal pressure (Pa) of the

bubble is:

p=— (8)

Where ¢ and r are the surface tension (N-m™) and the curvature radius (m), respectively.
The bubble produced at the tip of the capillary is evolving with time, having a curvature
radius which is increasing up to a maximum value, before decreasing and subsequently

being released from the capillary.

t "~ }p. = Hydrostatic pressure

a0 - Bubble leaving

[FRd 4 A A3

r'}

rn=r

300 + r
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Pressure (Pa)

100

Time (ms)

Fig 4.5: Evolution of a bubble’s curvature radius and pressure at the tip of the capillary as a function of time. Taken
from [13]
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The pressure reaches a maximum in correspondence of the maximum curvature radius,
which is the value of the capillary radius. In this point the surface tension can be
calculated, once the effect of the hydrostatic pressure (related to the density of the liquid

and to the depth of immersion of the probe) is subtracted:

— (pmaxz_po)'r (9)

o

where ¢ is surface tension (N-m™), pq, and p, are maximum and hydrostatic pressure
(Pa), respectively and r is the curvature radius of the capillary (m).
A BP 50 Bubble Pressure Tensiometer (Kriiss) was used for measuring the dynamic surface

tension.

4.7.3 Density

The density of the ink was evaluated by repeatedly weighting 10 ml of the liquid. Although
this method might not seem very accurate, it’'s worth remarking that density does not
affect significantly the final printability, since the most relevant contribution to it is

coming from viscosity.

4.7.4 Viscosity

Rheology is the science studying and describing the response of a liquid medium (like an
ink, a paste or a slurry) to the application of an external force. According to the kind of
response as a function of time, the behavior of liquids can be classified under different
categories: viscous, elastic or viscoelastic. As an example, since inks for inkjet printing are
usually very diluted, they typically display viscous behavior.

Another criterion used for classification is the medium response as a function of the

applied force. This classification is made on the basis of Newton’s law:

T=1n"Y (10)

where T is the shear stress (Pa), 17 is the viscosity (mPa-s) and y is the shear rate (s1).
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The so-called Newtonian fluids exhibit a viscosity which is constant and not depending on
the applied force. On the contrary, if viscosity increases with shear rate (shear thickening)
or decreases with the shear rate (shear thinning) the fluid displays non-Newtonian
behavior.

In the case of suspensions of particles, both Newtonian or non-Newtonian behavior have

been observed, according to the concentration and dimension of the suspended particles.

Q
o
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-Bingham
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Viscosity (mPa-s)

Shear rate (s')

Shear Stress

=Ny
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| | | |

Shear Rate

Shear rate (s”)

Fig 4.6: Different flow behaviors of Newtonian and non-Newtonian fluids (a); shear stress and viscosity (inset) as
a function of shear rate for a Newtonian fluid (b).

In the case of a Newtonian fluid, the viscosity is represented by the slope of shear stress
versus shear rate plot, which shows a linear trend.

Since viscosity can span over a wide range of values and it is not under a square root like
the other three terms, it is the parameter affecting the most the printability number.
Moreover, being very sensitive to sample preparation procedure and external
environmental conditions (temperature, humidity), it is thus important that viscosity is
measured immediately after the ink preparation and prior to printing, to ensure a good
reproducibility.

Viscosity measurements were carried out using an Anton Paar Rheometer (MCR 302),
working in rotational mode. A parallel plate measuring system was chosen, using a 50 mm
diameter plate and a gap distance of 0.5 mm.

To prevent solvent evaporation, The temperature was constantly kept at 21 °C and a

solvent trap was placed over the measurement plate.
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Before measuring the viscosity, the inks were pre-treated with a three-steps procedure
aiming at removing any effect coming from the loading procedure of the sample. The
three steps consisted of: one minute at a shear rate of 1 s™; one minute in rest conditions
at shear rate 0 s, one minute at 1 s*. The measurements were conducted in step mode,

using 60 steps with 10 s waiting time between 1 s™- 1000 s™ shear rate range.

4.7.5 Printability number

Before printing the ink, the printability was assessed through the calculation of the
printability number Z from the properties determined from the previous characterization.

Zis defined as:

(11)

Where a is the characteristic length (um) represented by the printing nozzle diameter, p

is density (g/cm?), o is surface tension (mN-m™) and 7 is the viscosity (mPa-s).
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4.8 Oxygen permeation

The oxygen permeation measurements were conducted in an oxygen membrane rig built

at DTU Risg, previously described in the works of Samson and Pirou.***

Sweep + permeate gas”/
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Thermocouple
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Electrical connections/. -— Feedgas
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\ —— ————— —
N — —
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Fig 4.7: Schematic representation of the testing setup used at DTU for oxygen permeation measurements. Taken
from [15]

Figure 4.7 shows the scheme of the testing unit used at DTU for the permeation
measurements. The sample was placed between two alumina tubes sealing each side of
the membrane, creating the chambers. Inside each chamber a tube with thinner diameter
was used for introducing the gases into the test house, directly in proximity of the sample.
Two thermocouples were placed at the center of the thinner tubes, monitoring the
temperature close to the surface of the membrane.

The membrane and the tubes were placed in the middle of a height-adjustable tubular
furnace. In order to ensure sealing from the external atmosphere, two rings of tape cast
sodium aluminum silicate (NAS, Na,0 17.8%, Al,O0s; 9.4%, SiO, 72.8%) 18 with an inner
diameter of 9 mm and a 515°C glass transition temperature were placed between the
membrane and the alumina tubes. Further sealing was obtained using a NAS paste to coat
the side walls and ensure that no oxygen was entering the sweep gas compartment from

the outside, so that oxygen was only coming from the permeation membrane. The sealing
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was realized after heating up the membrane in air up to 850°C followed by cooling at
750°C. Prior to the testing procedure, the total gas outlet flow was checked at both the
sides of the membrane, to exclude the presence of leaks.

During the test air with a flow of 300 mly-min™* was fed to the feed side (high pO,), while
various flows of N, or CO, ranging from 50 to 250 mlymin™ were fed to the permeate side
(low p0O,). The inlet flow of gasses was determined by mass flow controllers (Brooks) while
the outlet gas was determined by a mass flow meter (Bronkhorst). An house built zirconia-
based pO, sensors were used to determine the pO, of the inlet (before feeding the
membrane) and outlet gas (after sweeping the membrane).

The oxygen permeation flux through the membrane was quantified by the difference

between the pO,; at the inlet and the outlet, as given by:

out pout_in pin
] _ pozpermeate n pozpermeate n (12)
0, — A

where Jj, is the oxygen permeation flux, pgsermeate aNd Porpermeate are the oxygen

out 3nd n'™ are the molar

partial pressures of the outlet and the inlet gases, respectively, n
flow rates of inlet and outlet gases, respectively, and A is the area of the permeate side
of the membrane.
The oxygen partial pressure at the two sides was determined by the voltage measured by

the sensors and converted through the Nernst equation:

V=" in-t2 (13)
4F Po, ref

Where V is the open circuit voltage of the sensor, R, T and F are the gas constant, absolute
temperature (K) and Faraday constant, respectively and po, and po, .5 are the measured

pressure (atm) and the oxygen partial pressure at the reference electrode (constantly kept

at 0.21 atm), respectively.
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4.9 Electrical conductivity measurement
The electrical conductivity (o) of a sample describes how much the material is capable of

. . . . . . -1
conducting charged species like electrons, hole or ions. It is commonly measured in S'm

and is defined as the reciprocal of the resistivity (p):

(14)

Q
Il
|

Usually resistivity (€2) is the quantity determined experimentally and conductivity is

obtained using (14).

/]
V A

Fig 4.8: Representation of a typical setup used for conductivity measurements: an electric current is flowing
between the outer wires and a voltage is measured between the inner wires.

Figure 4.8 shows the most typical setup for conductivity measurement: in this
configuration an electric current is applied between the outer wires, and a voltage is

measured between the inner wires. The resulting resistance is described by Ohm’s law:
R=- (15)
and the resulting resistivity is:
_wh

h
p=""R  (16)

where p is the resistivity (2-m), w and h are the width and the height of the sample (m),

respectively, and [ is the spacing between the voltage wires (m).
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Despite being one of the most widespread geometries, rectangular bars are not
necessarily easy to produce and the wiring procedure should be very careful, in order to
avoid loose contact or a change in [. Moreover, the resistivity is measured only in the

direction of the probes.

Another possible configuration for the measurement of the resistivity exploits cylindrical
pellets, in two-dimensional approximation. This condition is fulfilled as long as the pellet
radius is much larger than its thickness. Moreover it should be uniform, with no voids

present on the surface.

B

?

Fig 4.9: Representation of a typical setup used for in-plane conductivity measurements: four probes are
symmetrically placed near the edges of the sample and contacted with conductive paste.

In this configuration, called Van der Pauw technique, the conductivity is measured in
plane between four probes which are equally spaced and forming a square. As an
example, if current flows between probes A and B and a voltage is measured between

probes C and D, the resulting resistance is:

v
Rupep = ﬁ (17)
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Such a configuration has different advantages: it is geometry independent, allowing to
measure the resistance even on samples of irregular shape, but, even more important,
through a rotation of the measurement probes, provides a measurement of the average
resistance of the sample. In fact, after a rotation of the probes A—B, B—>C, C—D, DA it
is possible to measure the resistance (Rgcpa) in the perpendicular direction with respect

to the starting point. Van der Pauw demonstrated the following relation:*’

e P +e P =1 (18)

From which, generalizing Ragcp as the horizontal resistance (Rnor) and Rpcpa as vertical

resistance (Ryer), the resistivity of the sample can be obtained:

— T™d (Rhor+Rver) |
T In2 2 f (19)

where p is the resistivity (€2:m), d is the thickness of the sample (m), Ry, and R, are
the resistances (Q2) determined in the two perpendicular directions and f is a corrective
factor. f is derived from the series expansion of (18) and is taking in account the
difference in the values of Ry, and R,,,.. Figure 4.10 shows, that up to 30% difference in

the values of R, f could be omitted with an accuracy in the measurement within 99%.®
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Fig 4.10: Correction factor f as a function of the Ryo/Ryer ratio. Taken from [18]
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4.10 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive measurement
technique for the characterization of electrochemical systems. The power of this
technique is the possibility of separate analysis of different electrochemical processes
happening simultaneously at the electrode through a single frequency scan. This allows
to isolate the influence of chemical and physical phenomena at a certain potential.*

The EIS measurement consists of applying an alternating potential signal (AC) at a fixed
frequency to an electrochemical cell and then reading the current response through the
cell, scanning a wide range of frequencies. It is crucial that the amplitude of the signal is
small, in order to be sure to obtain a pseudo-linear response from the cell. In that case,
the response of the system to a sinusoidal excitation will be a sinusoidal wave at the same
frequency, but including a phase shift term. Since the measurement is operated in

alternate current, the excitation potential and the response current can be written as:

E(t) = E, - sin(wt) (20)

I(t) =1, - sin(wt + @) (22)

The impedance response Z is calculated using the generalized form of Ohm’s law:

E() _ Epsin(wt) _ sin(wt)
I(t) - Ipsin(wt+¢@) - “~0 sin(wt+)

Z(t) = (22)

where E; and I, are the amplitudes of the AC potential and current, Z, is the impedance,
w and t are the angular frequency and time, respectively and ¢ is the phase shift.
Recalling Euler’s notation, the potential and current response can be expressed as:

E(t) = E,-eU®d (23)

I(t) = I, - eU@t=%) (24)
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And the impedance can be rewritten as:
—E® _ 7 o090 = i si
Z(t) = o = Zye = Zy(cos(p) +i-sin(¢p)) (25)

which has a real and an imaginary component:

Re(Z) =7Z' = |Z|cos (¢) (26)

Im(2) =7" = |Z|sin (p) (27)
The impedance can be plotted in different ways, for example separating the imaginary
and real components in the so called Nyquist plot, or as absolute value as a function of

frequency, in the so called Bode plot. These plots visualize different and complementary

information about the phenomena occurring in the tested sample.”
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Fig 4.11: Typical Nyquist (a) and Bode (b) plot obtained from EIS measurement. Taken from [20]

In the case of the characterization of a thin film, a two electrode configuration in which
the electrodes are deposited on the same surface of the film can be adopted. Such a
configuration can be used for measuring the in-plane ionic conductivity of a sample
deposited on a dielectric substrate. The dielectric substrate prevents measuring

resistance contribution which are not coming from the film.
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Electrodes
%}%/ I

Fig 4.12: Representation of the impedance setup for lateral conductivity measurement carried out on thin films.

/ Thin film
t

Figure 4.12 shows the setup for lateral conductivity measurement on a thin film sample.

This is normalized for the geometrical factors of the film:*>*2

o= (28)

- R-a-t

where | is the length of the electrodes (m), R is the resistance (Q2) measured by EIS, a is
the distance (m) between the electrodes and t is the thickness of the film (m). The value
of R is obtained from the Nyquist plot and is measured as the difference between the

intercepts on the real Z axis.

The measurements were carried out using a Solartron 1260 frequency response analyzer
and an Autolab PGSTAT204 potentiostat (Metrohm).
All the obtained impedance spectra have been analyzed with ZView software (Scribner

associates).
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Chapter 5

Gdo.2Ce0.801.9/Y0.16Zr0.8401.92
nanocomposite thin films for low
temperature ionic conductivity

THE DEVELOPMENT OF A NANOSCALE TAILORED, INK-JET PRINTABLE ELECTROLYTE COUPLING CERIA
AND ZIRCONIA PROPERTIES FOR SOLID OXIDE FUEL CELLS

In this chapter a novel composite material, coupling the benefits of Gadolinium Doped
Ceria (GDC) and Yttrium Stabilized Zirconia (YSZ), is investigated in the form of ink-jet
printable sol-gel ink for the realization of a thin film electrolyte for SOFCs.

Ceria is chosen for its superior ionic conductivity already at low temperature (~0.03 S-cm’
1at 600 °C), but above 600 °C it is sensitive to reducing environments, which promote the
detrimental Ce*-Ce3* reduction: the presence of a redox couple allows a path for
electronic leakage and the reduction is associated with an increase in volume which might
compromise the mechanical stability of the electrolyte. On the other side, Zirconia has
the advantage of being stable over a wide range of oxygen partial pressures but displays
a lower ionic conductivity (~0.0025 S-cm™ at 600 °C) and is reactive towards cathode
materials (LSM, LSCF). Typically in a fuel cell the two materials are interfaced in the form
of a double layered electrolyte structure, however they have a wide range of reciprocal
solubility and the formation of solid solutions could occur at high temperature. The
resulting material has a lower ionic conductivity compared to the starting components.
Nonetheless, coupling the properties of Ceria and Zirconia allows to exploit their
advantages, if the composite is properly tailored.

In order to do that, a novel hybrid route is explored, involving pre-formed GDC
nanoparticles (produced via continuous hydrothermal synthesis) and a reactive sol-gel ink
as precursor of YSZ. This strategy aims at reducing the temperature necessary for the

thermal processing of the materials and offers a good control on the stoichiometry,
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allowing to prevent uncontrolled mass diffusion. Using a liquid starting material, this can
be suitable to be processed by ink-jet printing for the production of a thin film electrolyte.
For this purpose, the properties of the liquid ink relevant for printing (particle size
dispersion, surface tension and viscosity) are characterized.

The crystal structure and microstructure of the calcined GDC/YSZ nanocomposite are
investigated in order to characterize the solid solution formation mechanism and
determine the stability of Ce/Zr interface, aiming to observing if a relevant amount of Ce3*
is formed in reducing conditions.

The resulting electrochemical properties of the nanocomposite may represent a good

trade-off between stability and high ionic conductivity in a single electrolytic material.

70



Chapter 5: Gdo2Ceo.501.9/Y0.16Zr0.8201.92 Nanocomposite thin films for low temperature ionic conductivity

5.1 Introduction

Solid state ionic conductors, i.e. solid state ionics, are an important family of materials
that can transport electrical current through ions, either positive (e.g. Li*, H*, Na*) or
negative (0%, OH’). They are the building blocks of energy conversion and storage devices,
including batteries, fuel cells and membranes.

Oxygen defective metal oxides are used as O>-ions electrolytes and electrodes in the form
of ceramic layers for applications such as sensors, solid oxide fuel cells, electrolysers and
membranes. For the electrolyte, dense layers ensure separation and gas-tightness
between two chemical environments of different reactive atmospheres, e.g. fuel and air.
Electrolytes also require a nearly pure ionic transport, in order to avoid electronic losses
and drops of efficiency.™ For the electrodes, mixed ionic-electronic conductivity (MIEC)
and chemical reactivity towards gases are typically achieved by mixing electrochemically
active materials with ionic conductors, especially with the aim to enhance contact zone
suitable for the solid-gas conversion reactions.* Mixed electronic-ionic conductivity is also
required in membranes for oxygen separation or oxidation of hydrocarbons.>® Among the
0% conductive materials, defective oxides with AO, fluorite structure have been
intensively investigated for their high ionic conductivity and chemical stability, and
yttrium stabilized zirconium oxide (YSZ) and gadolinium doped ceria (GDC) are still the
most used materials.”® For zirconia, the most performing cubic phase is stabilized by
doping with trivalent cations, e.g. Y3, that introduces extrinsic oxygen vacancies, resulting
in a material with wide thermochemical stability and nearly pure ionic conductivity of ~10°
2 S.cm at 800 °C under both low and high O, gas concentrations.’ Differently from
zirconia, cerium oxide (ceria, Ce0O;) is naturally stable in cubic structure with a high
concentration of intrinsic oxygen defects. Oxygen vacancy concentration is further
enhanced extrinsically via acceptor dopants, e.g. by Gd3*, reaching a typical ionic
conductivity of ~102 S-cm™ at just 600 °C.° Despite being a faster conductor than YSZ,
doped-ceria exhibits a non-negligible electronic conduction at low oxygen activity and
high temperature (T > 600 °C, pO, < 102° atm), due to a small-polarons conduction effects
rising from the co-existence of Ce**/Ce3* oxidation states.'® Ce** reduction to Ce3* is also

accompanied by a severe increase of the crystalline cell’s volume, i.e. chemical expansion,
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up to 2% of the volume, and even by fast interdiffusive effects at low temperatures.*-*?
The choice for this materials is thus limited by the working conditions under which
uncontrolled expansion, interdiffusion and consequent degradation can be accelerated

13-17" Beside conductivity and stability, the

under processing and/or operation.
performances have to be preserved by nano-scaling the thickness of the layers, i.e. in the
form of thin films.'®22 This strategy is widely adopted in miniaturized electrochemical
energy devices for low temperatures operation.?3?* By nano-designing different ionic
materials are coupled in multilayers, composites and even in heterostructures, where the
role of the interface become dominant over the properties of the constitutive
materials.?>=?7 As it has already been proved in multi-layered electrolytes, merging the YSZ
stability at low pO, with the high ionic conduction of GDC is appealing.?>?42° However,
such a strategy can result cumbersome, especially for traditional ceramic processing
routes; GDC and YSZ have the same crystal structure and are reciprocally soluble over a
wide range of compositions, forming ceria-zirconia solid solutions during co-sintering,3%3?
which are generally characterized by low ionic conductivity.3%33 Therefore, consolidation
and crystallization of GDC/YSZ composites has to be designed carefully to occur at low
temperatures, especially to avoid the formation of the undesired phases, which at the
nanoscale with a large interface between the components, can severely affects the overall
properties. Moreover, nanostructured materials are characterized by an elevated
reactivity and fast diffusion mechanisms that can be easily unleashed by unavoidable
thermal-chemical treatments. 3438

Among the numerous technologies available for the deposition of thin films, inkjet
printing is growing in consideration because of its appealing advantages such as low cost,
use in 3D printing platforms, the possibility of continuous and customizable printing, no
need of vacuum conditions for the deposition and the large flexibility for printable
materials and substrates.3® For the ink formulations, these are generally either colloidal
inks, based on powders, e.g. nanoparticles, or reactive metalorganic precursors.*>*! This

allows reducing the temperature for the thermal processing, which is generally used to

consolidate particles into continuous ceramic layers.*?
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In this chapter, a novel strategy developed for an ink-jet printable dense nanocomposite
which combines the advantages of GDC and YSZ in the form of a single layer is presented.
This is achieved through a novel hybrid chemical strategy based on the use of pre-
crystallized GDC nanoparticles, synthesized by continuous hydrothermal synthesis, finely
dispersed in a reactive YSZ sol-gel solution used as ink. The nanoparticles are adopted to
enhance the electrical properties, while the sol-gel is to form a dense YSZ matrix at lower
processing temperatures than for the traditional sintering treatments.

Due to the aforementioned criticalities of GDC both in reducing conditions and the
formation of detrimental Ce-Zr solid solution, the evolution of crystal structure,
composition and microstructure of the nanocomposite is investigated in light of the
diffusion mechanisms activated at different thermochemical processing for both reducing
and oxidative conditions.

The printing properties of the resulting ink are characterized and a thin film is
subsequently printed and its crystal structure and microstructure is characterized. The
electrochemical activity of the nanocomposite is finally investigated by impedance
spectroscopy, evaluating the stability of performances at conditions of different oxygen

activity.
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5.2 Experimental
5.2.1 Hybrid Gdo.2Ce0.801.9/Y0.16Zr0.8401.92 synthesis

The thin films were synthesized by means of dispersing GDC nanoparticles into a reactive
YSZ sol-gel matrix. The colloidal Gdo2CepsO19 nanoparticles were synthesized by
continuous hydrothermal flow synthesis in the form of water based colloids, as also
reported in a previous work*. The nanoparticles were subsequently dispersed adding
Dispex A40 (Ciba-BASF, UK) to the aqueous solution using an ultrasonic processor
(Hielscher UP200St, Germany). The solid loading of the Gdo2Ceos01.9 nanoparticles
solution was determined to be 7.1% wt/wt by thermogravimetric analysis (TGA, TG 209
F1 Libra, Netzsch, Germany).

