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Summary

The ever-increasing demand for energy is generating a consequent increase of the
energy production in the years to come. This currently comes mostly from power
plants that use fossil fuels as their main fuel. Natural gas or coal-based power plants
continue to improve from the point of view of efficiency, reducing emissions and
wastes per unit of energy more and more. With a view to following international
agreements in limiting the rise in global average temperatures, mitigation actions
against CO2 emissions are becoming increasingly fundamental. Carbon capture
and further uses are one of the leading themes of scientific research, especially
when retrofitting pre-existing plants. A possible route consists in chemical looping
processes that involve the use of an oxygen carrier that alternates between a reduced
state and an oxidized state creating a syngas as a useful product. Metal oxides are
the family of materials that is more used in chemical looping processes, but recently
many studies have been conducted to find alternatives that can achieve better
performance in terms of CO2 capture and consequently higher syngas yields. These
materials must avoid deactivation problems that are common during redox cycle
processes. Carbon deposition creates a surface layer that prevents oxygen ions from
penetrating inside the matrix and thus occupying the vacancies previously created
in the reduction step. Perovskites have a structure very favorable to the transport
of oxygen, especially if in the presence of doping that weakens the link between
B-sites and oxygen allowing the greater creation of vacancies. It has been seen that
working with a sub-stoichiometric structure further favors this process. Doping in
B sites results in exsolution phenomena on cations by moving from the bulk to
the surface thus increasing performance and acting as a catalyst for CO2 capture.
This thesis presents the first results obtained on a new material with composition
Sr2FeNi0.4Mo0.6O6−d (SFNM04) through TGA tests and subsequent microreactor
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tests. It can be seen from the first results how the effect of CO2 is evident in the
oxidation stage, but still reversible in the presence of a reductive atmosphere with
hydrogen. Nevertheless, the material present problems related to the formation of
carbonates with an oxidating environment in the simultaneous presence of carbon
compounds such as CO2 at different concentration. Post-mortem analysis of the
sample shows the presence of strontium carbonate formation SrCO3 and strontium
molybdate SrMoO4. The first inhibits the carbon monoxide formation as it is
created from the interference of the CO2 molecule with the SrO oxide. The second
phase, has insulating characteristics, generally inhibiting the re-oxidation of the
material. These compounds were seen disappearing by subjecting the material to
air treatment at 800 °C for one hour. The formation of Fe-Ni alloys by exsolution
phenomena has only been achieved for reductions in H2 perpetuated for more than
30 minutes in TGA. This suggests that more time is needed to allow the Fe3+

and Ni3+ ions to be reduced to Fe2+ and Ni2+ and exsolve on the surface of the
sample catalyzing the oxidation. In conclusion, this work is part of a preliminary
study to determine the reproducibility of redox cycles for SFNM-04 perovskite and
to form the basis of information for more in-depth and targeted analysis with the
prospect of opening new pathway towards systems with less expensive materials.
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Chapter 1

Introduction

1.1 The problem of carbon dioxide and the Chem-
ical Looping solution

Anthropogenic CO2 emissions, derived from the burning of fossil fuels, have long
been recognized as one of the major contributions to climate change with an
emission projection of 30.6 Gt of CO2 issued in 2020 [1]. Despite being a lower
figure than in previous years, the world governments still have to work hard to
reverse the growth trend. The good news is that the price of renewable energy,
together with substantial investments, is leading to a greater role for renewable
sources in the energy sector. However, from the studies we can notice that the role
of sources remains firmly anchored in the overall energy landscape [2]. So, although
it can be said that the global trend is declining, it should not be confused with
the impressive role that fossil sources continue to play, especially in developing
countries. It is also pointed out that, among the major sources of CO2 emissions
into the atmosphere, the plants dedicated to energy production are among the most
emissive, followed by the transport sector. In this respect, large-scale industrial
processes will increasingly be targets for the development of applications for carbon
dioxide capture. Captured CO2 can be reused through new technologies that see
their possible application in a retrofit context from pre-existing industrial plants.
Indeed CO2 can be a protagonist in the market in this regard. It can be adopted
in the context of carbon capture and utilization (CCU), as a source of carbon for
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Introduction