The 8%Y,03-Zr0O; sol-gel reactive ink was synthesized according to a previously reported
method,*! using N-methyl-diethanolamine (MDEA) as ligand to chelate the zirconium
precursor (Zirconium(IV)-propyl solution, 70% wt in 1-propanol, Sigma-Aldrich) to avoid
uncontrolled reaction. A complexation ratio (r=[MDEA]/[Zr(OPr)s]) of 12 was chosen,
since it previously proved to have a printability index (Z, whose suitability ranges have
been defined by Derby** and Jang*®) close to 1 (which was already experienced to give
reproducible printability in the case of Ti0,*) and stability above 15 days.*! For the ink,
the colloidal Gdo.2Ceo.s01.9 nanoparticles dispersed in aqueous solution were added after
the stabilization of the Zr-propoxide with MDEA, in order to prevent hydrolization and
gelification of the Zr-complexes. A Gdo.2Ceo.801.9/Y0.16Zr0.8401.92 maximum molar ratio of
1/3.3 was fixed, in order to ensure a good printability, prevent cartridge’s nozzles
clogging®® and avoid percolation.

Thermogravimetric analysis in air was performed on the as prepared ink (TGA, TG 209 F1
Libra, Netzsch, Germany), using a 5 °C/min ramp.

Several ink-samples were calcined at 280 °C in air (this was the minimum temperature
needed to dry the starting material and thus to obtain powder-samples, here reported as
“as-synthesized”), from 400 to 1400 °C (every 100 °C), in synthetic air (flow rate 25 sccm)
and, finally, from 400 to 1200 °C (every 100 °C), in 5% H2/N2 (flow rate 25 sccm) for 1 hour.
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5.2.2 Samples characterization

The evolution of the crystallographic phase for each material was investigated by X-ray
diffraction (XRD) with a Bruker D8 (Cu-Ko radiation, A=1.54056 A) using a solid-state
detector and acquiring parameters of 0.01 step size, and 0.5 s-step™ time. Diffraction
patterns of powders resulting from the ink calcination at the various temperatures and in
the two atmospheres (air, 5% H2/N2) were recorded. Both the as-produced particles and
the calcined ink were characterized by TEM, using a Jeol JEM 3000F microscope operating
at 300 kV.

The SEM characterization of the thermal-treated samples was carried out by a Zeiss
MERLIN scanning electron microscope on carbon coated samples.

XPS spectra were carried out with a Perkin Elmer ¢5600ci Multi Technique System. The
spectrometer was calibrated by assuming the binding energy (BE) of the Au 4f7/, line to
be 84.0 eV with respect to the Fermi level.*” Both extended spectra (survey -187.85 eV
pass energy, 0.5 eV-step™, 0.05 s-step™!) and detailed spectra (for Ce 3d, Gd 3d, O 1s and
C 15 -23.50 eV pass energy, 0.1 eV-step™, 0.1 s-step™) were collected with a standard Al
Ko source working at 200 W. The standard deviation in the BE values of the XPS line is
0.10 eV. The peak positions were corrected for the charging effects by considering the C

1s peak at 285.0 eV and evaluating the BE differences.*®4°

5.2.3 Ink characterization and printing of the film

The particle size distribution of the GDC solution and the resulting GDC/YSZ ink was
measured by means of a laser particle size analyser (Beckman Coulter LS 13320).

The viscosity of the ink was measured using an Anton Paar Rheometer (MCR 302)
operating at a constant temperature of 21 °C in rotational mode, using a 50 mm diameter
plate in parallel-plate mode and 0.5 mm gap distance. A solvent trap was used to prevent
solvent evaporation. The experiments were performed using a three-steps pre-treatment
consisting of one minute at 0.1 s shear rate followed by 1 minute rest (0 s shear rate)
and one minute at 10 s shear rate.

The ink surface tension was determined using a bubble pressure tensiometer (BP 50,

Kriss).
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The resulting printability index Z was assessed considering Derby’s definition:*4>°

(1)

Where a is the characteristic length for which the printing nozzle diameter was taken
(21.5 um), p is the density (g/cm3), o is the surface tension (mN/m) and 7 is the viscosity
(mPa-s).

In order to perform the electrical characterization of the composite material, a thin film
was printed with a Pixdro LP50 ink-jet printer. The printer was equipped with DMC
disposable piezoelectric printheads from Dimatix that have 16 nozzles with a diameter of
21.5 um and a nominal droplet volume of 10 pL. Prior to printing, the ink was filtered using
a syringe filter with a 450-nm mesh. The thin film was printed on a one-side-polished 1x1
cm square substrate of single crystal (0001) sapphire (Crystal GmbH) using a 400-dpi
resolution (corresponding to an estimated printed volume of ca. 0.25 ulL/cm?) and
subsequently calcined for 6 hours in air at 750 °C, heating and cooling with 1 °C/min
ramps.

The crystal structure of the printed film was determined by grazing incidence X-ray

diffraction (v=0.5 °), with 0.01 step size and 0.5 s-step™ time acquiring parameters.

5.2.4 Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was performed in a symmetric 2-electrode
configuration by using a Solartron 1260 frequency response analyser over the frequency
range of 1 Hz-86 kHz, using 200 mV AC voltages for the acquisition. This configuration is
suitable to characterize the in-plane ionic conduction in the thin film samples on dielectric
substrates, as also reported in previous papers.'>°1>2

To measure the lateral conductivity of the sample, symmetric silver electrodes with ca. 1
mm spacing and 2 mm width were painted on the surface of the thin film. EIS
measurements were performed in the temperature range of 400-750 °C in synthetic air
flow (flow rate 50 sccm, waiting 30 minutes for sample’s equilibration before every data
acquisition) and the obtained resistance was normalized by the geometrical factors (the

thickness of the film was determined after testing through SEM characterization of cross
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section on the cold-fractured sample). Total conductivity measurements were performed

in different oxygen activity atmospheres at 600 and 650 °C in stream of synthetic air,

nitrogen and 5% Hx/N; (flow rate 50 sccm).
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5.3 Results and discussion

5.3.1 YSZ formation
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GDC nanoparticles
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Fig 5.1: Preparation protocol for the ink (a) and concept representation of the hybrid GDC/YSZ electrolyte before the thermal
treatment (b).
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Fig 5.2: Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the sol-gel ink in air, measured in the RT-
1400 °C range, with 5 °C/min thermal ramp.
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Figure 5.1b shows the concept of the hybrid electrolyte material synthesized in the form
of sol-gel before the calcination step (solvents and MDEA are not represented). It is
possible to observe the GDC nanoparticles surrounded by a matrix of Zr-alcoxide chains
that creates a continuous framework in which the yttrium dopant ions are uniformly
dispersed. Figure 5.2 shows the results of the TGA/DTA on the sol-gel material in air. From
the thermogravimetric analysis it is possible to observe that different weight loss regions
are present, which are related to removal of ethanol and water solvents (RT-120 °C),
decomposition of the MDEA (120-280 °C) and removal of residual carbon (280-500 °C).
The observed regions are consistent with a former study on titania sol-gel inks, where Ti-
propoxide precursor was chelated with MDEA.*¢ The differential thermal analysis shows
the presence of a large peak associated with the removal of carbon at 450 °C, therefore
the formation of crystalline zirconia is expected to occur between 280 and 450 °C. In the
case of pure YSZ, in a previous study on the printability of a YSZ sol-gel ink, the onset of
crystallization was observed at 500 °C.** The choice of the temperature for the thermal
treatment should consider that nanosized systems are highly reactive and for an use as
electrolyte, the formation ceria/zirconia solid solution is not desired, as it has a lower ionic
conductivity compared to YSZ and GDC.3%33

Therefore, for the synthesis of a nanocomposite of GDC and YSZ it is crucial that the two
materials do not undergo interdiffusion phenomena. Ceria and zirconia, however, have
the same crystalline structure and a wide range of reciprocal solubility is reported for
cerium and zirconium oxide.3%3%53 Elemental diffusion, and thus mass diffusion, in such
defective oxides is a complex effect that is controlled by oxygen defects and cation
migration.>* Moreover, mass diffusion in ceria-zirconia systems can be dramatically
changed with the atmosphere. Typically, while in air Zr** is the predominant ion diffusing
into the GDC lattice, in reducing conditions the diffusion process is reversed, becoming
Ce®* the predominant diffusing ion. This is due to a higher concentration of vacancies and
larger interstitial sites produced by reducing conditions, unleashing Ce3* mass
diffusion.>>*® The diffusion processes do not depend only on the thermochemical
conditions, but are also affected by other parameters such as the presence and the
amount of dopants, the crystallinity degree of the compounds and even the dimensions

of the particles can play a relevant role in facilitating or hindering mass diffusion.3%>’

79



Chapter 5: Gdo2Ceo.501.9/Y0.16Zr0.8201.92 Nanocomposite thin films for low temperature ionic conductivity

5.3.2 XRD
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Fig 5.3: Normalized X-ray diffraction patterns of samples calcined in air up to 1400 °C (a), samples calcined in 5%
H2/N, atmosphere up to 1200 °C (b); Gdo.2Ceo.801.5 (*) and Yo.16Zr0.8401.92 (+) references symbols included.
Magnification on (220) peak up to 1000 °C of samples calcined in air (c), with inset on high temperature
evolution of YSZ peak; magnification on (220) peak up to 1200 °C of samples calcined in 5% H»/N, (d).
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When interdiffusion occurs, the migration of cations with different valence, ionic radius
or coordination induces a modification of lattice parameter in the host lattice. As a result,
the lattice parameter can expand if a larger ion enters the lattice or shrink if it diffuses out
from the lattice, e.g. if Y3* diffuses out from YSZ this will result in a shrinkage of the lattice
parameter, having Y3* a larger ionic radius (r=1.02 A in cubic 8-fold coordination)® than
Zr* (r= 0.84 A in cubic 8-fold coordination).58 Since the modification of lattice parameters
induces a shift of the diffraction peaks compared to those of the original structure, X-ray
diffraction is able to provide useful information about diffusion processes.

Figure 5.3 shows the evolution of the crystal structure with temperature in the different
atmosphere conditions, i.e. in air (a, c) and in 5% H/N> (b, d). The as-synthesized samples
(Figures 5.3 a and b) display the typical diffraction pattern of cubic GDC but no reflections
of the YSZ. These become clearly visible from 400 °C for the samples calcined in air and
slightly evident from 500 °C for the samples calcined in 5% H2/N,. Compared to our former
studies on YSZ thin films produced by reactive sol-gel precursors,*! it is possible to observe
that in the case of intimate contact environment with GDC nanoparticles, YSZ
crystallization is observed at 400 °C in air (Fig. 5.3 a), a temperature 100 °C lower than in
the case of pure YSZ. It is also possible to notice that the formation of YSZ is affected by
the calcination atmosphere.

Assuming that the intensity of GDC diffraction peaks is not modified between 500 and 900
°C, the GDC diffraction peaks can be used as a reference to compare the relative
intensities of the YSZ peaks. These are more intense when the removal of the organic
framework is performed in air (Figure 5.3 a and c), indicating a rapid crystallization of the
YSZ phase. On the contrary, for the samples calcined in 5% Hx/N; (Figure 5.3 b and d) the
formation of YSZ proceeds at lower rates.

The calcination atmosphere plays a role not only in the crystal growth, but even in the
diffusion mechanisms, as it can be noticed from the evolution of the (220) reflections of
GDC and YSZ (Figure 6.3 c and d). Interdiffusion is activated at a temperature of ca. 100
°C lower (900 °C in air and 800 °C in 5% H2/N,, respectively) compared to what observed
in the case of sintering a mixture of the powders of 130-nm GDC and 100-nm YSZ.>> The
large interface between the matrix and the nanoparticles can likely enhance the diffusion

processes. Despite being both activated at low temperatures, the natures of the two
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diffusion behaviors appear different. In air the diffusion process occurs abruptly;
conversely, in reducing conditions it evolves slowly. Above 900 °C in air (c), complete
disappearance of GDC reflections is observed while an asymmetric signal appears at a
lower angle with respect to the peak in correspondence to the YSZ, suggesting the
formation of a solid solution between GDC and YSZ. Above 1200 °C in air (inset in Figure
5.3 ¢), it is observed that YSZ and GDC are not completely mixed to form a solid solution
with unigue composition, as indicated by the presence of two reflections (c, inset) related
to two different cubic phases. These are detected at lower angles than YSZ (220)
reflection, at 1400 °C, suggesting that the stabilization effect due to Y3* (r=1.02 A in cubic
8-fold coordination)® doping is in competition with the formation of the solid solution at
the observed temperatures, hindering the diffusion of zirconium. Despite the similar ionic
radiuses of Ce** (r=0.97 A in cubic 8-fold coordination, 5% smaller than Y3*)8 and Gd3* (r=
1.05 A in cubic 8-fold coordination, 3% bigger than Y3*),%8 this effect can be explained
considering that Zr**, Y3* and Gd3* have different diffusion rates due to either differences

in cation size (Zr) and charge (Gd, Y) with respect to the hosting cation Ce**. >0
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Fig 5.4: Evolution of lattice parameters of GDC and YSZ as a function of temperature, calculated from (220)
reflections, for samples calcined in air (a) and in 5% Hy/N, (b).

Since a shift of GDC and YSZ lattice parameters is detected at high temperature in reducing
conditions, with the former observed to move towards a higher angle and the latter
towards a lower angle, the evolution of lattice parameters is investigated. A detailed
analysis of the evolution with temperature of lattice parameters, calculated from the XRD
(220) reflections, is reported in figure 5.4. This shows that in reducing atmosphere (Figure

5.4 b) the diffusion processes are activated above 800 °C and their evolution is slower
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compared to that in air (Figure 5.4 a), where the diffusion is observed above 900 °C. From
the calculation of lattice parameters (Figure 5.4 b) it can be noticed that above 800 °C GDC
lattice is shrinking, while simultaneously YSZ lattice is expanding. This suggests that a
migration of Ce3* (r= 1.14 A in cubic 8-fold coordination) from GDC to YSZ is occurring,
accordingly with literature results. The difference in the rates of the two diffusion
processes can be explained considering the different mechanisms involved in the process.
Beside the differences in the ionic radius and valence of the cations, grain boundaries can
also play a determining role. In air, Zr** (r= 0.84 A in cubic 8-fold coordination)ss diffusion
into GDC is favored, having Ce** a larger radius (r= 0.97 A in cubic 8-fold coordination
which is 15% larger)ss and the same valence. On the contrary, in reducing conditions the
migration of Ce3* (r= 1.14 A in cubic 8-fold coordination) from the GDC lattice is favored
by the presence of a high amount of Ce3* and Gd3* (r= 1.05 A in cubic 8-fold coordination).
However, Ce3* and Gd3* diffusion in YSZ lattice occurs at a slower rate, since it is hindered
by both the larger ionic radiuses and the different valence, which have been reported

before to give solute drag diffusion effects at the grain boundaries. s-63

5.3.3TEM

Fig 5.5: TEM images of as-synthesized GDC nanoparticles (a) and relative Fourier transform (b), hybrid
Gdo.2Cen.301.9/Yo.16Zr0.8401.92 cOmposite after calcination in air at 800 °C (c) and relative Fourier transform (d).
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Figure 5.5 shows the TEM analysis of the as-synthesized GDC nanoparticles with an
average diameter below 10 nm. Fourier transform allows measuring the characteristic
(111) lattice spacing of 3.1 A (b). In presence of YSZ matrix calcined at 800 °C in air (Figure
5.5 c¢) sharp grain boundaries are observed, but it is still possible to distinguish round-
shaped GDC particles. Their (111) spacing can still be identified from Fourier transform
(d), together with YSZ (111) that has a lattice spacing of 2.9 A. The values obtained for
GDC and YSZ lattice spacing are consistent with the values obtained from the XRD
characterization. The evolution of microstructure as function of temperature and
calcination atmosphere can be observed by SEM. This technique can provide
complementary information about the interaction between the GDC nanoparticles and

the YSZ matrix.
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5.3.4 SEM
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Fig 5.6: Scanning electronic micrographs of the samples: as-synthesized (a) and calcined in air and 5% H,/N, at
800 (b), 900 (c) 1000 (d), 1100 (e) and 1200 °C (f).

85



Chapter 5: Gdo2Ceo.501.9/Y0.16Zr0.8201.92 Nanocomposite thin films for low temperature ionic conductivity

Figure 5.6 shows SEM pictures of the microstructure of the samples investigated at
different temperatures in air and in 5% H/N,. In the as-synthesized sample (a), small
clusters of GDC nanoparticles are immersed in the YSZ matrix and individual particles of
each phase could not be detected. As also discussed in figure 5.3 ¢, d, X-ray diffraction
does not show any shift in the crystal structures for the samples calcined in air and in 5%
H2/N2 at 800 °C. This is also confirmed by the SEM observations, where at 800 °C the
nanoparticle clusters and the surrounding matrix features can still be recognized,
consistently with what is reported in the TEM analysis of the sample calcined in air at 800
°C (Figure 5.5 b).

A significant change is recorded in both air and reducing atmosphere at 1000 °C (Figure
5.6 d). In agreement with what is observed with XRD, a unique microstructure is detected
for samples treated in air, where it is not possible to distinguish the features of GDC
nanoparticles. In the samples treated in reducing conditions small crystallites with
sharpened grain boundaries are formed, but different features belonging to the two
starting materials can still be recognized. The microstructure evolution of the
nanocomposites at 1200 °Cin figure 5.6 f shows a growth in the crystal grains for both the
samples treated in air and in 5% H,/N,. The grain dimension of the samples treated in air
is in the hundreds of nm range, indicating that a remarkable grain growth occurred
because of the thermo-chemical treatment. This is not observed in the case of the samples
treated in reducing environment, in which numerous crystallites smaller than 100 nm are
detected. This effect can be attributed to the high amount of Ce3* present in reducing
conditions above 1000 °C, suppressing zirconia grain boundary migration.

As a summary of such results it is possible to conclude that, despite being activated at a
lower temperature by the low oxygen activity (1028 atm< p0. <1012 atm between 500 and
1400 °C), the diffusion of Ce3* towards YSZ in reducing environment is severely hindered
by the presence of numerous grain boundaries and their structural and chemical

properties.
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5.3.5 XPS
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Fig 5.7: Ce 3d photoemission peaks of GDC nanoparticles as-collected (a) and treated at 900 °C in 5%H,/N, (b) and of hybrid
GDC/YSZ powders from samples calcined at 900 °C in air (c) and in 5% H,/N, (d).

To clarify the effect of chemical composition on the materials thermochemical evolution,
XPS of Ce 3d is carried out. Being aware that the valence state of cerium can be severely
affected by the measurement conditions, the analysis of every sample should be carried
out separately and the acquisition time should be limited to prevent the cerium reduction
artefact.®

Figure 5.7 shows the spectrum of cerium with several contributions for each of the 3/2
and 5/2 components. These are marked with u and v respectively, according to Burroughs’
notation,® and are due to electron correlation phenomena which affect the final state

7 777 77

occupation of Ce 4f level.®® This results in six peaks in the case of CeO; (v, v”, v, u, u”,
u’”’) and four peaks for Ce,0s3 (vo, V/, ug, u’). The two oxidation states have distinct features,
so Ce;03 and CeO; pure oxides spectra can be used as references for the interpretation of
a mixed valence oxide spectrum. However, when both Ce3* and Ce*" are present, the
interpretation of the photoemission spectrum can be complicated by the simultaneous
presence of ten peaks. Moreover, a simple linear combination of the pure CeO; and Ce;03

spectra taken as references can’t describe the spectrum accurately, since the ratio

between the relative intensities of the peaks is suggested not to change linearly with the
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degree of reduction.®”%8 After Shirley’s background subtraction, peaks are fitted and the
weight of the single oxidation state can be defined as the sum of peaks areas relative to

that oxidation state:

Ce3t =vy+v +ug+u (2)

Ce** =v+v"+v" +u+u"+u"  (3)

The concentration of Ce®* can be obtained by the ratio:7-6°

Cedt = S _
% Ce3t+Ccert

x 100 (4)

The amount of Ce3* obtained for samples calcined at 900 °C in air (c) and 5% H2/N> (d) is
30% and 34%, respectively. Similar amounts of Ce3* has been observed previously by
Mullins. 8

No Ce3* signals are observed for the as-collected GDC nanoparticles, showing that only
Ce*" is present on the surface of the nanoparticles. For a comparison, the spectrum of the
bare GDC nanoparticles treated at 900 °C in 5% H3/N> (keeping the gas flow during both
the heating and the cooling phase and then exposed to air at room temperature) is
reported in figure 5.7 b. No significant modification is observed, suggesting that GDC
nanoparticles undergo a fast re-oxidation process. Room-temperature surface oxidation
of Ce3* to Ce** has been observed previously.”

This shows that the presence of the YSZ matrix has an influence on the surface of GDC
nanoparticles, suggesting a possible interaction between cerium atoms on the surface and
the zirconium precursor occurring during the calcination treatment. Possible reaction
paths are suggested: 1) The Zr-containing matrix in which the GDC nanoparticles are
completely immersed (as observed from SEM in figure 5.6) hinders the interaction of GDC
with the surrounding atmosphere during calcination; 2) GDC nanoparticles can take part
in the oxidation of the organic framework, losing a part of their oxygen. Cerium oxide is a
well-known catalyst for oxidation and is capable of releasing oxygen in a reducing

environment and at high temperatures;’* 3) Once the YSZ matrix is formed around the

88



Chapter 5: Gdo2Ceo.501.9/Y0.16Zr0.8201.92 Nanocomposite thin films for low temperature ionic conductivity

GDC nanoparticles, Ce3* originated at the interface is stabilized by the interaction with the
doped zirconium oxide.

It is worth noticing that beside the surface interaction between GDC nanoparticles and
YSZ matrix, no significant changes in the GDC crystal structures are detected from XRD in
air below 1000 °C, whereas in the samples treated in reducing atmosphere a contraction
in the lattice parameter of GDC is detected at lower temperatures (800 — 1200 °C). This
effect suggests that for samples treated in air, the presence of Ce3* is limited to the
interface with YSZ matrix, being on the contrary present in higher amount in samples
undergoing a reducing treatment. The formation of Ce3* at the interface between GDC

and YSZ has been observed before in samples prepared by PLD.”?

5.3.6 Rheology
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Fig 5.8: Particle size dispersion of the starting GDC solution and the synthesized sol-gel ink (a); shear stress as
a function of the shear rate and viscosity as a function of the shear rate (inset) of the sol-gel ink (b).

After the characterization of the interaction between YSZ/GDC and of the diffusion
mechanisms occurring in nanocomposite, the properties of the resulting ink are
investigated. In order to avoid the nozzle’s clogging when printing, the particles size
should not exceed a recommended threshold value, which is 10% the nozzles diameter
(~2 um in this case), moreover after adding the nanoparticles solution in the ink
formulation, the formation of larger aggregates should be prevented.

Figure 5.8 a shows the results of the particle size dispersion determined for the starting

GDC solution and the resulting ink. The particles size has a range between 85 and 150 nm,
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with a sharp peak 115 nm, indicating a uniform dispersion of the particles below 2% nozzle
diameter (<400 nm, in this case), which represents the optimal recommendation for ink-
jet printing. A slight increase in the particles dimension is observed in the sol-gel ink,
having a size distribution between 95 and 200 nm with a 135 nm peak, but still included
into the optimal region. The size of the aggregates is consistent with what is observed
from SEM characterization in figure 5.6 a.

Figure 5.8 b shows the determined viscosity of the ink, which is 15.4 mPa-s and, since the
shear stress is increasing linearly with the shear rate, the liquid displays a Newtonian

behavior, for which a higher precision in printing is expected.

n (y=100s") c p yA
(mPa-s) (mN-m) (g-cm?3)
YSZ sol-gel ink 14.9 29.5 1.01 1.64
Hybrid GDC/YSZ ink 15.4 29.5 1.01 1.59

Table 5.1: Viscosity, surface tension, density and resulting printability number for the YSZ sol-gel ink (taken from
41) and the GDC/YSZ hybrid ink.

The viscosity, surface tension and density of the ink are characterized and compared with
the values observed in the case of pure YSZ sol-gel ink. Table 5.1 shows the obtained
values: it can be noticed that the addition of GDC nanoparticles is affecting mainly the
viscosity of the ink, which increases.

The calculated Z value for the GDC/YSZ ink is 1.59, which is still within the printability

range.*
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5.3.7 Film characterization
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Fig 5.9: grazing incidence (®= 0.5 °) X-ray diffraction pattern of the GDC/YSZ thin film printed on single crystal
sapphire substrate, after 6h calcination at 750 °C in air.

CROSS SECTION VIEW

CGO/YSZ

S| B 200 nm

Fig 5.10: SEM images of the thin film printed on sapphire (0001) substrate and calcined at 750 °C in air for 6 hours:
top-view pictures showing the dispersed nanoparticles in the matrix forming clusters (a), detail on a cluster of
nanoparticles (b), top-view detail on a fracture showing the particles into the YSZ matrix (c); cross section of cold-
fractured sample after testing (d).
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After printing and calcining the deposited material, the crystal structure of the printed
thin film is determined by grazing incidence XRD, and is displayed in figure 5.9: the main
reflections of GDC and YSZ can be observed and no secondary phases are detected.

Figure. 5.10 shows SEM observations of the thin film produced by inkjet printing in a single
layer deposition on a single crystal (0001) sapphire substrate. The microscopy (Figure 5.10
a) shows a continuous matrix made of YSZ in which a high amount of GDC nanoparticles
are dispersed in the form of clusters (shown in detail in figure. 5.10 b). As also observed
in the powder-samples (Figure 5.6), also in the thin film the particles are embedded within
the YSZ matrix which is surrounding them completely, as can be observed in figure 5.10 c.
The cross section of the sample (Figure 5.10 d) shows a continuous uniform layer with a

thickness below 100 nm.
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Fig 5.11: Arrhenius plot of in plane conductivity measured on the GDC/YSZ thin film produced by inkjet printing
(a), references value for YSZ thin film produced by sol-gel inkjet printing?! and bulk YSZ73 and GDC® are reported

for a comparison. Total conductivity in function of oxygen partial pressure, measured at 600 and 650 °C in air,
nitrogen and 5% H,/N; (b); Bode (c) and Nyquist (d) plots for the measurement at 600 °C in air

Focusing on the electrochemical properties, figure 5.11 summarizes the results of the

conductivity measurements. The Nyquist plot (d) shows a characteristic single semi-arc in
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which the grain boundary is the dominating contribution, and this is modelled with a
single R//C Voigt element. This result clearly indicates the activation of ionic conduction
with both the activation of ohmic and capacitive effects. The Bode plot of the same data
is also included (figure 5.11 c). The overall characterization indicates an ohmic resistance
that is measured at the relaxation frequency of 10 Hz, obtaining a value of 5.6 MQ, and
the apex frequency for the capacitive effect at 2 kHz at 600 °C. The resistance values
obtained at different temperatures in air are normalized by the geometrical factors and
the total conductivity of the sample is plotted as Arrhenius plot in figure 5.11 a. The
Arrhenius plot of the conductivity of GDC/YSZ thin film measured in air includes reference
values for bulk YSZ 73 and bulk GDC,’ conductivity values measured for the YSZ thin film
produced with sol-gel reactive ink #* are also included. The conductivity values observed
at low temperatures show a beneficial effect of GDC presence in the composite, leading
to a conductivity higher than that of the bulk and thin-film YSZ below 600 °C. This can be
explained considering the unusual low activation energy obtained (0.55 eV) for the ionic
conduction, which suggests the presence of fast contributions likely coming from the grain
boundaries and interfaces of the composite.”* Moreover, these effects highlight the role
of GDC and YSZ interface, as what was observed for samples characterized by an inner
contact between the two materials where a high oxide ion mobility occurred.” A possible
reason for that is the presence of Ce3" observed at the interface between the
nanoparticles and the matrix, which should be compensated by a higher amount of
oxygen vacancies,’? but the presence of a lattice strain near the interfaces cannot be
excluded. A constant capacitance of ca 15 pF is obtained from the fitting of the semicircles,
suggesting that the conductivity process is due mainly to the bulk of the grains and may
be enhanced by the interface.”®

The total conductivity is measured at different oxygen partial pressures, (figure 5.11 b), in
order to exclude possible electronic conduction contributions coming from GDC. Ceria
based electrolytes typically display an abrupt enhancement of conductivity in reducing
environments, which is associated with the partial reduction of cerium oxide at low
oxygen activities (p0O2 <102 atm) and the onset of electronic conductivity. This behavior

is well known in ceria-based materials and is due to the formation of Ce**/Ce3* couple
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responsible for electronic conduction, which is promoted in presence of a high amount of
dopants.”’

From the total conductivity measurements (figure 5.11 b), it can be noticed that the total
conductivity of the material is not significantly changed in reducing environment. This
suggests that the uniform dispersion of GDC nanoparticles does not produce a path of
percolation for the electronic conduction, ensuring constant electrolyte performances

over a wide range of pO,.

5.3.9 Printing on NiO/YSZ substrate

The results obtained from the EIS characterization of the GDC/YSZ thin film drove the
investigation towards the use of a traditional NiO/YSZ anode. This substrate is produced
in house at DTU by tape-casting and allows testing cells with a large area. The deposition
of the ink is realized after the thermal processing (debindering and sintering, at 1400 °C)

and polishing of the anode, to reduce the impact of surface roughness on the film.

Fig 5.12: SEM images of the layer printed on polished NiO/YSZ substrate at high (a) and low magnification (b)

Figure 5.12 shows the surface of the printed layer, which is characterized by the presence
of many cracks of different dimensions that don’t allow using the substrate for a cell.
These have been observed for different printings and thermal processing conditions. The
small ones (length: ~1 um) are probably due to the porosity of the substrate, which could
result in non-uniform thickness of the printed layer due to capillarity effects, while the
large ones (length: 10-100 um) seem to be related to the shrinkage of the film occurring
during the removal of the organics. Further efforts to produce a crack-free substrate and

test a complete cell are still in progress.
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5.4 Conclusion

In this chapter a novel Gdo.2Ceo.801.9/Y0.16Zr0.8401.92 nanocomposite has been produced as
an ink-jet printable thin-film. This is achieved by a hybrid chemical method including the
dispersion of GDC nanoparticles into a YSZ sol-gel reactive matrix. This approach allows
obtaining a composite material suitable for low-temperature processing and GDC
nanoparticles show a beneficial effect on the formation of crystalline YSZ, which is already
detected at 400 °C.

The resulting material does not show presence of interdiffusion phenomena below 900
°C, where the onset of diffusion in reducing environment is detected. The diffusion
mechanism is deeply influenced by the thermochemical environment: in air, a sudden
disappearance of GDC (probably due to fast diffusion of Zr) is observed at 1000 °C; in
reducing conditions the diffusion is sluggish and associated with a migration of Ce3* from
GDC to YSZ, resulting hindered by both the large dimension of the cation and the large
amount of grain boundaries present in the material.

The formation of a small amount Ce3* at the interface between GDC and YSZ is observed
by XPS and seems to be independent from the calcination atmosphere. Compared to
reduced bare nanoparticles, which rapidly reoxidize when exposed to air at room
temperature, the nanocomposite shows a stabilizing effect of the YSZ matrix on Ce3*.
The particle size dispersion of GDC is analyzed, showing a thin dispersion range centered
around 100 nm, which becomes slightly large in the GDC/YSZ hybrid ink. In both cases the
size of the particles is within the optimal range for printing. Compared to the case of pure
YSZ sol-gel ink, the incorporation of GDC nanoparticles is slightly modifying the printing
parameter Z, being still within the range of printability defined by Derby.

The electrochemical performance of the hybrid electrolyte displays a synergic coupling
effect of the YSZ matrix thermochemical resistance with an elevated ionic conductivity
enhanced by the presence of non-percolating GDC nanoparticles, obtaining 0.005 S-cm™
at 600 °C. This is reflected by the stable conductivity properties at different oxygen partial
pressures.

When the layers are printed on a traditional NiO/YSZ anode substrate, the formation of

cracks occurs.
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Chapter 6

Improving the performances of SrCoOss
membranes for oxygen separation
through Fe, Nb-doping induced phase
stabilization

AN INVESTIGATION ON THE DOPING STRATEGY TO ENHANCE THE STABILITY OF THE STATE OF THE
ART STRONTIUM COBALTATE MATERIAL TO BE APPLIED AS OXYGEN PERMEATION MEMBRANE

In this chapter a doping strategy for the stabilization of the cubic phase of SrCoOs.s is
investigated, in order to obtain materials to test for oxygen permeability. The cubic phase
of SrCo0Qs.5 displays one of the highest oxygen permeation fluxes observed so far in
literature, but is not stable over a wide range of temperature therefore should be
stabilized by the insertion of dopants in the lattice.

After evaluating the effect of several donor dopants on the crystal structure, iron
substitution is investigated: SrCoo.9sNbo.0sOs-s (SCN), SrCoo.ssFeo.1Nbo.osOs.s (SCNF1),
SrCoo.75Fe0.2Nbo.0sO3-5s (SCNF2) and SrCooesFeosNboosOss (SCNF3) are synthesized.
Niobium provides a charge balancing contribution decreasing the amount of oxygen
vacancies, iron can enhance the stability because undergoes more easily charge
compensation phenomena, moreover has a lower basicity than cobalt and enhances the
tolerance to CO,. The samples are characterized in their oxygen nonstoiochiometry and
mobility properties at room temperature and as a function of temperature in both air and
nitrogen atmosphere.

Dense pellets are sintered and their total conductivity and surface composition as a
function of iron doping is investigated. Finally their oxygen permeation capability is tested
and the most stable sample is tested using CO, as sweep gas, simulating the atmosphere

of oxyfuel plants.



Chapter 6: Improving the performances of SrCoOs;.s membranes for oxygen separation through Fe, Nb-
doping induced phase stabilization

Besides being a technologically relevant field, oxygen permeability provides a good
screening of materials with mixed ionic and electronic conductivity (MIEC), which might
be used as cathodes in solid oxide reversible cells. In fact, both ionic and electronic
conductivities are required to have oxygen permeation, as a flow of electrons is balancing
the flow of oxygen ions in the opposite direction.

The resulting permeation fluxes are proportional to the mixed conductivity of the
materials and provide a good technique for estimating the ambipolar conductivity, which

generally in MIECs is well approximated with ionic conductivity.
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6.1 Introduction

The constantly increasing demand for energy requires to pursue smart strategies in order
to reduce CO, emissions and counter the climate change.! Despite the huge efforts for
achieving large scale production from renewable sources, fossil power plants still
represent a major source of energy and anthropogenic CO; production, highlighting the
importance of sequestering CO; before it is released in atmosphere. This can be done, for
example, by Carbon Capture and Utilization (CCU) or Carbon capture and storage (CCS)
technologies, which provide a strategy for tackling the growing emissions responsible for
dangerous environmental threatening, that are not just limited to global warming.

A possible method for CCS is represented by oxy-fuel combustion, which consists of
feeding a gas stream of oxygen instead of air in the combustion process, avoiding the
formation of nitrogen oxides. The result is a COz-enriched flue gas (up to 90-95 % of CO;
content) which can be compressed and stored.>® The challenge in this strategy is
represented by the fact that large scale oxygen production is still achieved by cryogenic
separation technology which has an elevate energy demand, especially when is
considered in relation to small and medium plants. This energy demand could be
significantly lowered considering the use of ceramic oxygen transport membranes
(OTMs), which could be integrated in the combustion plant without the need for a
separate heating stage.*®

A typical OTM is consisting of a dense and gastight ceramic which has mixed ionic and
electronic conduction (MIEC) allowing the transport of oxygen ions through the vacancies
in the crystal lattice and a flow of electrons in the opposite direction. This is achieved with
a driving force represented by the oxygen chemical potential gradient through the
membrane, which is due to the different oxygen atmospheres at the sides of the
membrane. In the case of fast surface exchange, the oxygen flux through the permeation

membrane is described by Wagner’s equation:

feed
_ _RT Po, OelTion
]02 T 16F2L fpgzrmeate Oel+Cion (poz)dlnpoz (1)
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where Jo, is the oxygen permeation flux (mol-m2-s1); R and F are the gas and Faraday’s

constants, respectively; L is the membrane thickness; o,; and o;,,are the electronic and

the ionic conductivities, respectively; and p(’;:e‘i and pg:rmeate are the oxygen partial

pressures at the high pressure side and at the low pressure side, respectively.®

It is evident from equation (1) that the permeation flux can be significantly enhanced
when the thickness of the membrane is reduced’ and that, once a certain thickness is
fixed, the mixed ionic and electronic conductivity of the material can play an important
role in defining the O,-permeation performances.

For this reason, a great attention has been devoted to the research of mixed ionic and
electronic materials and perovskites have been considered promising since 1980.%
Perovskites are a family of compounds represented by the formula ABOs, in which A
represents a large 12-fold coordinated cation (typically an alkaline, alkaline earth or rare-
earth element), B a smaller 6-fold coordinated cation (typically an element belonging to
the transition metals). In the case of oxygen permeation, oxygen vacancies are the sites
forionic transport and thus the defective ABOs.s are considered, but the anionic site could
be occupied by P, N, or halides.”® What makes perovskites extremely appealing and
interesting for many application fields is the possibility of tailoring their properties with
doping, since most of the periodic table’s elements are suitable for insertion in a
perovskite cell and the crystal structure has an elevate tolerance to the presence of
defects and nonstoichiometry.'® The perovskite archetype is represented by SrTiOs; and
has a perfect cubic structure. When other ions are introduced or replaced in the lattice,
they can cause a distortion of the cubic structure which extent can be calculated by

Goldschimdt’s tolerance factor:!!

_ (ratro)
"~ V2(rp+70) (2)

where 14, 5 and 1, represent the ionic radiuses of A-cation, B-cation and oxygen ion,
respectively.

A cubic structure has been reported for perovskites having 0.9<t<1 values, for values
below 0.9 a distorted structure (orthorhombic, rhombohedral or tetragonal) is observed

and hexagonal structure is associated to values above 1. The importance of Goldschimdt’s
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tolerance factor should not be underestimated: in fact, even though it represents a rule
of thumb for determining the lattice distortion based on geometrical parameters, it has
been outlined a strict correlation between crystal structure and conductivity properties.
The highest ionic conduction is observed for cubic structures, where an isotropic motion
of lattice vacancies is possible and it has been that observed that in a cubic lattice an
improvement of the superposition of orbitals due to the 180° B-O-B angle is, resulting in
a higher electronic conduction compared to structures with tilted angles.?
Beside geometry, in perovskites another constraint exists and is due to the charge
balancing between the cations in the A and B sites. This can be achieved through the
following combinations: A®3B*3)03;, A2BH*03; or A#UB*)03 between A and B-site
cations valence. In rare cases the tolerance to defects can reach extreme values, with
ReOs; being reported as having a perovskitic structure with 100% A-site defects.'3 As a
result of doping and charge compensation, when the total valence of cations is below +6
it is compensated with the creation of oxygen defects, which are responsible for ionic
conduction; on the contrary when it is above +6 the oxygen excess can be stored in the
material. The latter case is well known in LaMnOs.;s -based compounds and exploited for
oxygen storage capacity (OSC) purposes. Considering the former case, the tolerance to
nonstoichiometry of oxygen has a threshold value, which in the case of oxygen defects is
an oxygen coefficient of 2.5: below this value oxygen defects rearrange in an ordered
structure which is freezing vacancies motion, consequently hindering ionic conduction.
This stoichiometry is typically associated with the orthorhombic brownmillerite or
hexagonal structure.

After finding high permeation fluxes in the LaFeO3-LaCo0s3-SrCo03-SrFeOs family, Teraoka
et al** encouraged the investigation of perovskite-based compounds towards this group
of compounds, for which an increase in oxygen permeation has been observed with
increasing Co and Sr content. The increase in oxygen permeability is coupled with a
decrease in stability: due to the high amount of defects, undoped SrCoQs.;5 is reported to
have hexagonal or brownmillerite structure (depending on synthesis condition)*® and
undergoes a phase transition to cubic perovskite at high temperature. Beside the lower
performances of brownmillerite and hexagonal phase, it’s worth to remark that a phase

transition can induce mechanical stresses since it is usually characterized by an abrupt
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change in volume. This can cause the mechanical failure of the membrane due to
excessive stresses. For this reason, the stabilization of a unique crystal phase over a wide
range of temperatures is preferred and many efforts have been devoted at finding a
doping strategy allowing to stabilize the cubic structure of SrCoQOs.s at room temperature.
Among the most consolidated techniques there is the use of iron as dopant, obtaining
SrCoo.sFeo.203.5, or the substitution of strontium for barium that has been reported as an
effective strategy for enhancing the stability of SrCoOs.5. After Shao first reported on
BaosSrosCoosFeo 2035 (BSCF),*® many efforts have been devoted to investigate the
properties of BSCF as cathode or OTM, with Baumann reporting the highest O»-
permeation flux (12.2 ml-min~-cm at 1000 °C, under air/argon) so far.” However, barium
has a lower tolerance to CO; than strontium and a decrease in electronic conductivity is
generally reported as barium content increases. '’ Iron doping is not effective below a
certain amount, since the formation of brownmillerite phase occurs. 18

Another strategy for enhancing the stability of SC phase consists in using aliovalent doping
through a fixed valency donor element: this can reduce the nonstoichiometry and stabilize
the disordered vacancy phase over a wide range of temperatures. Nagai et al investigated
the use of several dopants on SrCoopsMo.1 Os-5 and highlighted the beneficial effect of La,
Ti, Cr and Nb in stabilizing the cubic phase of the perovskite and the resulting
improvement of the oxygen permeation.'® On the other hand, it has been observed that
oxygen permeation flux decreases as the dopant amount increases.'® To preserve the best
activity of SrCo Os.5, the dopant should be used in the minimum amount necessary to

stabilize the crystal structure.

In this chapter different doping strategies are investigated in order to stabilize the cubic
phase of SrCo0s.s: starting from fixed valency elements (Zr, Nb, Mo) the best candidate is
identified and then the effect of iron on the structural stability, conductivity and oxygen
mobility properties is studied. The resulting SrCo0.95Nb0.0503-5 (SCN), SrCoo.ssFeo.1Nbg.0503-
5 (SCNF1), SrCoo.75Fe0.2Nb0.0503-5 (SCNF2) and SrCoo.e5Feo.3Nbo.0sOs3-5 (SCNF3) perovskites
are investigated as possible oxygen permeation membranes. The samples are prepared
by means of citrate route and characterized by means of X-ray diffraction (XRD),

iodometric titration (IT), thermogravimetric analysis (TGA), X-ray photoelectron
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spectroscopy (XPS) and thermal programmed desorption of oxygen (O.-TPD). Dense
pellets are sintered to measure the conductivity of the samples with 4-probes van der
Pauw technique and finally oxygen permeation is tested at different temperatures. The
more performing sample is tested in oxyfuel conditions. The microstructure of the
membranes has been investigated before and after the test, in order to determine the

influence of sintering and operative conditions on the final permeation performances.
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6.2 Experimental
6.2.1 Samples synthesis

SrCo035 (SC), SrCo0.95Zr0.0503-5 (SCZ), SrCo0.95Nbo.0503-5 (SCN) SrC00.95M00.0s03-5 (SCM),
SrCoo.85Fe0.1Nb0.0s03-5 (SCNF1), SrCoo.75Fe0.2Nbo.0sO3-5 (SCNF2), SrCoo.65Feo.3Nbo.osO3-5
(SCNF3) powders were synthesized by means of citrate route followed by combustion,
using Sr(NOs), (ACS reagent, >99%, Sigma Aldrich), Co(NOs)2:6H,0 (ACS reagent, >98%,
Sigma Aldrich), ZrO, (99%, Sigma Aldrich), Nb,Os (325 mesh, 99.9%, Sigma Aldrich),
(NH4)2Mo004 (99.98, Aldrich) and Fe (metal chips, 99.98%, Aldrich) as precursors. These
were dissolved separately in deionized water or nitric acid (puriss p.a. >65%, Sigma
Aldrich) and then mixed. A controlled amount of nitric acid (10 ml per gram of final
perovskite product) was added to solution in order to obtain an homogeneous
combustion. Citric acid monohydrate (ACS reagent, >99%, Sigma Aldrich) was then added
in the ratio 1.9 with respect to the total amount of cations and the pH was adjusted with
ammonium hydroxide (ACS reagent, 28-30% NHjs basis, Sigma Aldrich) until a value of 7
was reached, monitoring it with a calibrated pH-meter. The obtained solution was heated
at 90°C to remove water and the pH was monitored and kept at a constant value of 7
through the addition of ammonia, until a dense gel was formed. The gel was then dried at
200°C, which induced the release of gases forming a sponge-like structure that was finally
burnt at 400°C in order to remove the organic framework. The resulting powder was finely
ground in an agate mortar and then calcined at 1000°C for 6 hours, followed by grinding
and a second thermal treatment at 1200°C for 12 hours in order to obtain the desired

perovskitic structure.

6.2.2 Samples characterization

The crystal structure of the synthesized samples was determined by X-ray diffraction using
a Bruker D8 with Cu Ko radiation (A = 1.5418 A), collecting diffraction patterns at room
temperature in a Bragg-Brentano geometry over a 20 range of 20-80°, with a step size of
0.015° and 1s step time.

The oxygen nonstoichiometry (0) and average oxidation state of B-site cations at room

temperature was determined by iodometric titration. In brief, 50 mg of powder were
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dissolved in a 6mol L'* HCl solution in presence of excess Kl (ACS grade, Millipore Sigma),
the procedure was performed under nitrogen atmosphere to prevent the oxidation of I
ions (from KI) by atmospheric air. This was followed by titration with a standard
thiosulfate solution (S;03%, 0.01 N, Titolchimica). A few droplets of homemade starch
solution were added in proximity of equivalence point. Each measurement was performed
four times and averaged to obtain the resulting nonstoichiometry. The evolution of
oxygen nonstoichiometry with temperature was investigated with thermogravimetrical
analysis performed with a SDT 2960 TGA/DTA (TA instruments). Ramps of 10 °C/min
under air or nitrogen flow were used. The resulting nonstoichiometry was determined

with the following equation:

5= MM xmo—(MM—15.9994X5¢)xm
- 15.9994xm,

(3)

where mp and m are the original weight and the weight at a certain temperature, MM is
the molar mass of the sample (expressed as SrCoo.gs-xFexNbosO3) and & is the oxygen
nonstoichiometry determined at room temperature. From the same expression it is
possible to determine the average valence of B-site cations.

O,-Temperature programmed desorption was performed with a Autochem 2920 Il
equipped with TCD detector and associated with an ESS Evolution mass spectrometer in
order to analyze the composition of the gases coming to the detector. 100 mg of sample
were placed in a quartz U-tube by means of a small piece of quartz wool, to ensure
homogeneous diffusion of gas through the sample. The experimental procedure consists
of three phases: a 2h cleaning step in He flow (flow 50 sccm) at 450°C, followed by cooling
and then a temperature ramp (10°C/min) in pure oxygen (flow 50 sccm) to 900°C with a
2h dwell. The sample is cooled in pure O, and then desorption phase is run using He (flow
50 sccm) as sweep gas up to 1000°C (ramp 10°C/min).

X-ray photoelectron spectroscopy was carried out with a Perkin Elmer ®5600ci Multi
Technigue System. Calibration of the spectrometer was made assuming the binding
energy (BE) of the Au 4f7> to be 84.0 eV with respect to the Fermi level.?? An Al Ka
standard source working at 250 W was used to collect both extended (survey - 187.85 eV
pass energy, 0.5 eV-step™, 0.05 s-step™) and detailed spectra (multiplex - 23.5 eV pass
energy, 0.1 eV-step™, 0.1 s-step™?, for Co 2p, Fe 2p, Nb 3d, Sr 3d, O 1s, C 1s). The standard
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deviation in the BE values of the XPS lines is 0.10 eV. The peak positions were corrected
for charging effects by considering the C 1s peak at 285.0 eV and evaluating the BE
differences.?%?? Finally, the atomic percentage was evaluated after a Shirley-type
background subtraction and PHI sensitivity factor were used.?

In order to measure electrical conductivity and oxygen permeation, dense pellets were
prepared by uniaxial pressing followed by isostatic pressing (p=65 tons, t=30 s) and
sintering at 1250°C for 12 hours. For electrical conductivity, four small dots of platinum
paint (SPI supplies) were applied at the corners of the resulting pellets (16mm diameter,
2mm thickness, >90% density) and dried (1 hour at 1000 °C, using 1°C/min heating and
cooling ramps) to ensure good electrical contact. A Keithley 2400 SourceMeter was used
for DC-electrical conductivity measurements performed in air (flow 50 sccm) between
room temperature and 950°C at a 25°C interval, using a 1°C/min heating ramp.

Scanning electron microscopy was performed on both the as synthesized and tested

membranes, using a Zeiss Supra 40VP, with 20kV acceleration voltage.

6.2.3 Oxygen permeation test

Oxygen permeation measurements were conducted in an oxygen membrane rig built at
DTU Risg, previously described by Samson and Pirou.?*#?> The membrane was placed
between two alumina tubes which seal the membrane from the top and the bottom, and
the gases were introduced into the test house with thinner alumina tubes placed inside
the tubes described above, reaching the sample proximity.

The membrane and the tubes were placed in the middle of a height-adjustable tubular
furnace. In order to ensure sealing from the external atmosphere, two rings of tape cast
sodium aluminum silicate (NAS, Na;O 17.8%, Al,03 9.4%, SiO, 72.8%) 2¢ with an inner
diameter of 9 mm and a 515°C glass transition temperature were placed between the
membrane and the alumina tube. A NAS paste was used to coat the side walls and ensure
that no oxygen was entering the sweep gas compartment from the outside, so that oxygen
was only coming from the permeation membrane. The sealing was realized after heating
up the membrane in air up to 850°C followed by cooling at 750°C. Prior testing, the total
gas outlet flow was checked in both the sides of the membrane, to exclude the presence

of leaks.
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During the test air with a flow of 300 mIymin* was fed to the feed side, while various flows
of N, or CO; ranging from 50 to 250 mlymin™ were fed to the permeate side. The inlet
flow of gasses was determined by mass flow controllers (Brooks) while the outlet gas was
determined by a mass flow meter (Bronkhorst). In house built zirconia-based pO; sensors
were used to determine the pO; of the inlet (before feeding the membrane) and outlet
gas (after sweeping the membrane).

The oxygen permeation was quantified by the difference between the pO; at the inlet and

the outlet, as given by:

out Lout_ . in min
] __DPoypermeate™ Do,permeate’™ (4)
0, — A

where J,, is the oxygen permeation flux, pg%scrmeate aNd DG.permeate are the oxygen

out and ni" are the

partial pressures of the outlet and the inlet gases, respectively, n
molar flow rates of inlet and outlet gases, respectively, and A is the area of the
permeate side of the membrane.

The oxygen partial pressure at the two sides is determined by the voltage measured by

the sensors and converted through the Nernst equation:

_ BT PO
4F Po, ref

v (5)

Where V is the open circuit voltage of the sensor, R, T and F are the gas constant,
absolute temperature and Faraday constant, respectively and p,, and pg, s are the
measured pressure and the oxygen partial pressure at the reference electrode (0.21

atm), respectively.
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6.3 Results and discussion

6.3.1 Phase Stabilization

SC

30 40 50 60
260 (°)

Fig 6.1: XRD patterns of undoped SrCoOs.s and molybdenum, zirconium and niobium doped samples. +:
SrMoQy; *SrZrOs; °: cubic SrCoo.95Mo.0503-5 (M=Zr, Nb). All samples were calcined 12h at 1200°C.

Estimated O
Sample Detected phase . t-factor
coefficient
SC (no Co*) 2.5 0.9991
SC (10% Co*) Hex 2.55 1.003
SC (100% Co™) 3 1.040
SCz P+imp. 2.525 0.9963
SCN P 2.55 0.9983
SCM H+imp 2.575 0.9986

Table 6.1: Observed crystal phase, estimated oxygen coefficient and calculated tolerance factor for undoped
SrCo03.5 (SC) and SrCoo.95Mo.0s03-5 (M=Zr, Nb, Mo). In the case of the undoped sample different Co** contents (0,
10 and 100%) were considered for calculations in order to show the effect of Co** presence on the tolerance
factor.

112



Chapter 6: Improving the performances of SrCoOs;.s membranes for oxygen separation through Fe, Nb-
doping induced phase stabilization

In order to preserve the conduction properties of SrCoQOs.5, the choice of the doping
elements should consider that the best doping effect is realized when the dopants have a
ionic radius close to the one of cobalt (Co?*: ri=0.745 A ; Co®*: ri=0.64 A; Co*": ri= 0.59 A,
all 6-fold coordinated and considered in high spin configuration in the case of Co?* and
Co3%).? It has been reported for other ionic conductors with cubic structure that the
maximum of conductivity is obtained when the host and the guest element have similar
ionic radiuses.282% For this reason, zirconium (ri=0.72 A, 6-fold coordinated), niobium
(ri=0.64 A, 6-fold coordinated) and molybdenum (ri=0.59 A, 6-fold coordinated) have been
chosen, aiming to investigating the different charge balance effects.?’

To evaluate the stabilization effect of doping on the structure of SrCoOs.5, X-ray diffraction
has been performed. Figure 6.1 shows that the undoped sample has a pure hexagonal
BaNiOs-type structure and that the choice of the dopant can tune the formation of
different crystal structures.

Surprisingly, Mo does not induce significant improvement in the stabilization of the cubic

30 35 the reflections of the

phase, conversely to what has been reported elsewhere,
hexagonal phase and weak signals belonging to SrMoQ, are detected. It is possible that
the incorporation of Mo in the lattice of SrCoOs.s may require a more severe
thermochemical treatment. On the contrary, Zr is found to be very effective in stabilizing
the desired cubic structure, but small impurities belonging to the SrZrOs insulating phase
are detected. From that it is evident that a lower amount of Zr could be sufficient to induce
the formation of the cubic SrCoQs.5, but the formation of a larger amount of SrZrOs during
high temperature operation cannot be excluded. This phenomenon is undesired due to
the poor conductivity properties of this phase.3? Yang et al did not observe the
segregation of SrZrOs up to 10% content of Zr in presence of high iron content
(SrCoo.4Fep6-xZrx03-5), however the solubility region for zirconium seems to be very
narrow.3? The use of 5% Nb doping is effective in stabilizing the cubic phase and no
impurities are detected, similar results has been observed before in the works Nagai et
al,*® Wang et al** and Usiskin et al*® in the case of 10% niobium doping.

A possible explanation of the different effect of dopants comes from the analysis of the

tolerance factors and charge compensation mechanisms for the different compounds. In

the case of undoped SrCo0s.s three different scenarios are evaluated: 1) no Co** presence;
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2) presence of a small amount of Co**; 3) cobalt content totally present as Co*". It is known
from thermodynamics that Co*' isn’t the most stable valence for cobalt at room
temperature,®®3’ therefore the third case (100% Co**) can be ruled out, nevertheless it is
interesting to notice that in that scenario the tolerance factor would be above 1 (t=1.04),
meaning an instability of the cubic phase and formation of the hexagonal phase. In the
case of cobalt present as only Co®*, it is evident that a large amount of oxygen vacancies
would be produced, meaning a rearrangement of the structure towards a more stable
brownmillerite geometry in which vacancies are ordered along a direction thus highly
limiting their mobility. Since the brownmillerite SrCoQO.s is reported to have an
orthorhombic structure,® this hypothesis is not consistent with the observed diffraction
pattern.?’” Focusing on the hypothesis of 10% Co*" presence, a value of 1.003 is found,
suggesting a slight distortion towards hexagonal phase. The calculated t-factors for the
doped SrCop.95Mo.0503-5 compounds are 0.9963, 0.9983, 0.9986 for zirconium, niobium
and molybdenum, respectively, and in all cases suggest that the formation of the cubic
phase should be favored. However, dopant solubility and insertion in the lattice play a
role in determining the final structure. Moreover, it is worth having an insight into the
charge compensation effect due to the introduction of a donor dopant in the lattice
considering the case of niobium, as no secondary phases are detected from the XRD
characterization.

Since the undoped compound has an hexagonal structure which is consistent with the
presence of Co*, this can be used as a base for the defect analysis for Nb (considered
having a fixed 5+ valence) 3° effect when replacing Co in the structure of SrCoOs.. The

possible mechanisms are:

Nb,Os + 4Col, = 2Nb(, + 2Cof, + Co,05 + 0,(g)  (6)
and
Nb,Os + 2CoX, + 2V** = 2Nbz, + 20X + C0,05 (7)

where Co;., and Cof, represent Co** and Co**, respectively, Nb>: is the positively charged
dopant and VV** is an oxygen vacancy. Reaction (6) represents a decrease in the oxidation

state of cobalt from Co** to Co* and (7) is a reduction in the number of oxygen vacancies.
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It should be noted that, despite these two mechanisms are competitive, both of them

could occur at the same time.

6.3.2 Crystal structure

a 110
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111 220 310
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l
|
Ex S TR ’ N
x=0 A ) )\ A A
T T T T T T T T T T T T T T T T T T T T
20 30 40 50 60 70 80 326 328 330 332 334
20 (°) 20 (°)

Fig 6.2: XRD patterns of SrCog.ssxFexNbo.0s0s-5 (x=0; 0.1; 0.2; 0.3) samples; (a) and detailed view of 110 reflection
(b). All samples were calcined 12h at 1200°C. *: orthorhombic Sr,Co,0s

After identifying niobium as promising candidate for stabilizing of the cubic phase of
SrCoO0s.5, the role of iron doping has been investigated. Since iron oxide is less basic than
cobalt oxide3® and has already proved to be an effective stabilizer in SrCoosFeo203-5
membranes, it is interesting to investigate if the simultaneous doping with Nb and Fe
could increase the material robustness without lowering the performances. Teraoka et al
investigated the influence of B-site cations on oxygen permeation for several transition
metals and found that iron is, among the elements with available +3 valence, the one with
the closest performances to cobalt.?®

Figure 6.2 shows the crystal structure detected for all samples as a function of iron dopant
content. A cubic perovskitic structure is detected for all samples and the shift observed in
the diffraction signals (Figure 6.2 b) suggests a modification in the crystal lattice
parameter due to iron incorporation. Considering cobalt and iron ionic radiuses in six-fold
coordination, it can be noticed that Fe2* (r=0.78 A, high spin), Fe3* (ri= 0.645 A, high spin)

and Fe** (ri= 0.585 A) ionic radius is always larger than in the case of the same oxidation
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state for cobalt: Co?* (ri=0.745 A, high spin), Co3* (ri=0.61 A, high spin) and Co*" (ri=0.53
A). The replacement of iron for cobalt is inducing an increase in the lattice parameter,
which is consistent with the shift of the diffraction peaks to lower angles. This shows that

iron has been successfully inserted into the structure.

Sample 2(A) t-factor ) Oxy.gf-:n n
coefficient
SCN (x=0) 3.8392 0.9983 0.3233 2.6767 3.10
SCFN1 (x=0.1) 3.8451 0.9966 0.3158 2.6842 3.12
SCFN2 (x=0.2) 3.8495 0.9948 0.2250 2.7750 3.30
SCFN3 (x=0.3) 3.8525 0.9931 0.2933 2.7067 3.16

Table 6.2: Lattice parameter, calculated tolerance factor, oxygen nonstoichiometry (8) and average Co/Fe valence
state at room temperature (n) of SrCog.95Nbo.0s03-5 (SCN), SrCoo.ssFeo.1Nbp0503-5 (SCNF1), SrCoo.75Fe0.2Nbp0503-5
(SCN FZ), SFCOo,esFeo,ngo,()sOa.s (SCN F3).

Table 6.2 presents the calculated lattice parameters and tolerance factor, and the
measured oxygen nonstoichiometry, oxygen coefficient and average valence of B-site
cations determined from iodometric titration. Since niobium is not involved in the
titration reaction, it is not included in the calculation of n, that is representative of the
average oxidation state of iron and cobalt, which are undistinguished in the iodometric
titration procedure. It is possible to notice that iron doping results in a decrease of the t-
factor and oxygen nonstoichiometry, with a consequent higher oxidation state for B-site
cations. Both the increase in the average oxidation state (n) and the reduction in the
amount of vacancies (8) become more evident as iron content is increasing, suggesting
that the charge compensation mechanism of iron from Fe3* to Fe** is favored with respect
to cobalt.*>4! This effect is more pronounced in SCFN2, having an average oxidation state
of 3.3 for B-site cations.

Since small impurities (I/lperov< 4%) of the orthorhombic brownmillerite phase (Sr2C0,0s)
are detected in Fe-doped samples and this is not observed in absence of iron, a set of
samples has been calcined at 1000°C for 6h aiming to freeze the diffusion phenomena in
the system before the insertion of the dopants in the lattice is complete, to investigate
the effect of dopants on the final structure. Figure 6.3 shows the diffraction patterns for
the so obtained samples and it possible to observe that phase impurities are present in

larger amount compared to the samples calcined at 1200°C (Figure 6.2).
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Fig 6.3: XRD patterns of SrCogos.xFexNbg 0s03-5 (x=0; 0.1; 0.2; 0.3) samples calcined for 6h at 1000°C. P: perovskite
°: hexagonal SrCo0s.5 * orthorhombic Sr,C0,0s

Beside suggesting that the thermal treatment at 1000°C is not sufficient to observe

complete formation of cubic SrCoo.gsxFexNbo.0sOs-5 (x=0; 0.1; 0.2; 0.3), the diffraction

patterns show that as the iron content is increasing the formation of the hexagonal phase

becomes less favored, while the formation of the orthorhombic brownmillerite is more

favored. This is suggesting that the formation of the brownmillerite is favored in presence

of Fe,*? but Nb diffusion in the lattice may not be complete. The formation of a

brownmillerite should be avoided, since it has a lower conductivity, but it has been

reported that an increasing doping with iron can be beneficial, causing a shift to higher

temperature of cobalt’s oxygen loss.*® The addition of niobium and the calcination

treatment at 1200°C (Fig. 6.2) seem to be effective in enhancing the stability of the cubic

perovskite and suppressing the formation of the brownmillerite phase.
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6.3.3 TGA
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Fig 6.4: Oxygen nonstoichiometry and average oxidation state of B-cations between 50 and 900°C in air and
nitrogen atmosphere of SrCog.ssNbg.0503-5 (SCN), SrCog ssFe0.1Nbo.0s03-5 (SCNF1), SrCog 75Fe02Nbo 05035 (SCNF2),
SrCoo s5Fe0.3Nbo.0s03.5 (SCNF3). Data obtained by thermogravimetric analysis, initial oxygen nonstoichiometry
determined by iodometric titration.

After determining the oxygen nonstoichiometry (8) and average oxidation state of B-
cations (n), their evolution with temperature has been investigated by thermogravimetric
analysis, in air and N2 atmosphere. Figure 6.4 shows the evolution of SrCoo.95sNbo.0503-5
(SCN),  SrCoo.sFeo.1Nbo.osOss  (SCNF1),  SrCoo.7sFeo2NboosOss  (SCNF2)  and
SrCoo.65F€0.3Nb0.0503-5 (SCNF3) nonstoichiometry and n with temperature.

Considering the chemical equilibrium of cobalt with surrounding atmosphere,

represented by:

2 0,(9) +2Cod, + V¥ & 0] +2Co;,  (8)

in which 0] is produced by the adsorption of gaseous oxygen in the vacant oxygen sites

oxidizing Cof, (Co**) to Cog, (Co*). The same mechanism is valid for iron, with the
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formation of Fe**.!” According to the atmosphere and the temperature, the perovskite

can incorporate oxygen:

2Cof, + V' +350, ~ 0F + 2Co, (9)

or the equilibrium can be reversed and oxygen is released, with a consequent weight loss:

0% +2Co, > 2Cof, + V5" +50; (10)

Considering the case of air two windows can be identified: below 400 °C, a weight increase
is observed, the mechanism is described by (9) and leads to the formation of Co*" and
Fe**, which are p-type carriers and have been reported to be responsible for an increase
in conduction.*>*? The average oxidation state (n) observed in the maximum grows with
iron doping, being 3.15 (SCN), 3.17 (SCFN1), 3.31 (SCFN2) and 3.23 (SCFN3). This is in
agreement with the more favorable formation of higher oxidation states in presence of
iron.*%41 Interestingly, despite the value of n is always the highest in correspondence to
the maximum (around 350 °C), in SCFN2 the oxygen incorporation is less pronounced that
in the other samples. This can be explained considering the high value of n measured by
iodometric titration (3.30): since SCFN2 is already more oxidized than the other samples,
a minor amount of oxygen is incorporated. Above 400 °C in air, a constant release of
oxygen is observed and a value of 3.00 is detected for all samples except SCFN2, for which
the value of n is 3.09.

The oxygen loss in the region above 400°C is more marked when the samples are heated
in nitrogen: SCN shows a first steep increase in the nonstoichiometry before 600°C, and a
second one above 700°C, leading to a value of cobalt average valence below 2.7. This
suggests that the sample is undergoing a fast reduction before 800°C. Considering the
possible reactions occurring, at high temperature the decomposition reaction of cobalt

oxide is no more negligible:

205 + 2Cof, — 2Co;, + 2V + 0, (11)

where Cof,, Co(, are Co* and Co?*, respectively. This reaction, could responsible of the

reduction of cobalt species to Co?*, with the consequent structure instability.
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In the iron doped samples the release of oxygen appears to be less abrupt, proceeding
with a continuous mechanism. Doping with iron seems to be even more effective in
reducing the release of oxygen in the high temperature region, where the intensity of
oxygen release decreases. This might indicate a stabilizing effect of iron over cobalt oxide

decomposition.

s | Nitrogen Air
amp'e do d900 °c Ad d900 °c Ad
SCN 0.3233 0.5315 0.2082 0.3746 0.0513
SCFN1 0.3158 0.4741 0.1587 0.3807 0.0649
SCFN2 0.2250 0.3995 0.1745 0.3280 0.1030
SCFN3 0.2933 0.4596 0.1663 0.3682 0.0749

Table 6.3: Initial oxygen nonstoichiometry (8o), oxygen nonstoichiometry at 900 °C (3900 °c) and their difference
(Ad) obtained from TGA measurements in nitrogen and air atmosphere, respectively, for SrCog.osNbp 05035
(SCN), SFC00,85F60_1Nb0,0503,5 (SCNFl), STC00,75F90,2Nb0_0503.5 (SCNFZ), SFCOQ,65F60,3Nb0,0503.5 (SCNF3).

Table 6.3 shows the resulting oxygen nonstoichiometries obtained from TGA
measurements for the samples. It is interesting to notice that the incorporation of iron in
the lattice is producing a different effect on the oxygen release properties as a function
of the atmosphere. In fact, the difference in the values of 6 (Ad) shows an opposite trend
whether it is measured in nitrogen or air, respectively.
In nitrogen atmosphere, the values of Ad decrease with the introduction of iron in the
lattice, indicating that oxygen release is hampered, probably due to a more difficult
reducibility of iron with respect of cobalt. In air atmosphere the opposite trend is
recorded: a slightly higher release of oxygen is observed for all iron containing samples,
suggesting that in presence of iron the lattice could accommodate a higher amount of
defects. This proves that iron introduction can be beneficial in both atmospheres, granting
a lower difference in nonstoichiometry between the two sides of the membrane and a

more uniform conduction.
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6.3.4 O>-TPD
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Fig 6.5: O,-TPD in nitrogen between 50 and 1000 °C of SrCo.95Nbg.0503-5 (SCN), SrCoo.s5Feo.1Nbo.0s03-5 (SCNF1),

SrCoo.75Fe0.2Nbo.0s03.5 (SCNF2), SrCog s5Fe03Nbo.0sO3-5 (SCNF3). The samples were previously conditioned in pure O,
for 1h at 900 °C, followed by cooling in pure O, atmosphere.

In order to evaluate the effect of doping on the oxygen mobility of the samples, O>-TPD
was performed. This technique consists of a mild pre-conditioning phase to clean the
sample’s surface to have all the sites for oxygen adsorption available, a second step in
which pure oxygen is dosed on the sample at high temperature and a final desorption step
in which the bound oxygen is released. Figure 6.5 shows the results for the desorption
stage, in which two peaks can be identified: a low temperature large peak in the 200-600
°C interval and a smaller signal centered between 800 and 900 °C. The former is typically
labeled as a-oxygen and is due to loosely bound oxygen, the latter is labeled as B-oxygen
and arises from tightly bound oxygen species which are typically ascribed to oxygen
released from the lattice.3344

A third contribution can be observed, being a broadened signal due to a continuous
release of oxygen above 600°C (the dashed line in figure 6.5 is provided as reference),

which suggests that at this temperature the lattice mobility of oxygen is already sufficient
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for displaying ionic conductivity.*> Apparently this effect is more pronounced for samples
with higher Fe content.

Similar desorption profiles have been observed by Mcintosh et al and Zhang et al,*5*” with
the latter reporting that the substitution of Nb in small amount is effective in reducing the
oxygen release at high temperature due to the phase transition from unstable perovskite
to brownmillerite.

Focusing on the first peak, a-oxygen species are related to the presence of vacancies,
which are saturated during the conditioning step. As a result of this process, the reaction
can be described again by the equilibrium of cobalt and iron with surrounding

atmosphere:

2Cof, + V' +350, > 0F + 2Co, (9)

2Fel, + V5' +50, © 0F + 2Fe;, (12)

Where Cof, , Co;, , Fef, , Fe;, and V;* represent Co*, Co*, Fe3*, Fe** and oxygen
vacancy, respectively. In the conditioning step, reaction (9) and (12) represent the
saturation of oxygen vacancies and creation of Co** and Fe** species which are responsible
for p-type conduction. In this context, the temperature programmed desorption
represents a sensitive probe able to distinguish the different desorption sites, which may
be due to the presence of different species (Fe*', for example, is expected to be
thermodinamically more stable than Co*")3¢ or different adsorption sites in the case of
cations occupying non-equivalent positions in the lattice.*®**® Moreover, the onset
temperature for desorption of a-oxygen is correlated with both the B-O-B bonding energy
and the lattice parameter ao. The influence of these two parameters can be competitive:
in fact, as the lattice parameter is increasing, the average bonding energy for B-O-B is
reported to decrease due to a longer bonding distance between the crystal planes.’
Nonetheless considering B-site cations individually, Fe-O bond energy is larger compared
to Co-0.°%>! This means that for large Fe substitution a competition between the effect of

lattice parameter and Fe-O bond energy is expected.>?
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Sample Tpeak o (°C) Area 0-02 Tpeak g (°C) Area 3-02 Tot
SCN 435 9.92 839 0.88 10.8
SCFN1 315, 349, 399 11.45 840 1.53 12.98
SCFN2 327,368 13.52 821 0.73 14.25
SCFN3 389, 461 11.94 828 0.95 12.89

Table 6.4: Peak temperature and normalized peak areas (expressed in mlO,-gperov!) for o and B oxygen signals
obtained from TPD measurement on SrCog.9sNbg.0s03-5 (SCN), SrCog gsFeo.1Nbo.0s03-5 (SCNF1), SrCoo.75Fe0.2Nbo.0503-5
(SCNF2), SrCog 5Fe0.3Nbp.0s03-5 (SCNF3) performed in the 50-1000 °C interval.

Table 6.4 shows the results obtained for the TPD measurements for SCN, SCFN1, SCFN2
and SCFN3 samples. Comparing the low temperature signals in figure 6.5 it is possible to
notice that, while SCN sample has a single peak centered at 435 °C, iron doping seems to
induce the formation of a second peak at lower temperature. In all the Fe-doped samples
at least two signals are detected and a shift towards lower temperature is observed. This
agrees with the presence, beside Co*', of Fe*, as suggested before. The onset
temperature of the a-oxygen signal increases in the order: SCFN1< SCFN2< SCFN3< SCN.
This suggests that the introduction of iron in the lattice is decreasing the B-O bonding
energy due to an increase in the lattice parameter, as observed from the XRD
measurements, but the larger is the amount of iron, the higher energy is required to
desorb oxygen. Moreover, the presence of iron is associated with a larger release of a-
oxygen, which gets more pronounced in the samples with a higher content of iron.

Concerning the B-oxygen signal at high temperature, this has been attributed to the
release of oxygen due to a partial Co**- Co?* reduction, since Fe3* is reported to be stable
at this temperature.*® Differently from what was observed for o species, iron doping
seems not to affect significantly the onset of B-oxygen peak, probably due to the high
temperature, and the amount of oxygen released does not suggest any trend occurring

with iron doping.

123



Chapter 6: Improving the performances of SrCoOs;.s membranes for oxygen separation through Fe, Nb-
doping induced phase stabilization

6.3.5 Electrical conductivity
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Fig 6.6: Conductivity measured in air between 100 and 900 °C of SrCoo.95sNbg 0503-5 (SCN), SrCoo ssFe0.1Nbo.0s03-5
(SCNFl), SI’COo,75Feo,szo,0503.5 (SCNFZ), SFC00,55F60,3Nb0,0503.5 (SCNF3).

As aforementioned, electronic conductivity is an essential requirement for a material in
order to have oxygen permeability; for this reason, the conductivity of the samples is
tested in air.

Figure 6.6 shows the total conductivities obtained from the four probes measurement: all
the samples display a good conductivity in the considered interval, reaching maximum
values 490, 315, 525 and 310 S-cm™ for SCN, SCFN1, SCFN2 and SCFN3, respectively.

In their work, Tai et al elucidated that the conduction in LSCF occurs via polaron hopping
mechanism, where p-type carriers are responsible for conduction: when heating the
material, after an initial increase in conductivity due to incorporation of oxygen and
formation of Co** and Fe** (p-type carriers responsible for conduction). After displaying a
maximum, a decreases in the conductivity is observed as oxygen is released by the
material and cobalt and iron are reduced. The observed trend of conductivity in SCN,
SCFN1, SCFN2 and SCFN3 is similar to that reported by Tai et al** and the results agree

with what was observed in the TGA and O,-TPD measurements: after an initial increase
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due to the incorporation of oxygen, the conductivity values have a maximum at 400 °C
(except in the case of SCFN1, for which the maximum is shifted at 500 °C) and then
decrease. The observed values are consistent with what has been reported before and
Wang et al, that investigated SrCo1xFexO3.s compounds and observed 520 S-cm™ for 20%
iron substitution.>3

It is worth noticing that at 900°C the electronic conductivity is still remarkable: 101, 98,
229 and 44 S-cm™ are observed for SCN, SCFN1, SCFN2 and SCFN3, respectively. This
results confirm that the samples display electronic conduction in the desired operation
temperature range (700-950 °C) and, coupling these results with the oxygen
nonstoichiometry at high temperature observed from TGA measurements, ensures that

the chosen materials have the MIEC properties necessary for oxygen permeation.
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Fig 6.7: XPS spectra of SrCog.gs«FexNbo0503.5 (x=0; 0.1; 0.2; 0.3) samples: survey scan (top left) and multiplex for the Co 2p,
Fe 2p, Nb 3d, Sr 3d and O 1s peaks.
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Sample Sr Co Fe Nb (0]
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM
SCN 184 199 20.0 86 204 190 / / / 06 07 10 724 59 60.0
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM
SCFN1 13.7 187 200 55 159 170 33 20 20 06 11 10 769 60.1 600
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM
SCFN2 179 196 200 9.0 134 150 52 45 40 06 12 10 673 605 600
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM
SCFN3 15.0 18.3 200 8.2 105 13.0 6.5 5.6 6.0 0.6 1.0 1.0 69.7 63.1 60.0

Table 6.5: Atomic compositions of surface (XPS), bulk (EDX) and nominal values derived from stoichiometry of SrCoo.s5sNbg0503-5 (SCN), SrCoo.ssFeo.1Nbo.0503-5 (SCNF1), SrCog.75Feo.2Nbo 05035
(SCNF2), SrCoo.6sFe0.3Nbo.0sO3.5 (SCNF3) pellets after sintering.

Sample Sr Co Fe Nb B/A (%) Co/Fe
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS | EDX | NOM
SCN 667 485 500 311 498 475  / / / 23 16 25 049 104 100 / / /
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS | EDX | NOM
SCFN1 593 496 500 23.7 421 425 144 53 50 26 30 25 068 111 100 164 819 850
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS | EDX | NOM
SCFN2 548 506 500 275 347 375 159 116 100 18 30 25 08 097 100 172 3.00 3.75
XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS EDX NOM | XPS | EDX | NOM
SCFN3 494 517 500 272 295 325 213 159 150 2.1 29 25 102 08 100 127 1.8 2.17

Table 6.6: Atomic cations compositions of surface (XPS), bulk (EDX) and nominal values derived from stoichiometry; B/A ratios and Co/Fe ratios of SrCoo.9sNbo.0503-5 (SCN), SrCog.ssFeo.1Nbo 05035

(SCNF1), SrCog.75Fe0.2Nb.0s03-5 (SCNF2), SrCog esFeo3sNbo.osO3-5 (SCNF3) pellets after sintering.
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The insertion of a dopant in a lattice does not only have an influence on the crystal
structure, oxygen stoichiometry and transport properties, but can play a determining role
in tuning the surface composition of the sample itself. X-ray photoelectron spectroscopy
allows investigating the atomic layers on the surface of a material, which are the active
sites for every surface-mediated reaction. In OTMs in particular, the surface represents
the site where molecular oxygen adsorbs on vacancies and is dissociated before being
transported across the membrane as 0% ion. Therefore, pellets identical to the final
membranes are prepared, sintered and their surface is investigated by XPS.

Figure 6.7 shows the collected spectra for the samples, displayed in relation to the iron
content, all the investigated elements are present in the survey spectra and no impurity
is detected.

In the case of Co spectrum, it is possible to recognize the 2ps/2 and 2p12 peaks centered
at 780.2 and 795.4 eV, respectively, and is worth noticing the absence of shake-up signals.
These are characteristic fingerprint of Co?* oxidation state and they should be centered at
786.5 and 803.6 eV (dotted lines are drawn in the Co2p spectra as guidelines for the
eye).”* The absence of shake-up signals is consistent with the presence of cobalt in a
higher oxidation state, as it is expected from the stoichiometry and observed in other Co-
containing perovskites.>>>® In the samples with a higher iron content a small peak at 782.5
eV (dashed line is drawn as guideline) is detected. In their work, Chen et al suggest that
this signal could be due to the presence of Co?*, even though no shake-up is observed.>’
Egorova et al found that in the a high amount of Co?* is observed when high amount (20%)
of niobium is present as dopant in Bao.sSro.s(Coo.sFeo.2)1-xNbxO3-5,°2 which is not surprising
considering the charge compensation mechanisms described before. The higher binding
energy and the absence of shake-up peaks suggest that the peak could be due to the
presence of a small amount of Co*.5° Nevertheless, it should be remarked that the
observation of high oxidation state species at XPS is often controversial and a matter of
debate. Since the high BE shoulder of Co2ps/, signal is more pronounced in higher Fe-
doped samples and is not detectable for SCN, this suggests that iron doping might be
effective in stabilizing a higher oxidation state for cobalt. Concerning Fe 2p spectrum, two
peaks centered at 710.9 and 723.6 eV are observed, which are consistent with the

presence of Fe3*, the low intensity does not allow a detailed analysis of this element.
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Zhang et al observed the simultaneous presence of Fe?*, Fe3* and Fe*" in SrFeosMo203-5
(M=Ti, Nb, Cr), with Fe*" signal becoming more intense as charge compensation
mechanism is less effective due to the lower valence of the dopant ion.® Therefore, a
possible presence of Fe** cannot be ruled out. The spectrum of Nb 3d shows two broad
signals at 205.6 and 208.1 eV. Compared to the case of pure Nb,0s, which has two peaks
at 207.4 and 210.1 eV,%! the spectrum of Nb 3d in perovskites is often found to be
centered at a lower binding energy (206.1 and 209.0 eV).%? Opris et al observed that for
Co@Nb,0s@Fe304 composites a surface reaction between the involved species happens
after the deposition of cobalt and thermal treatment, producing a partial reduction of
Nb(V) to Nb(IV), which has two peaks at 204.6 and 207.7 eV.%? This suggests that the
presence of Nb(IV) on the surface of the pellets is probably due to the sintering treatment.
Focusing on Sr 3d spectrum, it is possible to notice that it has at least three components,
at 131.7, 133.2 and 134.8 eV, respectively. These arise from the superposition of two
doublets belonging to oxidic strontium in perovskites and strontium carbonate, that have
peaks center at 131.7 and 133.2 eV (perovskitic Sr) and 133.5 and 135.6 eV (carbonatic
Sr), respectively. °%® It is possible to notice that the perovskitic doublet is more intense
in the samples with a lower iron amount, while the carbonatic component becomes
predominant in the sample with the highest iron doping (SCFN3). Since the signal of SrCO3
is expected to be present on the surface of every strontium contanining perovskites,3®
two explanations are possible for this trend: 1) as iron content increases, the formation
of SrCOs is more likely to happen, which would be the opposite than the observed trends
of increased CO; tolerance for other Fe-doped cobaltates; 2) as iron content increases,
the presence of strontium on the outmost layer (due to segregation phenomena) is
reduced. This would imply that the surface termination layers of the material would have
a spectrum presenting a high intensity for the signal due to the carbonatic termination,
but a lower amount of perovskitic oxygen. Quantitative analysis of atomic ratios could
provide an insight into this unexpected trend. The spectrum of oxygen is characterized by
the presence of two peaks at 528.6 and 531.3 eV, respectively. The former is characteristic
of perovskitic oxygen, the latter is typically due to the presence of hydroxides and
carbonates surface contaminants.”>®* In all samples the signal belonging to surface

contaminants is more intense than the perovskitic one. Nonetheless, it is interesting to
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notice that, while SCFN3 has a higher amount of carbonatic oxygen similarly to what is
observed for strontium signal, in the other iron containing compounds the perovskitic
component is slightly more intense than in the undoped sample (SCN).

The analysis of surface composition allows to observe how the effect of doping tunes the
atomic ratios on the surface of the pellets. In fact, it is possible to observe that the
difference between the surface composition obtained by XPS and the nominal ratios is
more pronounced than in the case of the bulk composition obtained by EDX, which is
consistent with the expected values within the error range of the technique. A general
surface segregation of strontium is observed, which in the SCN sample is present in a
double amount with respect to cobalt. The segregation of alkaline and alkaline earths
elements is critical issue in many perovskites and has two major drawbacks on the
performance of the materials: 1) the amount of B-site cations, which are usually the
responsible for the activity, is reduced, with a consequent lower activity; 2) strontium can
react with CO; to form carbonates. Even though the mechanism has not been completely
elucidated, it is suggested that oxygen vacancies can provide an attack site for CO; to
interact with Sr and could explain the very low tolerance of BSCF to CO,, which besides Ba
higher affinity for carbonates has a larger oxygen nonstoichiometry.*®%° This means that
after occupying a vacancy, if CO2 reacts with Sr to form carbonates, a vacancy site is
permanently filled and not regenerated, with the a consequent reduction in the material’s
activity. Finally, it should not be underestimated that the formation of carbonates implies
a sequestration of Sr from the perovskite, damaging the crystal structure and inducing
instability. In the case of OTMs, a lower stability implies difficulties in obtaining gas
tightness between the two chambers and a lower mechanical strength of the ceramic
membrane.

Interestingly, the quantitative analysis for cations (reported in table 7.6) shows that 10%
Fe doping is already effective in reducing the segregation of Sr and this is coupled with an
excess of iron being present on the surface. Since iron is known to have a lower basicity
compared to cobalt, it is possible that the surface segregation of Fe provides a lower
interaction of Sr with CO.. This seems to agree with the second hypothesis
aforementioned when discussing Sr 3d spectrum. In all cases, the amount of cobalt

present on the surface is always lower than the nominal value. This is not a new trend,

130



Chapter 6: Improving the performances of SrCoOs;.s membranes for oxygen separation through Fe, Nb-
doping induced phase stabilization

since it has been reported that Co has a lower tendency to diffuse towards the surface
compared to A-site cations and other elements like Cu and Fe.>® Consequently, the
observed Co/Fe ratio is always lower than expected, being 81, 55 and 42% lower than the
nominal value for SCFN1, SCFN2 and SCFN3, respectively.

Before testing the oxygen permeation performances of the samples, SEM microscopy is
performed, in order to observe the microstructure of the membranes. Figure 7.9 shows
the cross section of pellets after the sintering process. All the materials show a compact
and dense structure with continuous grains and small isolated porosity, which is not
connected. In the case of SCFN3 some larger voids are observed along the grain
boundaries, suggesting a less compact structure. This may be due to the higher amount
of iron in the sample, requiring a specific thermal treatment in order to improve the
densification process. However, during the study of the densification treatments a
melting temperature around 1300°C was observed and the protocol for sintering has been
optimized to obtain the best compromise between densification and avoiding at the same

uncontrolled mass diffusion due to melting.
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6.3.7 SEM

Fig 6.8: Scanning electron micrographs of as synthesized SCN (a, b), SCFN1 (c, d), SCFN2 (e, f) and SCFN3 (g, h) membranes.
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6.3.8 Oxygen permeation
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Fig 6.9: Temperature dependence of the oxygen permeation flux through the 900 um thick SCFN1 pellet.
300mLymin-t of air and 50-250 mLymin! of N, were used as feed and sweep gases, respectively.
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Fig 6.10: Temperature dependence of the oxygen permeation flux through the 800 pum thick SCFN2 pellet.
300mLymin-t of air and 50-250 mLymin! of N, were used as feed and sweep gases, respectively.
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Fig 6.11: Oxygen permeation flux of SCFN1 membrane as a function of the natural logarithm ratio between the
oxygen partial pressures at the feed and at the permeate side using N2 as sweep gas and air as feed gas.
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Fig 6.12: Oxygen permeation flux of SCFN1 membrane as a function of the natural logarithm ratio between the
oxygen partial pressures at the feed and at the permeate side using N2 as sweep gas and air as feed gas.

134



Chapter 6: Improving the performances of SrCoOs;.s membranes for oxygen separation through Fe, Nb-
doping induced phase stabilization

Temperature (°C)

950 900 850 800 750
05 T T T T T T T T T
Air flow rate = 300 mL, min
ood ® CO, flow rate (mL, min")= m 50 --14.0
) e 150
'c 250
£ {145
o 057
£
()
i 1.0+ o ~1-15.0
3 ]
o [
= 15 . . 1185
c
-l
- n "
-2.01 | 800 pm thick --16.0
T T T T T T T
0.80 0.85 0.90 0.95 1.00
1000/T (K™)

Fig 6.13: Temperature dependence of the oxygen permeation flux through the 800 pum thick SCFN2 pellet.
300mLymin-t of air and 50-250 mLymin of CO, were used as feed and sweep gases, respectively.
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feed and sweep gases, respectively.
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Before discussing the O,-permeation results, it is worth to remark that the membranes
have been tested under atmospheric air (including presence of CO; and moisture) and no
catalyst layer was applied on the surfaces of the membrane. It has been reported that
surface modification of cobalt-based OTMs with a catalyst layer can be beneficial both for
increasing the permeation flux and enhancing long term stability.**6>5¢ The permeation
flux of a coated membrane can be several times higher than in the case of uncoated
sample, at the price of increasing the system’s complexity.

The oxygen permeation results seem to be influenced by the amount of iron in the
chemical composition. Both the sample without iron (SCN) and the sample containing 30%
of iron (SCFN3) results are not reported, since they repeatedly displayed an insufficient
gas tightness for the results to be considered reliable. This could be due to different
reasons: in the case of SCN a shift in the permeation curve is observed at 900°C, showing
higher permeation flux above that temperature. This seems to suggest that an
order/disorder phase transition is occurring, as the higher flux is indicating.*? It can’t be
ruled out that the stabilizing effect of 5% niobium doping in may not be sufficient without
the presence of iron to prevent a phase transition to a less conductive phase at high
temperatures and reducing conditions. In the same extent, an interaction with the sealing
glass paste can’t be ruled out, but is expected to affect all the samples in a similar extent.
Finally, being SCN the sample with the highest cobalt content, it is expected to have the
larger expansion coefficient, which may result in a higher amount of undesired stresses
occurring during the sealing procedure.

In the case of SCFN3 pellets, no shifts in the permeation flux were detected, but the
samples showed visible cracks on the surface and appeared to be more fragile. Nagai et
al reported that, among the set of 10% doped SC samples, SrCoo.oFeo.103-5s seemed to have
the largest leaks despite displaying a high relative density. 8 It is thus possible that the
ratio Fe/Nb ratio plays a role in the densification rate and final structure of the ceramics,
suggesting that a higher Fe content may require a different sintering procedure in order
to achieve a higher density of the sample.

SCFN1 and SCFN2 were successfully tested and their permeation fluxes are reported as a
function of temperature (Figures 6.9, 6.10) and driving force (Figures 6.11, 6.12). In all

cases an increase in the permeation flux as the temperature and the driving force increase
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is observed. The oxygen fluxes at 750 °C for SCFN1 and SCFN2 are 1.21 and 1 mLy-cm’
Z.min’l, respectively (with Oz flow: 300 sccm; N, flow: 250 sccm) and can be considered
promising even for a low temperature application. A value of 1.88 mLy-cm?-min? is
detected for SCFN1 at 850 °C (O; flow: 300 sccm; N flow: 250 sccm). This is the limit
temperature at which stable performances of SCFN1 are detected. Despite a lower
permeation flux, no instability is observed for SCFN2, for which a 1.95 mLy-cm™2-min! flow
is measured at 950 °C (O flow: 300 sccm; N, flow: 250 sccm).

The calculated activation energy for oxygen permeation is 0.432 and 0.379 eV for SCFN1
and SCFN2 respectively. These values are closer to the 0.42 eV activation energy observed
by Shao et al for BaosSrosCoosFeo2035, 1 than to the activation energy of 0.90 eV for
SrCoo.9sNbo.0s03-5 reported by Zhang et al, *° or to the activation energy of 0.58 eV for
SrCoo.sNbo.103-5 calculated by Yoo et al. ®” This suggests that iron doping gives a higher
contribution to the activation energy for oxygen permeation compared to niobium.
After observing the stable performances of SCFN2, the same membrane has been tested
using CO; as sweep gas too, in order to evaluate the applicability of the material in oxyfuel
conditions. Figure 6.13 shows the temperature dependence of the logarithm of flow and
it is possible to observe that the permeation flux is less stable when CO; is used as sweep
gas, suggesting that an interaction between the gas and the membrane is occurring. This
phenomenon could be due to a possible adsorption of CO, on the surface of the
membrane to react with strontium. However, compared to the effect of CO, flow on BSCF
observed by Engels et al, the loss in performance of SCFN2 is less abrupt. ® Figure 6.14
shows that as the temperature increases, the detrimental effect of CO, becomes more
relevant, suggesting a higher interaction of CO, with the membrane. The increase in
permeation observed at 950°C suggests that at this temperature a desorption of the
previously adsorbed CO, might occur and the detrimental effect of CO, sweep gas is
decreased. This is consistent with the temperature peak for CO, desorption observed by
Zhang et al for BSCF. ¢°

Table 6.7 summarizes the effect of the different sweep gases on SCFN2 performances as
a function of temperature. It can be noticed that as the sweep gas is switched to CO;, the

permeation fluxes decrease of about four times and this trend gets more pronounced as

137



Chapter 6: Improving the performances of SrCoOs;.s membranes for oxygen separation through Fe, Nb-
doping induced phase stabilization

the temperature rises, indicating an interaction of the CO; with the surface of the

membrane.

Air/N, Air/CO,
Temperature O, permeation  In(pO%e¢/pO,Pe™®) O, permeation  In(pO*eed/pO,Permeate)
(°C) flux (mLy-cm’ flux (mLn-cm’
Z.min?) Z.min?)
750 1.00 4.77 0.23 6.19
800 1.27 4.53 0.34 5.12
850 1.52 4.35 0.42 5.61
900 1.78 4.19 0.38 5.72
950 1.95 4.09 1.34 4.47

Table 6.7:0xygen permeation fluxes and driving force values for SCFN2 membrane as a function of temperature
and testing atmosphere. Flows used for the feeding: 300 mly air and sweep gas: 250 mly N, and CO, are reported,
respectively.

6.3.9 lonic conductivity

From the obtained oxygen permeation results it is possible to estimate the ionic
conductivity values for the tested samples. In fact, in the case of oxygen permeation

limited only by bulk diffusion, oxygen flow is described by Wagner’s equation:

feed
_ _RT Po, OelTion
Jo, = 16F2L fpg;’rmeate Oel+0ion (poz)dlnpoz (1)

In principle, this condition is always fulfilled as long as the membrane is thick enough and
the diffusion of oxygen along the grain boundaries is negligible.”%’! The conductivity
expression in (1) can be rewritten as follows:

Oel0ion OelTion

0, = = = t;yn 00 = to10; (13)
amb Cel+Tion Ctotal ion%Yel elYion

Where 0,4,,,p is the ambipolar conductivity and t;,, and t,.; represent the transference
number for ionic and electronic conduction, respectively. In the case of a mixed ionic and
electronic conductor, the electronic conductivity is the dominating contribution to the
ambipolar conductivity (a,; > 07;,,) and the value of the transference number ¢, is close

to unity. The expression for the oxygen flow can thus be rewritten as:
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feed
RT Po
]02 = 16F2L pge%ﬂmeate Oion (Poz)dlnpoz (14)
2

Which allows to obtain the expression for the calculation of the ionic conductivity from

oxygen permeation flow:”?

feed

Jo, L-16F? P _
Oion = = RT (11’1 pefrzleate) 1 (15)
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Fig 6.15: Temperature dependence of the ionic conductivities of SCFN1 and SCFN2, calculated from the oxygen
permeation measurements. Reference values for SrCop9Nbo 103-§ (SCN10) from Nagai et al and

Bao.sSro5Coo.sFe0203-§ (BSCF) from Chen et al.

Figure 6.15 shows the resulting ionic conductivities obtained from oxygen permeation
measurements for SCFN1 and SCFN2. The values obtained by Chen et al for
Bao.sSro.5Coo.8Fe0.203-5 (BSCF) and calculated for SrCoo.gNbp.103-5 (SCN10) from the results

reported in Nagai et al work are also displayed.®73

139



Chapter 6: Improving the performances of SrCoOs;.s membranes for oxygen separation through Fe, Nb-
doping induced phase stabilization

Gion (S-cm™) Gion (S-cm™)
Sample
T=750°C T=850°C
SCN10 / 1.40
BSCF 0.72 1.18
SCFN1 0.34 0.56
SCFN2 0.26 0.39

Table 6.8: Obtained ionic conductivities for SrCoggNbo 103.5 (SCN10) (calculated from the work of Nagai et al) ,
Bao.sSro.sC00.8F€0.203.5 (BSCF) (taken from the work of Chen et al) and calculated for SCFN1 and SCFN2 samples.
The obtained values for ionic conductivity confirm that the a,; > g;,, hypothesis is a
reasonable assumption, since the observed electronic conduction for SCFN1 and SCFN2
at 900°C is above 100 S-cm™. The ionic conductivities observed are among the highest
reported in literature for MIEC materials and are even higher than the values observed
for GDC (6ion=1.5-10"1 S-cm™ at 800 °C) and YSZ (cion=2-102 S-cm™ at 800 °C) electrolytes.”
Nevertheless, additional characterization of the ionic conductivity by dc-conductivity in
blocking electrode configuration and determination of oxygen surface exchange and bulk
diffusion coefficient by conductivity relaxation technique could provide more information

about the ionic conduction mechanism.

Not surprisingly, the highest ionic conductivity is found for SCN10 sample, which is not
doped with iron, for which a maximum value of 1.72 S-cm™ is obtained at 900 °C. The
introduction of more iron in the lattice induces a decrease in the ionic conductivity, which
can be explained considering the oxygen nonstoichiometry at high temperature observed
from thermogravimetric analysis (reported in table 6.3). As the iron substitution
increases, the resulting nonstoichiometry at high temperature decreases and the charge
compensation increases, suggesting that a smaller amount of oxygen vacancies are
present in the material. Since these are directly responsible for ionic conduction, the
lower values found for SCFN1 and SCFN2 compared to SCN10 could be due to the lower
amount of vacancies present in the material.

In the case of BSCF, the higher ionic conductivity observed (0.75 S-cm™ at 750 °C) could
be due to the lack of niobium and the presence of barium. As reported by Shao et al,”” a
small amount of barium doping in the BaxSri-xCoo.sFeo.203-5 system enhances the oxygen
permeation performances of the samples and a higher nonstoichiometry has been
reported for Ba-doped sample with respect to SrCoo.sFeo.203-5.%¢ This suggests that, having

barium a larger ionic radius than strontium, it is effective in stabilizing the perovskite even
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in presence of a higher amount of oxygen vacancies. Since it has been observed that
BaxSr1-«Coo.sFeo.203.5 total electric conductivity is decreasing as Ba content increases,” a
possible explanation for the higher values for oxygen permeation could be the higher ionic
conductivity in Ba-containing materials, due to the presence of a higher amount of

vacancies.

6.3.10 After test SEM

In order to elucidate the difficulties observed for SCN and SCFN3 tests, after test SEM
microscopy is performed on the tested membranes, aiming at identifying the presence of
cracks or pinholes which might have formed during the test and could explain the
observed leaks.

Figure 6.16 shows the cross sections of the membranes after the oxygen permeation test.
As reported before, the detected leaks in SCN and SCFN3 samples are not negligible
compared to the expected fluxes, therefore the results for the permeation of these
samples are not reported. Nevertheless, the microstructural analysis can provide an
insight into the mechanisms responsible for the failing of the test.

Considering the SCFN2 sample, it can be noticed that despite the exposure to reducing
conditions on the sweep side and subsequently to CO; in the oxyfuel conditions, the cross
section of the sample (Fig 6.16 f) does not show any pinholes or cracks, confirming the
material stability in the experimental conditions. On the contrary, for the other samples
voids and cracks can be noticed in the microstructure, which can explain the prominent
leaks in the case of SCN and SCFN3 and the membrane breakage in the case of SCFN1.
Looking at the shape of the holes detected in SCN, it can be noticed that 1-2 um large
pinholes are spread along the whole cross-section of the sample, suggesting the formation
of a connected network which may be responsible for the lack in gas-tightness. A possible
explanation for this phenomenon is the lower stability of SCN observed from TGA
measurements in N, for SCN, where a large weight loss was observed above 700°C
suggesting a partial reduction of cobalt. The morphology is different in the case of SCFN3,
in which 10-20 um large voids are observed. These point out that the densification of the

sample might require a higher temperature sintering treatment in order to be achieved.
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Fig 6.16: Scanning electron micrographs of SCN (a, b), SCFN1 (c, d), SCFN2 (e, f) and SCFN3 (g, h) membranes after oxygen permeation test.
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6.4 Conclusion

In this chapter the effect of zirconium, niobium and molybdenum doping on the
stabilization of cubic SrCoo.95sMo.0503-5 perovskite has been investigated and, since niobium
proved to be the best candidate, the four SrCoo.95Nbo.0503-5 (SCN), SrCoo.s5Fep.1Nbo.0s03-5
(SCNF1), SrCoo.75Feo.2NboosOs-5 (SCNF2), SrCoossFeosNboosOs-s (SCNF3) samples were
formulated, aiming to investigate the effect of iron doping on the stability and transport
properties of the materials. These were successfully synthesized by means of citrate route
and cubic perovskitic structure was observed in all the samples, highlighting the stabilizing
role of niobium and iron doping on the cubic SrCoQs.-5 structure.

lodometric titration allowed to determine the oxygen nonstoichiometry (&) at room
temperature, that decreased with iron content, while the average B-site cations valency
(n) showed the opposite trend, consistently with the formation of a higher amount of Fe*
and Co*" in doped samples. The evolution of & and n with temperature in air was
investigated with thermogravimetric analysis (TGA) in air and nitrogen atmosphere and
two different trends with iron doping were observed: while in N2 the oxygen release at
high temperature decreased with iron doping, in air the presence iron seemed to slightly
facilitate the release of oxygen at high temperature.

Dense pellets were prepared from the powders and their conductivity and surface
composition was investigated. The two temperature windows observed from TGA
measurements in air are consistent with the dc-conductivity values observed in four
probes measurements: after an increase in conductivity in the low temperature region
(T<400 °C) due to the formation of Co** and Fe** p-type carriers a maximum is observed
around 400°C, being above 500 S-cm™ in SCN and SCFN2. After the maximum, the
conductivity decreased, leading to 101.3, 98.5, 228.8 and 44.4 S-cm™ for SCN, SCFN1,
SCFN2 and SCFN3, respectively, at 900°C, indicating that the samples are electronic
conductors at the testing temperature for of oxygen permeation. The XPS measurements
on the surface of the pellets revealed that all the elements are present in the expected
oxidation state and iron doping is effective in reducing the segregation of strontium. The
Co/Fe ratio was found to be always lower than nominal values, as cobalt showed the

tendency to diffuse towards the bulk rather than to the surface of the pellets.
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Microstructural analysis revealed a compact, dense and crack-free cross section for all
samples with absence of connected porosity.

Oxygen permeation tests were run on the pellets and SCFN1 and SCFN2 were the only
samples for which a reliable performance was observed, since SCN and SCFN3 repeatedly
presented leaking phenomena. After test analysis by SEM detected the formation of
micrometric pinholes in SCN, probably due to reduction of the material, and larger cracks
in SCFN3, which suggest that a higher temperature sintering treatment is required for
samples containing a larger amount of iron.

The observed permeation fluxes at 750 °C were 1.21 and 1 mLy-cm™?-min‘! for SCFN1 and
SCFN2, respectively. SCFN1 reached 1.88 mLy-cm?2-min? at 850 °C, but at higher
temperature the membrane was not stable. SCFN2 showed stable performances along
the whole temperature range, reaching 1.95 mly-cm2-min? at 950 °C, and was
subsequently tested using CO; as sweep gas. The observed flows decreased in presence
of CO;,, suggesting possible interaction with the surface of the membrane. At 950 °C the
oxygen flow is restored, probably due to a desorption of the previously adsorbed CO;, and
a value of 1.34 mLy-cm2-mint is observed using CO, sweep gas.

The calculated activation energy for oxygen permeation was 0.432 and 0.379 eV for SCFN1
and SCFN2, respectively, showing closer values to Bao.sSro.sCoo.sFe0.203-5 (Ea=0.42 eV) than
SrCo0.95sNbo.0sO3-5 (Ea=0.90 eV). Fe seems to have a major influence on the activation
energy compared to niobium. In the approximation of bulk limited diffusion, the obtained
values from oxygen permeation allowed to calculate the ionic conductivity, which was
0.34 and 0.26 S-cm™ at 750 °C for SCFN1 and SCFN2, respectively, higher than in the case
of GDC.
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Chapter 7

Development of Fe and Nb-doped

SrCo0Os.s perovskites as high performing
cathodes for IT-SOFCs

PURSUING THE RESEARCH FOR RARE EARTH-FREE MIXED IONIC AND ELECTRONIC CONDUCTORS TO
BE APPLIED AS AIR ELECTRODES IN INTERMEDIATE TEMPERATURE REVERSIBLE SOLID OXIDE CELLS

In  this chapter  SrCoo.9sNboosOs.s  (SCN),  SrCoossFeoi1NboosOs-s  (SCNF1),
SrCoo.75Fe0.2Nb0.0s03-5 (SCNF2) and SrCoo.ssFeo3Nbo.osOs-s (SCNF3), are investigated as
SOFC’s cathodes, aiming to obtain good performances in the range of intermediate
temperatures.

The same materials were previously characterized and tested as oxygen permeation
membranes in chapter 6, after an accurate investigation on the possible strategies for
stabilizing the cubic phase of SrCoQOs.5 which involved the analysis of several dopants and
synthesis conditions.

It is evident that when materials are suitable for oxygen permeation, they fulfill at the
same time the requirements for being used as cathode electrodes, with the advantage
that it is not necessary to obtain a full dense ceramic for testing, the target temperatures
are in the intermediate range (500-750 °C) and the materials are exposed to less harmful
conditions, as cathodes are commonly immersed in air atmosphere which has a lower CO;
content than in the case of flue gases stream.

The oxygen permeation test on SCFN1 and SCFN2 showed an interesting activity
concerning oxygen separation and suggested that cobalt replacement for iron may be
useful to enhance the stability of these materials. Since iron has a more acidic character
compared to cobalt, Fe introduction may be useful to reduce the effect of CO; poisoning
and has already proved to be effective in tuning the surface composition reducing
strontium segregation (as observed with XPS in chapter 6).

Moreover, the demonstrated oxygen permeation activity is shedding an encouraging light
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on these materials in the perspective of using them as air electrodes in a reversible cell.
In fact, one of the most common reasons for reversible cells degradation is the air
electrode inability to remove the oxygen ions driven by the electrolyte, which can result
in the formation of high pressure bubbles resulting in the delamination of the air electrode
and consequent failure of the device.

The high oxygen permeation capability of SrCoo.gsxFexNbo.0503-5 family is promising in this
perspective and, if coupled with a good electrocatalytic activity, may represent a possible

way to address this issue.
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7.1 Introduction

Solid oxide fuel cells (SOFCs) are electrochemical devices able to convert chemical energy
into electricity with high efficiency, allowing the use of different fuels.™

Unfortunately, the high temperatures typically required for the cell operation (up to
1000°C) can induce interdiffusion between the cell’s components, kinetic demixing of
some materials and particle coarsening in porous electrodes, dramatically shortening the
device lifetime.*8

These drawbacks, jointly to the elevated costs, limit the diffusion of solid oxide fuel cell,
despite many efforts spent to improve this technology in the last 40 vyears.
A commonly adopted strategy to reduce the degradation of the cell is lowering the
operating temperature in the range of intermediate temperatures (500-750°C), however,
this results in a decreased activity of the cell components.®*® In particular, high
temperature is required to activate ionic conduction and reduce the ohmic losses at the
electrolyte!! and to have fast kinetics at the electrodes.*?!3 This is particularly relevant for
what concerns cathode, which often has a high activation energy (~1.5eV) for the oxygen
reduction reaction.'*?> In fact, while in the case of the anode Ni-cermets in which
negligible polarization resistance has been produced!®!’ thanks to a controlled
microstructure and in the case of the electrolyte for which it is possible to improve the
performances by reducing thickness,'®'° the improvements in cathode technology are
proceeding at a slower rate. This is due to the intrinsic difficulty of oxygen reduction
reaction (ORR), which is challenging, and to the simultaneous need of good ionic and
electronic conductivity and long-time stability.'32°

For these reasons, traditional cathodes such as La1xSrxMnQOs (LSM) are challenged in their
low ionic conductivity. In order to overcome that, a common strategy is to mix the
electrolyte and the electrode powders to obtain a composite electrode and enhance the
contact area between electron conducting LSM and ionic conductor electrolyte.?'=%4
However, this approach’s benefits are still limited to a restricted area of the electrode
called triple phase boundary, which is represented by spots (as outlined in chapter 2). The

development of a mixed ionic and electronic conductor (MIEC), extending the active area

available, can greatly contribute to increasing efficiency.
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The key feature of perovskites is the possibility of tailoring their chemical and physical
properties (catalytic activity, ionic and electronic conductivity) through the chemical
composition, and the modification of the crystal structure (going from simple perovskites
to double or layered perovskite, to Ruddlesden Popper phases). Perovskites have a
chemical formula ABOs, where A is a 12-fold coordinated metal belonging to alkaline,
alkaline earth or rare earth group, and B is typically a 6-fold coordinated transition metal.
The incredible flexibility of this family is due to a high tolerance to the presence of defects
and the fact that almost 90% of periodic table elements are stable in a perovskitic
structure.?®

In the case of perovskitic oxides, defects of relevance for ionic conductivity are
represented by oxygen vacancies whose formation can be enhanced by aliovalent doping;
however, aliovalent doping can also induce the formation of a redox couple in the B-site
which is associated with electronic conduction.

As a consequence of their mixed conduction properties, Mn-based, Ni-based, Fe-based
and Co-based families have been extensively studied as suitable cathodes for IT-SOFCs
and mixed metal compositions like La(Ni,Fe)Os5, Sr(Co, Fe)Oss have been tested too.
22,25,35,36,27-34 SrCo03.5 derived family is in particular interesting because of the elevated
permeation flux demonstrated by Teraoka et al,>’ who investigated the relationship
between La/Sr and Co/Fe compositional ratios and oxygen permeation flux in the Lai-
«SrkCo1yFe,03.5 family for the application in oxygen permeation membranes,
demonstrating the highest oxygen flux for a cubic phase with the lowest content of La and
Fe. However, the SrCoOs.5s composition is not stable in a cubic phase below 900°C and
undergoes a phase transition to hexagonal or brownmillerite phase upon cooling,
depending on the conditions. 3 Moreover, it has been demonstrated that the highest
electronic and ionic conduction properties, as well as oxygen permeation rate (which is
closely related to ionic and electronic conductivity) are due to the cubic perovskite
structure and are not of the same extent in the brownmillerite or hexagonal crystal

37-3% This is mainly due to oxygen vacancies ordering phenomena blocking

structure.
vacancies mobility and to tilted angles between CoOs octahedra, which reduce the

orbitals superposition and thus electronic conductivity.*°
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Many efforts have been addressed to stabilize the cubic SrCoOs.s structure over a wide
range of temperatures adopting different doping strategies: on A-site Smo.sSrosCo0s.5
(SSC); 4! B-site doping SrSco.2C00.803-5 (SSC), #2 SrCoo.8Feo.203-5 (SCF) %3 or on both A and B-
sites. Lao.6Sro.4C00.2Fe0.803-5 (LSCF) 44 and Bao.sSro.sCoo.sFeo203-s (BSCF) have been widely
investigated and have shown very promising electrochemical performances at
intermediate temperatures. > Another possible strategy for cubic phase stabilization is to
use a fixed high valence transition metal. While most of the doping effects have still to be
investigated in detail, the effect of doping with a high valence metal results in a decrease
of the oxygen vacancies amount with consequent decrease of vacancies order
phenomena. Moreover, often fixed valence cations are not easy to reduce below 900°C
and can provide an additional stabilization effect in challenging testing conditions (low
pO,, high T, presence of CO>).

Nagai et al have investigated several different dopants and their stabilizing effect on
SrCo0s.5 and their influence on oxygen permeation properties of the samples, highlighting
the beneficial role of La, Nb and Ti among the fixed valence elements. #® This evidence has
pushed towards the investigation of other dopants such as Sb, Ta, Sn, Mo and less
common oxyanionic dopants as B, Si and P, too. Many of them have proved to be effective
in stabilizing the cubic phase and showed promising electrochemical performances; on
the other side a general trend is typically observed: a decrease in the conduction
properties and electrochemical performance in excess of dopant. 47->3

Although the effect of doping has been widely investigated for SrCoOs.s compounds,

double doping has not been studied in deep and not all dopants have the same effect.

In  this chapter  SrCoo.9sNboosOs.s  (SCN),  SrCoossFeo1NboosOs-s  (SCNF1),
SrCoo.75Fe0.2Nbo.0sO3-5s (SCNF2) and SrCooessFeosNboosOss (SCNF3) perovskites are
investigated as possible cathode materials for intermediate temperature solid oxide cells.
In this compounds the stabilization effect is reached by doping with Nb and not with
expensive rare earths. The samples are prepared by means of citrate route synthesis
followed by combustion and the resulting materials are characterized by means of X-ray
diffraction (XRD), iodometric titration (IT), thermogravimetric analysis (TGA), scanning

electron microscopy (SEM). The conductivity of the pelletized samples is investigated with
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4-probes van der Pauw technique and finally symmetric cells on GDC electrolyte are
prepared and electrochemically tested under air atmosphere with electrochemical
impedance spectroscopy (EIS). The microstructure of tested cells has been investigated,
in order to determine the electrode morphology influence on the final electrochemical

properties.
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7.2 Experimental

7.2.1 Samples synthesis

SrCo0.95sNbo.0sO3-5 (SCN), SrCoo.gsFeo.1Nbo.os03-5 (SCNF1), SrCoo.75Fe0.2Nbo.0sOs3-5 (SCNF2),
SrCoo.65Fe0.3Nbo.0s03-5 (SCNF3) powders were synthesized by means of citrate route
followed by combustion, using Sr(NOs). (ACS reagent, >99%, Sigma Aldrich),
Co(NQ3);-6H,0 (ACS reagent, >98%, Sigma Aldrich), Fe (metal chips, 99.98%, Aldrich) and
Nb2Os (325 mesh, 99.9%, Sigma Aldrich) as precursors. These were dissolved separately
in deionized water or nitric acid (p.a. 265%, Sigma Aldrich) and then mixed. A controlled
amount of nitric acid (10 ml per gram of final perovskite product) was added to solution
in order to obtain a homogeneous combustion. Citric acid monohydrate (ACS reagent,
>99%, Sigma Aldrich) was then added in the ratio 1.9 with respect to the total amount of
cations and the pH was adjusted with ammonium hydroxide (ACS reagent, 28-30% NHj3
basis, Sigma Aldrich) until a value of 7 was reached, monitoring it with a calibrated pH-
meter. The obtained solution was heated at 90°C to remove water and the pH was
monitored and kept at a constant value of 7 through the addition of ammonia, until a
dense gel was formed. The gel was then dried at 200°C, which induced the release of gases
forming a sponge-like structure that was finally burnt at 400°C in order to remove the
organic framework. The resulting powder was finely ground in an agate mortar and then
calcined at 1000°C for 6 hours, followed by grinding and a second thermal treatment at

1200°C for 12 hours in order to obtain the desired perovskitic structure.

7.2.2 Samples characterization

The crystal structure of the synthesized samples was determined by X-ray diffraction using
a Bruker D8 with Cu Ko radiation (A = 1.5418 A), collecting diffraction patterns at room
temperature in a Bragg-Brentano geometry over a 20 range of 20-80°, with a step size of
0.015° and 1s step time.

The oxygen nonstoichiometry (0) and average oxidation state of B-site cations at room
temperature was determined by iodometric titration. In brief, 50 mg of powder were

dissolved in a 6mol L'* HCl solution in presence of excess Kl (ACS grade, Millipore Sigma),
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the procedure was performed under nitrogen atmosphere to prevent the oxidation of I-
ions (from KI) by atmospheric air. This was followed by titration with a standard
thiosulfate solution (S203%, 0.01 N, Titolchimica). A few droplets of a homemade starch
solution were used in proximity of equivalence point. Each measurement was performed
four times and averaged to obtain the resulting nonstoichiometry. The evolution of
oxygen nonstoichiometry with temperature was investigated with thermogravimetrical
analysis performed with a SDT 2960 TGA/DTA (TA instruments). Ramps of 10 °C/min
under air flow were used. The resulting nonstoichiometry was determined with the

following equation:

5= MM X my — (MM — 15.9994 X §,) X m
B 15.9994 X m,

where mp and m are the original weight and the weight at a certain temperature, MM is
the molar mass of the sample (expressed as SrCoo.gs-xFexNbosO3) and & is the oxygen
nonstoichiometry determined at room temperature. From the same expression it is
possible to obtain an average valence of B-site cations.

In order to measure electrical conductivity with van der Pauw method, dense pellets were
prepared by uniaxial pressing followed by isostatic pressing (p=60 MPa, t=30 s) and
sintering at 1250°C for 12 hours. Four small dots of platinum paint (SPI supplies) were
applied at the corners of the resulting pellets (16mm diameter, 2mm thickness, >90%
density) and heated (1 hour at 1000 °C, using 1°C/min ramps) to ensure good electrical
contact. A Keithley 2400 SourceMeter was used for DC-electrical conductivity
measurements performed in air (flow 50 sccm) between room temperature and 950°C at
a 25°C interval, using a 1°C/min heating ramp.

Scanning electron microscopy was performed on both the as synthesized powders and
cross section of the symmetric cells after testing, using a Zeiss Supra 40VP, using 20kV

acceleration voltage.
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7.2.3 Symmetric cell realization and electrochemical characterization

Symmetrical electrode cells were realized tape-casting an electrode ink on a GDC ceramic
electrolyte. The electrolyte was produced by dry pressing a commercial powder (GDC10,
Fuel Cell Materials) and consequent calcination at 1500°C for 6 hours (heating and cooling
rate 3°C/min). The resulting electrolytes had a diameter of 20 mm diameter and thickness
of 1 mm. Electrode inks were prepared by dispersing the perovskites powders in a vehicle
(Vehicle 400, ESL) and the viscosity of the resulting paste was reduced with a thinner
(Thinner 404, ESL). A small amount (5% final weight of the ink) of Carbon black (Printex-
U, Degussa) was added as pore former. The resulting paste was ground for 10 minutes in
an agate mortar in order to reduce particles size and obtain an homogeneous slurry, which
was deposited on both sides of the electrolyte, dried for 30 minutes at 100°C and
subsequently calcined at 1100°C (heating and cooling rate 3°C/min) for 6 hours. A thin
layer of gold paste (Heraeus C5729) was deposited to enhance the electrical contact and
subsequently calcined for 30 minutes at 800°C (heating and cooling rate, 1°C/min). The
total area of the resulting symmetrical cell was 0,785 cm?. Electrochemical Impedance
Spectroscopy was performed with an Autolab PGSTAT204 potentiostat (Metrohm) in the
550-800°C temperature range in synthetic air atmosphere. During the test a 50mV AC
amplitude voltage was applied under open circuit conditions, scanning 0.01 Hz-1MHz
frequency range. The resulting impedance spectra were analyzed and fitted with Z-View

software (Scribner Associates).
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7.3 Results and discussion

7.3.1 XRD
a 110 b
/
SCNF3 1 20 2 220 310 SCNF8 /
0 J | ) N
SCNF2
|
SCNF1 |
SCN \ |
20 ' 3I0 ' 4I0 I 5I0 I GIO I 7I0 I 80 32.0 I 32I.5 ' 33I.O ' 33I.5 I 34.0
20 (°) 20 (°)

Fig 7.1: XRD patterns of SrCog.osNbg 0503-5 (SCN), SrCop gsFeo.1Nbo.0sO3-5 (SCNF1), SrCop 75Feq.2Nbo 05035 (SCNF2),
SrCoo s5Fe0.3Nbo.0s03.5 (SCNF3) calcined at 1200 °C; * orthorombic Sr,Co,0s (a) and detailed view of 110 reflection (b).

X-ray diffraction patterns show the presence of cubic perovskitic (space group Pm-3m)
structure for all samples. The low intensity of (100) reflection and the doublet splitting
detected for (211) reflection suggest the possible presence of a tetragonal superlattice
ordering, characterized by a long range ordering along the c-direction of the perovskitic.
This phenomenon has been observed for 10% Nb and 10% Sb doped SrCoOs and is
associated with the stabilizing effect of fixed high valence dopants, which allows the
formation of highly ordered channels for vacancies migration. Further investigation by
neutron diffraction could give an insight into the crystal structure. °%*
The effect of iron doping seems to induce the segregation of a small impurity of
orthorhombic Sr2C020s (Imax_orth/Imax_cub< 4%), Which may be associated with iron doping,
not only due to the smaller t-factor (reported in table 7.1). In fact, Nagai et al. observed
than 10% iron doping is not enough to stabilize the cubic phase in absence of niobium, 46

while Yi et al. observed similar results for 10% Fe, but recorded a pure cubic phase in the

case of 20% Fe doping and absence of Nb. 4°
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The effect of iron incorporation into the perovskitic lattice can be noticed by the shift
induced into the diffraction peaks (Figure 1b) and an increase in the lattice parameter
(table 7.1). In fact, as iron doping is increasing, a shift towards lower diffraction angles is
observed, suggesting that the cell parameter is expanding as a consequence of the
insertion of a larger cation into the lattice. This can be explained considering the ionic radii
of iron and cobalt: divalent (ri=0.78 A, for Fe2* in 6-fold coordination, high spin), trivalent
(ri= 0.645 A, for Fe3* in 6-fold coordination, high spin) and tetravalent (ri= 0.585 A, for Fe**
in 6-fold coordination) iron radii are larger than divalent (ri=0.745 A, for Co?* in 6-fold
coordination, high spin), trivalent (ri=0.61 A, for Co®* in 6-fold coordination, high spin) and

tetravalent (ri=0.53 A, for Co* in 6-fold coordination) cobalt radiuses. >¢

7.3.2 lodometric Titration

Since oxygen vacancies are the reaction sites for the dissociative adsorption of oxygen at
the cathode, it is useful to determine the amount of vacancies present in the materials
and how these evolve with temperature under reaction atmosphere. In order to do that
iodometric titration is employed: in fact this technique gives information about room
temperature oxygen stoichiometry (8) and average oxidation state of Co/Fe cations.

When the SrCoo.95sNbo.0sO3-5 perovskite is dissolved into the hydrochloric acid solution in

presence of Kl, the following reactions occur: 578
Co3* +I_—>C02++1]2 (1)
2
Co*t + 21~ - Co?** + 1, (2)
the amount of produced iodine can be measured by reaction with thiosulfate:
1.2 - _ 1 _
EI +5203 -] +ES406 (3)

Niobium is not affected by KI. In presence of iron (in SrCoo.ssFeo.1Nbo.0s503.s,
SrCoo.75Fe0.2Nbo.0s03-5s and SrCooesFeosNboosOs-s samples), the equilibrium with Ki

includes the following reactions:
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Fe3++1‘—>FeZ++%12 (4)
Fe*t + 21~ -» Fe?* + 1, (5)

for this reason, SrCoo.9sNbo0503-5 is the only sample for which the average oxidation state
of cobalt is determined, in all the Fe-doped compounds an average valence state of the
B-site cations (n) is determined. Niobium, which has a fixed 5+ valence (as was observed

from XPS in chapter 6), is excluded from the calculation of n.

Oxygen

Sample ao(A) t-factor F = n
coefficient
SCN 3.8392 0.9983 0.323 2.677 3.10
SCFN1 3.8451 0.9966 0.315 2.685 3.12
SCFN2 3.8495 0.9948 0.225 2.775 3.30
SCFN3 3.8525 0.9931 0.293 2.707 3.16

Table 7.1: Calculated tolerance factor, oxygen nonstoichiometry (3) and average Co and Fe valence state at room
temperature of SrCoo.9sNbg.0503-5 (SCN), SrCoo.s5Fe0.1Nbo.0s03-5 (SCNF1), SrCog.75Feo.2Nbo0s03-5 (SCNF2),
SrCoo.65F€0.3Nb.0503-5 (SCNFS).

Table 7.1 shows the unit cell parameter (ap), the resulting t-factor, oxygen
nonstoichiometry () and average valence of B-site cations (n) determined for all samples.
Interestingly, niobium doping is stabilizing the cubic perovskite structure slightly above
the limit observed by Takeda et al. in their work, which found the 2.67 value for oxygen
as the lowest oxygen coefficient value at which a pure perovskite structure is observed.
Below this value a solid solution of perovskite and brownmillerite structure was
observed.3®

It is worth to notice that in all the iron doped samples, Fe introduction in the lattice is
effective in reducing oxygen nonstoichiometry and increasing the average oxidation state
of B-site cations. A similar trend was observed in the LnBaCoz-xFexOs.s system. >° This is
probably due to the fact that iron is more likely to be present in a higher oxidation state,
as observed by Tai et al. 896! This suggests that, beside slightly lowering the t-factor, Fe
doping may play a role in preventing the destabilization of the perovskitic structure. In
fact, as already mentioned, when vacancies are present in a very high amount, they can

undergo ordering phenomena, which are causing the transition from perovskite to a
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brownmillerite structure, in which both electronic and ionic conduction properties are
reduced with respect to a perovskite structure.3®

As a matter of fact, oxygen nonstoichiometry at room temperature allows measuring the
amount of oxygen vacancies and B-site average oxidation state in the samples, but these
are subject to an equilibrium with the surrounding atmosphere and their evolution with
temperature can be described in Kroger-Vink’s notation (considering SCN sample for

simplicity):

2Cof, + V' +0, © 0 +2Co;, (6)

Where Cof,, Co;, and V;* represent Co*, Co* and oxygen vacancy, respectively. It is
evident that the formation of oxygen vacancies and the formation of holes (represented

by Co*) are two opposite mechanisms and their equilibrium may change with

temperature.
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Fig 7.2: Oxygen nonstoichiometry (3) and average Co and Fe valence state between 400 and 800 °C of
SrCo0.95Nbo.0503-5 (SCN), SrCoo.gsFeo.1Nbo.0s03-5 (SCNF1), SrCoo.75F€02Nbo.0s03-5 (SCNF2), SrCog 6sFe03Nbo.osO3-5
(SCNF3).
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Thermogravimetric analysis (TGA) provides an insight into their evolution with
temperature under reaction conditions. The average oxidation state of B-site cations (n),
associated with defects analysis is giving information about the electronic conductivity of
the sample, which, as it was outlined in chapter 2, is a fundamental requirement for a
good performing cathode. This should be coupled with a good ionic conductivity, which
has been determined for some of the samples from oxygen permeability measurements
in chapter 6.

Figure 7.2 shows the evolution of oxygen nonstoichiometry in the 100-900 °C range in air.
It is possible to notice a similar trend in all the samples, for which two different
temperature intervals exist: a first one from room temperature up to 350-400 °C the
samples are characterized by an increase in weight, which is followed by a larger region
at high temperature in which a weight decrease is observed. These observations suggest
that at low temperature an oxygen incorporation is occurring up to a maximum value
which is expected to be related to a conductivity maximum. In this region the equilibrium
in (6) is shifted towards the formation of Co** (and Fe**in the case of iron doped samples)

through incorporation of oxygen:

2Cof, + V' +350, > 0F + 2Co, (7)

At temperature above 400 °C the equilibrium is reversed and a weight loss is observed:

0% + 2Cog, > 2Cod, + V' + 0, (8)

In this case the weight decrease is due to a loss of oxygen and consequent formation of
vacancies.

It is worth to notice that the weight increase in SCFN2 is less pronounced than in the other
samples, which is consistent with the observed nonstoichiometry coefficient determined
by iodometric titration, from which was found a higher amount of Co*'/Fe** species
already present in the sample at room temperature. Tai et al elucidated that the presence
of Co* and Fe*' is associated with p-type conductivity, where electron holes are

transported via polaron hopping mechanism. 606
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The decrease in oxygen content is associated with a reduction of cobalt and iron to lower

oxidation state (Fe3* and Co*) and thus a lower electronic conductivity is expected.

7.3.4 Electrical conductivity
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Fig 7.3: Conductivity measured in air between 100 and 900 °C (a) and Arrhenius plot of log(cT) (b) of
SrCo0.9sNbo.0503-5 (SCN), SrCoo.gsFeo.1Nbo.0s03-5 (SCNF1), SrCoo.75F€02Nbo.0s03-5 (SCNF2), SrCog 6sFe03Nbo.0sO3-5
(SCNF3).

Figure 7.3 shows the DC-conductivity and Arrhenius plot value for the four samples: since
in mixed ionic and electronic materials, electronic contribution is orders of magnitude
larger than ionic conductivity, the curves can be considered as representative of the

electronic conductivity of the samples.
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It can be observed that electrical conductivity increases with temperature to a maximum
value and then decreases. In the case of small polarons conduction in semiconductors,

electrical conductivity can be expressed as:

A
o =_e K (9)

Where A4 is a constant typical of the material and £; is the activation energy for small
polarons hopping. According to (7), two different regimes can be separated: if kT<Ea the
electrical conductivity is dominated by the exponential term and increasing with
temperature; if kT>Ea the pre-exponential factor becomes dominant and the total
conductivity decreases with temperature. The polarons hopping activation energy (E.) can
be obtained from the low temperature region of In(cT) plot, as is shown in figure 7.3 b.
For all samples, the two different regions observed in conductivity measurements are
consistent with a semiconductor to metal-like transition after the maximum conductivity.
This is in agreement with the weight changes observed in TGA measurements: after an
initial increase of oxygen content which is responsible for the formation of more p-type
carriers (Co**, Fe*) at low temperature, the decrease in conductivity above 400 °C is
related to the oxygen loss observed, causing a reduction of cobalt and iron and
consequently of p-type carriers.

It is possible to notice that iron doping has an influence on the electronic conduction: in
all Fe-doped samples a higher activation energy than in the case of undoped SCN is
observed, suggesting a lower conductivity. However, despite the replacement of cobalt
for iron increases the activation energy, the conductivity of SCFN2 is slightly higher than
in the case of undoped SCN. This can be explained considering the average oxidation state
of B-site cations observed from TGA characterization: having a higher average oxidation
state, the number of holes available for conduction in SCFN2 is higher than in the other
compounds in the whole temperature range.

The effect of doping on the transition temperature and value of maximum conductivity is
not linear with the amount of iron introduced. This suggests that evaluating the effect of
Fe-doping should consider the simultaneous presence of niobium and a possible

interaction between the dopants. Yi et al investigated electrical and oxygen transport
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properties of Fe-doped SrCo0s.5 (0<Fe<0.2), observing an enhancement of conductivity
and decrease of the transition temperature with increasing iron doping; this behaviour is
due to a better stabilization of the perovskitic structure with a higher iron content. 4° The
detrimental role of iron on conductivity was observed by Wang et al, which found an
increase in the activation energy with iron content, observing a maximum conductivity of
520 S-cmtin the case of SrCoosFeo203-5 which is very close to the 525 S-cm™ observed for
SCFN2.36

An ideal SOFC cathode should be highly conductive, for this purpose it is commonly
required that the material displays a total conductivity above 100 S-cm™ at the desired
operation temperature. 476263 SCN, SCFN1, SCFN2 and SCFN3 show 490, 315, 525 and 310
S-cm™ in the conductivity maximum, respectively. Compared to LaosSro2Co1xFexOs-s
conductivity values observed by Tai et al (1600>5>750 S-cm™, 0<x<0.3) these are
promising values, considering that the system does not include lanthanum or other rare
earths.

All the samples display a conductivity higher than 100 S-cm™ up to 900°C except SCFN3,
for which a lower conductivity is observed in the whole temperature interval, probably
due to the higher amount of iron which is creating trapping sites for the holes.

It is interesting to notice that for SCFN1 sample, the maximum conductivity temperature
is shifted at 500°C, about 100°C higher than in the case of the other samples, where a 300
S-cm™ value is observed. This is the ideal target temperature for low temperature
operation in fuel cells and, if the conduction maximum is coupled with good

electrochemical properties, SCFN1 may represent a very promising electrode material.
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7.3.5 SEM

Fig 7.4: Scanning electron micrographs of the powders of SrCop.95Nbo.0503-5 (SCN), SrCoo.gsFeo.1Nbo.0s03.5 (SCNF1),
SrCoo.75Fe0.2Nbp0503.5 (SCNF2), SrCoo 65Feo.3Nbo.0s03.5 (SCNF3) before the preparation of the inks for the electrode deposition.

Figure 7.4 shows the microstructure of the SrCoo.95Nbo.0503-5 (SCN), SrCoo.85F€0.1Nbo.0503-5
(SCNF1), SrCoo.75Fe0.2Nbo.os035 (SCNF2) and SrCoo.esFeosNboosOs.s (SCNF3) powders
before the preparation of the inks for the electrode deposition on GDC for the preparation
of the symmetric cell.

It is possible to notice that all the materials have small particles of a 0.5-2 micrometers
dimensions in a connected microstructure. All the samples have a small size porosity of a
few micrometers between particles and a larger porosity between particles cluster with a
wider porosity of 5-10 micrometers that seems to be more pronounced as the iron

content increases.

166



Chapter 7: Development of Fe and Nb-doped SrCoOs.5 perovskites as high performing cathodes for IT-

SOFCs

7.3.6 EIS
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Fig 7.5: Impedance data and fit in the temperature range 550°-800°C for symmetric cell with SCN electrodes on GDC
electrolyte, treated at 1100°C. SEM cross section of the cell after test and Arrhenius plot of total polarization
resistance and resistances specific for each process are also included.
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Fig 7.6: Impedance data and fit in the temperature range 550°-800°C for symmetric cell with SCNF1 electrodes on
GDC electrolyte, treated at 1100°C. SEM cross section of the cell after test and Arrhenius plot of total polarization

resistance and resistances specific for each process are also included.
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Fig 7.7: Impedance data and fit in the temperature range 550°-800°C for symmetric cell with SCNF2 electrodes on
GDC electrolyte, treated at 1100°C. SEM cross section of the cell after test and Arrhenius plot of total polarization
resistance and resistances specific for each process are also included.
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Figure 7.8: Impedance data and fit in the temperature range 550°-800°C for symmetric cell with SCFN3 electrodes on
GDC electrolyte, treated at 1100°C. SEM cross section of the cell after test and Arrhenius plot of total polarization
resistance and resistances specific for each process are also included.
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Figures 7.5-7.8 show the electrochemical impedance spectra recorded in air in the 550-
800 °C temperature range for each sample. These include different contributions which
are taken in account in the fitting procedure: the inductance coming from the wires (L,
which is more relevant at high temperature), the resistance due to the electrolyte (Rs) and
the contribution due to the cathode. Three different regions were considered for the
fitting of the electrode. At high temperature (750-850°C) two contributions can be noticed
and these were fitted with an equivalent circuit made of two R//CPE elements, which
consider the surface reduction of oxygen and a gas diffusion limit. The latter contribution
can be identified by the fact that it is neither frequency dependent nor thermally
activated, but is related to gas diffusion limitations of the electrode, for this reason it is
associated with a constant resistance (0.01-0.025 Q-cm?) and a large (2-7 F-cm?)
capacitance. This contribution is not negligible at high temperature, when the kinetics of
ORR is fast, but is incorporated and impossible to separate at lower temperatures, when
the impedance associated with ORR has a larger resistance. In the low temperature
regime two semicircles were recognized: one at high frequency which is related to charge
transfer processes and one at intermediate frequency due to ORR. These two
contributions were fitted with two R//CPE elements.

For each sample an intermediate region in which the three contributions are

simultaneously present was considered, including the three R//CPE elements in figure 7.9.

Figure 7.9: Equivalent circuit used for the fitting of impedance spectra, including and inductance contribution,
the electrolyte resistance (Rs) and a total of three R//CPE, which represent respectively charge transfer processes
(R3), surface exchange processes (R2) and gas diffusion limitations (R2).

The Arrhenius plot for the resistances obtained for every sample shows the different

contributions to the total ASR (measured as the difference between the low frequency
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and high frequency intercept with Zge axis) coming from the specific resistances obtained
by the fitting procedure.

The obtained ASR values at 600 °C, are 0.73, 2.23, 1.04 and 3.33 Q-cm? for SCN, SCFN1,
SCFN2 and SCFN3, respectively. As a general trend, the effect of iron doping seems to
increase the resistance values, but this effect is less evident for SCFN2 sample. Considering
the ionic conductivities (calculated in chapter 6) and the electronic conductivity values
observed from the four probes measurements, this suggests that at low temperature a
major contribution comes from electronic conductivity, and the obtained ASR values
follow the trend observed for Gel.

As a general trend in can be seen that in all samples a major contribution is coming from
the surface exchange reaction (i.e. surface diffusion, incorporation and bulk diffusion of
oxygen) while the charge transfer gives a minor contribution to the total resistance of the
electrode, suggesting that charge transfer is not the limiting process at the electrode. This
is not unexpected, since the samples were developed with the aim of obtaining high mixed
ionic and electronic conduction. Due to the larger uncertainty in the fitting of the high
frequency semicircle (charge transfer) compared to the one associated with the
intermediate frequency one (surface exchange), the activation energy and capacitance for
charge transfer are not reported except in table 7.3.

The ASR values obtained at 800°C, are 0.031, 0.061, 0.044, 0.082 Q-cm? for SCN, SCFN1,
SCFN2 and SCFN3, respectively. High temperature spectra show two semicircles: beside
one at intermediate frequency, there’s a contribution from gas diffusion at low
frequencies which is not temperature dependent: this can be noticed from the Arrhenius
plot of logR for every sample, in which the different contributions to the total resistance
of the electrode are separated. In the high temperatures regime, the gas diffusion
limitation becomes comparable with the oxygen reduction resistance and a slope change
is observed in the Arrhenius plot of the total ASR. 646° This effect is even more evident for
SCN and SCFN2 samples, which show a better ORR performance.

Due to gas diffusion limitation, at high temperature the difference in ASR is apparently
less marked, but the values obtained for Rsurf show that iron doping is increasing the
resistance to surface exchange. This can be noticed looking at the activation energies for

the process (presented in table 7.2): Fe introduction can raise E, up to 0.5eV in the case
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of SCFN1. Despite having higher ASR values, similar activation energy values were
observed by Wang et al for BSCF. ¢ Baumann et al observed an increase in activation
energy from 1.3 eV up to 1.8 eV in the LSC-LSCF-LSFC-LSF series with increasing iron

content, which is consistent with the obtained values. °

ASR (Q-cm?) Ea (surf) (€V)
Sample @600 °C @700 °C @800 °C
SCN 0.73 0.097 0.031 1.286
SCFN1 2.23 0.227 0.061 1.796
SCFN2 1.04 0.148 0.044 1.499
SCFN3 3.33 0.331 0.082 1.614

Table 7.2: Area specific resistances (ASR) and activation energy for surface exchange process determined from EIS
fitting for SrCog.9sNbo.0503-5 (SCN), SrCoo ssFeo.1Nbo.0sO3-5 (SCNF1), SrCog 75Fe0.2Nbo 0sO3-5 (SCNF2),
Src00,55F80,3Nbo_0503.5 (SCN F3).
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Fig 7.10: Area specific resistance (ASR) in the temperature range 550°-800°C of SrC0o.9sNbo.0503-5 (SCN),
SrCoo.s5Fe0.1Nbo.0s03.5 (SCNF1), SrCog.75Fe0.2Nbo.0sO3.5 (SCNF2), SrCop.s5Feo.3Nbo.0sOs.5 (SCNF3).
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Figure 7.10 shows the ASR values obtained for all samples. A reference target ASR value
of 0.15 Q-cm? is marked, as identified by Steele. ¢’ Compared to the target value, it can
be noticed that SCN and SCFN2 are the only samples within the desired ASR value at
700°C. However, all the obtained ASR values are larger than the ones typically observed
in other doped SrCo0s.s samples. As an example, in scandium or samarium doped samples
0.044 and 0.098 Q-cm? ASR was reported at 650 °C, respectively. 42 This suggests that
the presence of a fixed valence rare earth can definitely enhance the performance of the
material. The fitting parameters obtained for R//CPE element allow to calculate the value

of the real capacitance associated with every process, through the equation:

1
R

where Qo and n represent the CPE-T and CPE-P values in the Z-view software, respectively.

As already mentioned, since charge transfer semicircle showed larger uncertainty
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Fig 7.11: Area specific pseudo-capacitance associated with the surface process in the temperature range 550°-
800°C of SrCo.95Nbo.0503-5 (SCN), SrCoo.gsFe0.1Nbo 0503-5 (SCNF1), SrCoo.75Fe02Nbo 05035 (SCNF2),
SrCoo.esFe0.3Nbo.0s03-5 (SCN F3).
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associated with the fitting, the capacitance values were calculated in order to confirm the

identified process and are reported in table 7.3.

Figure 7.11 shows the calculated capacitances for surface exchange process for the four
samples. Capacitances decrease with temperature for all samples, but it can be noticed
that iron doping is reducing the capacitance in all samples, in particular in SCFN2. Even
though a similar trend has been observed in BSCF samples and is consistent with the three
iron-doped samples, an opposite trend was observed for Smo 5Sro.sCo0s.5, showing a slight
increase of Cqurf with temperature. > This is not the case of SCN, which presents a notably
higher capacitance than the Fe containing samples, and suggest that this effect may be

associated with niobium dopant, which is present in all the samples.

R (Q-cm?) Ea (eV) | Capacitance (F-cm?) Proposed process
High
frequency 0.02-2.5 0.7-1.5 0.0001-0.001 Charge transfer
process
Middle
0.02-0.1 (SCN)
frequency 0.015-12 1.3-1.8 Surface exchange
0.005-0.02
process
Low
frequency 0.01-0.025 / 3-7 Gas diffusion
process

Table 7.3: Resistance range, activation energy, associated capacitance and proposed process for every semicircle
obtained in the EIS spectra.

Table 7.3 gives an overview on the chemical processes and associated resistances,
activation energies and capacitances. The observed values are consistent with reported
literature, however, despite showing similar capacitance values (0.005-0.2 F-cm?), the
resistance associated with surface exchange process is larger than in most of the reported
materials. It is well known that the electrodes microstructure plays an important role in
determining the final properties of material and it has been observed several times that
the electrode deposition procedure, the electrode layering structure, the use of pore

formers and the chosen thermal treatment can deeply influence the electrochemical
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properties of the material. >>%4%> For this reason, the microstructure of the cell’s

electrodes has been investigated with SEM.

7.3.7 SEM after testing

Fig 7.12: Scanning electron microscopy micrograph of the electrode surface of SrCopssNbo0s03.5 (SCN),
SFC00,85F60,1N bo,0503.5 (SCN Fl), SFCOonFeO,zN bo,0503.5 (SCN FZ), SFC00,65F60,3N bo,0503.5 (SCN F3) deposited on CGO
electrolyte and treated at 1100°C for 6 hours.

Figure 7.12 shows the electrode surface for all the samples. From a comparison with the
starting powders morphology it is possible to observe that the grain dimensions are
increased and the starting porosity of the powders is shrinked with the thermal
treatments, with the result that a lower electrode surface is exposed. This could be a
reason why a prominent contribution from surface exchange to the total resistance has
been observed. In fact, oxygen vacancies are known to be the reaction sites for gaseous
oxygen to adsorb, dissociate and be consequently reduced and smaller electrode surface
results in fewer available sites for oxygen adsorption, dramatically reducing the activity of

the electrode. Since all samples showed an increase in grain size and connection between
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grains after the thermal treatment, it is reasonable to think that all the samples are
affected by this phenomenon in a similar extent. However, in presence of a higher content
of iron, the microstructure displays a smaller particle size associated with a higher
porosity and less compact structure. This is not unexpected, since cobalt is known to be
used as sintering addictive to enhance the densification of ceramics and has been
exploited even with electrolyte materials. %8 Replacing cobalt for iron reduces the
sinterability and thus results in smaller particle size, similar trends have been detected in
other Co, Fe-containing perovskites and brownmillerites. 7% This observed trend is
suggesting that the sintering behavior of a cobalt and iron containing material could be

tuned with composition, in order to further improve the final electrodes microstructure.
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7.4 Conclusions

In  this chapter  SrCoo.9sNboosOs.s  (SCN),  SrCoossFeo1NboosOs-s  (SCNF1),
SrCoo.75Fe0.2Nbo.0sO3-s (SCNF2), SrCooesFeosNboosOs-s (SCNF3) were successfully
synthesized by means of citrate route and their properties were characterized. Cubic
perovskitic structure was observed in all the samples, showing the beneficial effects of
niobium and iron doping on the stabilization of SrCoQs.5 structure.

The oxygen nonstoichiometry (8) at room temperature was determined by iodometric
titration (IT) and showed a decrease in the value of 6 and higher average B-site cations
valence (n) with iron content, consistent with the formation of more Fe** and Co** p-type
carriers. The decrease in oxygen nonstoichiometry is not linear with the amount of iron
dopant, in fact SCFN2 showed the lowest value of 8 (0.225) and the highest average B-site
oxidation state (3.30). The evolution of 6 and n with temperature in air was investigated
with thermogravimetric analysis (TGA) and two different temperature windows were
identified: in the low temperature region (T<400°C) a weight increase consistent with the
incorporation of oxygen up to a maximum is observed, then in the high temperature
region (T>400°C) a progressive release of oxygen occurs. Even though all the samples
showed a similar behavior during the TGA, a smaller weight increase for SCFN2 was found,
consistently with the higher value of 6 determined by IT. The trend observed in TGA was
consistent with the observed values in the four probes conductivity measurement: all the
samples have a semiconductor to metal transition around 400°C which is consistent with
the oxygen loss and consequent reduction of p-type carriers available for conduction. As
a general trend Fe-doping was found to increase the activation energy for the polaron
hopping conduction and decrease the samples conductivity from 500 (for SCN) to 300
S-cm™. Surprisingly SCFN2 showed a conductivity value slightly higher than SCN which can
be related to the higher amount of available carriers determined by TGA.

Symmetrical cells depositing porous electrodes on a dense GDC pellet were prepared and
tested with electrochemical impedance spectroscopy in air, in order to evaluate the
materials activity as cathodes. With a fitting procedure using an equivalent circuit, in all
samples three contributions to the area specific resistance (ASR) were identified and

separated: a high frequency semicircle, an intermediate frequency semicircle and a low
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frequency semicircle which were assigned to charge transfer resistance, surface exchange
resistance and gas diffusion resistance. While the first is detectable only at the lower
temperatures, gas diffusion contribution has a major relevance at high temperature. The
characteristic resistance, activation energies and capacitances of surface exchange were
determined and, once again, iron doping was found to have an influence on them. Despite
increasing the resistance and activation energy for ORR, the surface specific capacitances
of Fe-doped samples are lower than the ones determined for SCN. At all temperatures the
ASR of the samples increased with the following trend: SCN<SCFN2<SCFN1<SCFN3, in
agreement with the electronic conduction properties observed with four probes
measurement. As a general trend, the observed ASR values were larger than in other
similar materials and only in the case of SCN and SCFN2 the ASR values fulfill the target
value below 0.15 Q-cm? identified by literature at a temperature 700°C, showing
promising performance. For this reason scanning electron microscopy was performed on
the powders and the final electrode microstructure, showing that the small starting
particles with a high porosity increased in dimensions with thermal treatment and
displayed a lower porosity. The final area of the electrode was observed to be lower than
in the case of the starting powders. Since surface exchange was observed to be the
prominent contribution to ASR, the decrease in surface area was related to a decrease in
the number of active sites for oxygen adsorption and reduction exposed by the electrode.
This suggests that a different electrode deposition procedure should be adopted in order

to emphasize the electrocatalytic properties of the materials.
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Chapter 8

Conclusions and outlook

The objective of this thesis was elaborating new ceramic materials for the applicationin a
sustainable energy conversion and storage context. This goal was pursued taking in
account that, beside the research for new functional materials to deploy in developing
technologies, the existing large scale facilities for energy production can still be improved.
For this purpose the project has focused onto developing materials suitable for the
application in the field of fuel cells, with particular attention to the electrolyte and the
cathode, and oxygen permeation membranes, aiming to use them in oxy-fuel combustion
plants. As an additional benefit, fuel cells cathodes and oxygen permeation membranes
are characterized by similar requirements, and the investigation of the same materials in

two different fields provided complementary information about their properties.

A first study involved an ink-jet printed thin film electrolyte based on a Gadolinium Doped
Ceria (GDC) and Yttrium Stabilized Zirconia (YSZ). This was based on a hybrid ink consisting
of pre-formed GDC nanoparticles dispersed into a liquid sol-gel matrix as a precursor of
YSZ. In order to prevent reactivity of the zirconium precursor before printing, a chelating
agent was used.

The crystal structure of the resulting material was investigated in relation to the thermal
treatment temperature and atmosphere, to check the stability of the composite and
observe when the formation of the solid solution between GDC and YSZ occurred.

The resulting ink was suitable for inkjet printing, showing low viscosity and a particle size
dispersion falling into the optimal range for ink-jet printing even after the dispersion into
the YSZ sol-gel matrix. With respect to the pure YSZ sol-gel ink, the characterization of the
parameters influencing printability (density, surface tension, viscosity) showed that these

were not significantly affected by the addition of GDC nanoparticles.
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The observed ionic conductivity of the printed thin film was 5-10° S-cm™ at 600 °C, being
higher than YSZ and making this composite promising for at low temperature application.
When the sample was tested in reducing environment, no significant changes in the total
conductivity were observed, showing that GDC nanoparticles are not sufficiently

connected to allow percolation.

Another part of the work involved the development of mixed ionic and electronic
conductors (MIECs) and for this purpose four cubic perovskites based on SrCoQs; structure
were investigated. These were obtained after an initial and accurate selection of donor
dopants elements, which highlighted the positive effect of niobium on the stabilization of
the cubic perovskite SrCog.gsNbg 0503.5. In order to further enhance the material stability
and its tolerance to CO,, iron was chosen as additional dopant in the amount of 0, 10, 20
and 30 %, obtaining SrCoggsNbgosOss (SCN), SrCoggsFeo1NbgosOss (SCFN1),
SrCog.75Feg.2Nbg.0503.5 (SCFN2) and SrCogesFeqsNbgosOss (SCFN3). The effect of iron
substitution for cobalt was investigated in terms of crystal structure, oxygen
nonstoichiometry, mobility and desorption. Average oxidation state of B-site cations,
surface composition and total conductivity were characterized as a function of iron
content, too.

Iron doped compounds retained a cubic structure, however the presence of iron seemed
to favor the formation of a small amount of brownmillerite impurities at lower calcination
temperature, which decreased with a high temperature treatment. Besides that, iron
doping proved to reduce the oxygen nonstoichiometry at room temperature, probably
due to a an easier tolerance of iron to the 4+ oxidation state compared to cobalt, as
observed from the average oxidation state of B-site cations. The oxygen nonstoichiometry
showed a non-linear change with increasing iron content, with a minimum observed for
SCFN2, suggesting a possible interaction effect between the dopants.

The evolution of oxygen nonstoichiometry and average B-site cations, investigated by
thermogravimetric analysis, showed that in air an oxygen incorporation occurs around
400°C, forming a higher amount of Co** and Fe**. After this maximum an oxygen release

is observed, which is slightly higher in iron containing samples. An opposite trend was
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observed for the thermogravimetric analysis run in nitrogen, with iron doping hindering
the release of oxygen at high temperature, due to a lower reducibility.

Not only the resistance in reducing atmosphere was enhanced with iron doping, but the
surface analysis composition obtained by XPS showed a beneficial effect of iron in
reducing the surface segregation of strontium.

The in-plane conductivity characterization showed a p-type conductivity having a
maximum around 400 °C, consistently with the behavior observed by thermogravimetric
analysis, and the highest conductivity values of 490 and 525 S-cm™ were observed for SCN
and SCFN2, respectively. Iron doping produced an increase in the activation energy for

conduction.

Dense pellets were sintered and oxygen permeability using N, as sweep gas was tested.
SCFN1 and SCFN2 were the only sample displaying stable and reliable performances, with
a permeation flow of 1.21 and 1.00 mly-min*-cm™ at 750 °C, respectively, and a maximum
permeation flux of 1.88 (at 850 °C) and 1.95 (at 950 °C) mly-min-cm™, respectively.
Since SCFN2 showed the most stable performances it was tested in oxy-fuel conditions,
using CO, as sweeping gas. Besides an initial decrease in performance at low temperature,
probably due to CO, adsorption on the membrane, the performance was restored and a
flow of 1.34 mly-min*-cm™ was obtained at 950 °C.

The oxygen permeation measurements allowed calculating the ionic conductivity and
0.34 and 0.26 S-cm™ were observed at 750°C, being among the highest in literature for
MIECs.

After test microstructural characterization showed the formation of pinholes in the

samples with a lower iron doping, while larger cracks were observed for SCFN3 sample.

SrCo0.95Nbp 0503-5 (SCN), SrCogssFeo.1NbppsO3-5 (SCFN1), SrCog7sFeo2NbgosOs5 (SCFN2)
and SrCoggsFepsNbposOss (SCFN3) were deposited on symmetric cell and tested as
cathodes in air and promising performances were observed, in particular SCN and SCFN2
had 0.097 and 0.148 Q-cm? area specific resistance (ASR) at 700°C, respectively. In all the
samples, the main contribution to the resistance was coming from the surface exchange

reaction, suggesting that the high conductivity values observed allow a fast charge
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transfer process. Once again, doping with iron was found to increase the activation energy
for oxygen reduction reaction, with this effect being less pronounced in the case of SCFN2.
After test microstructural characterization showed a compact microstructure with
reduced porosity compared to the starting powders, suggesting that a decrease in the

surface area of the electrode occurred during the consolidation process.

The results reported above are promising, but further improvements are still needed to
make these materials appealing for a large scale application.

Concerning the GDC/YSZ composite electrolyte, further investigation on the maximum
amount of GDC nanoparticles that can be dispersed in the ink is required. This could
provide an estimation of an upper limit for both avoiding electronic percolation and not
precluding printability, since the increase in solid loading is expected to affect them both.
Additionally, a more detailed investigation on the thermal treatment is required in order
to improve the deposition of the electrolyte on an anode substrate since the attempts
(not reported here) to print the electrolyte on a tape-casted anode resulted in cracked
films.

In the case of the SrCoggsyFeyNbgosO35 (x=0, 0.1, 0.2, 0.3) perovskites, since they
displayed a change properties which is not linear in relation to the amount of inserted
iron, a modellistic investigation of the effect of niobium and iron doping could provide a
better understanding of the promising properties displayed by SCFN2.

In the context of permeation membranes, structural investigation of the materials with
thermal XRD in different atmospheres (air, N, CO;) could provide an insight on an
eventual phase transition occurring in the membrane under testing conditions and clarify
if the mechanism of CO, interaction with the surface of the membrane involves the
occupation of vacancy sites or the formation of stable carbonates.

Finally, the permeation performances could be further enhanced by the deposition of an
activation layer having the same composition of the membrane but treated at a lower
temperature than the sintered samples, so to have a larger area available for the reaction.
Concerning the application of the same materials as cathodes, the formation of a more
open electrode microstructure should be pursued, in order to prevent gas diffusion

limitations and provide a larger surface area available for oxygen to react.

188



Chapter 8: Conclusions and outlook

The investigation of the limiting step of the oxygen reduction reaction could provide an
insight in the mechanism of oxygen reduction at the electrode, allowing to improve the
reactivity. Finally, long term stability in atmospheric air should be checked to exclude a
possible deactivation of the surface by CO, poisoning.

As a general remark, the sintering process and microstructure evolution of cobalt based
compounds has demonstrated to be complicated and definitely requires a more detailed
investigation, since it has been observed to play a major role in determining the final
properties of the material. It is not excluded that an interaction between iron and niobium
(often used as grain growth suppressor) may play a role in the final microstructure of the

calcined material.
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