the production of synthetic hydrocarbons. Redox chemical looping (CL) can be
an interesting and economical options for the use/reuse of carbon dioxide. This
technology allows the splitting of exhaust gas components (i.e. CO2 and H2O)
from fossil power plants, using renewable sources (i.e. solar energy, electrolysis
hydrogen) for syngas production, which can be upgraded to chemicals or fuels.
Therefore, this technology helps to create a renewable to fuel chain with a dual
objective of recycling CO2 emissions and as a renewable energy storage mechanism.
With these few premises, it is easy to recognize how the demand for hydrocarbons,
used as a primary source, will still grow in the future. This will eventually lead to a
further increase in carbon dioxide emissions, unless measures are taken for a faster
transition to different primary sources [3]. In this sense, it is highlighted in a IEA
report on the impacts of global warming [4] that these fast-transition interventions
are already taken into account in several strategic plans that provide for rigorous
efforts in changing energy policies. These policies include a special focus on carbon
capture and storage (CCS) technologies, with a special focus on CCS adopted with
a view to retrofitting from existing production facilities. However, it is pointed out
that these retrofitting actions are not enough to solve the problem of the amount of
CO2 generated by the same plants that determine its production. In other words,
it would not be possible to think of such large accumulations of CO2, for which
the most popular technologies to date (such as accumulation in exhausted oil sites
or geological formations), also have safety implications with regard to long-term
accumulation [5]. Technological efforts to facilitate the sequestration of CO2, should
go hand in hand with policies for the reuse of most of the CO2 produced. In terms
of reuse, we can think of the production of synthetic gas derived precisely from
emissions into the atmosphere. This gas can be useful as raw material for different
purposes [6]. At the moment, this synthetic gas is produced using biomass, natural
gas and coal, also thanks to several technologies now known [7]. Other methods to
produce synthetic fuels, including syngas and H2, can occur in combination with
solar energy. In this case we can talk about "solar fuels" for which you can find
different references in the literature [8, 9]. These technologies are finding more and
more success due also to the constant search for improvement in terms of materials
and application methods. Thus, as knowledge is developing, , the relative cost
of these methods is decreasing. Indeed, it is coming to competition with steam
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methane reforming (SMR) processes. The degree of SMR technology development
does not allow to achieve grater efficiency. This will lead to a strong use of fossil
fuels as raw materials [10]. In theory, the easiest way to obtain syngas from CO2

and/or H2O is direct thermal splitting. However, this process requires temperatures
close to 2400 °C which are not achievable with current technologies. Moreover,
there is still the majority problem of the separation of H2 and O2 to avoid explosive
mixtures, which is still difficult to achieve in an economic way. To solve these
problems, the alternative solution is to predict the thermochemical process divided
into two steps: one reduction and one oxidation of a metal oxide. This allows you
to drastically reduce the temperatures in play. The aim of this technology is to
contribute to the mitigation of greenhouse gas emissions from the energy sector.
This is done by promoting efficient redox-active oxygen carriers for the chemical
loop (CL), possibly enhanced by hydrogen. The ultimate goal is to achieve an
efficient conversion from renewable to fuel, under conditions relevant to industrial
applications. Therefore, in redox cycles characterized by two steps, the solid reagent
is typically a metal oxide. It performs the function of "oxygen carrier", hence it’s
also called with this nominative. This metal oxide changes its oxidation state by
capturing and releasing oxygen, in such a way that it can repeat the operation
cyclically. Among the most promising materials to carry out the task of oxygen
transporter, we find ferrites, ceria-based materials and perovskites. A lot of work is
being done on all these materials in order to increase their transport effects and thus
their oxide-reducing properties, acting on the crystalline matrix and then doping
the starting materials with elements that allow to achieve better performance [11].
To better describe the context in which chemical looping technologies are addressed,
an overview of CO2 uses and emissions is proposed below, analyzing historical
data. Indeed, it is particularly important to understand what proportion of CO2

emissions would be affected in its use by these technologies and from which sectors
its origin derives. Currently, the percentage diffusion of technologies concerning
CO2 capture is distributed as shown in figure 1.1 elaborated from IEA in 2019 [12].
The sector in which these technologies have found easier application is the Gas
Processing one, which represents two thirds of the total. Also the production of
synfuel (10%) and power (8%) have interesting development prospects. Instead,
all the other sectors are still affected by the backwardness in the studies of these
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Figure 1.1: CO2 capture capacity currently on market. Data elaborated from
[12].

technologies and the technical and economic difficulties in facing them. If we want
to identify parameters influencing emissions, we can use the Kaya Identity, whose
purpose is to calculate the country’s carbon dioxide emissions through economic
and social indicators. It represents a concrete method to calculate the human
impact on emissions. The factors considered are the energy used, GDP (Gross
Domestic Product) and the population [13]. This expression is a simple identity
(simplifying the terms we would get in fact CO2 = CO2 equality), however it is
useful to have an effective overview of the factors that have influenced the trend of
Italian emissions. The graph was created using indices, in which the value 100 is
attributed to each factor in the year chosen as a reference (1990). The increase
or decrease of this index, in the other years, therefore indicates the increase or
decrease in the incidence of the specific factor on the total value. From the graph
it can be inferred that until 2005, a large weight on the increase in emissions
is dictated by the increase in GDP per capita. Even though, there was a slight
decline in correspondence with the 2008 crisis, it got back up in recent times. The
population growth is rather limited and has an almost negligible impact on the
total. As for energy intensity, the decline from Seventies to date is remarkable and
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Figure 1.2: Representation of the kaya index together with its indicators.

substantially constant, thanks to an ever-greater energy efficiency and a conscious
use of energy. Lastly, the intensity of CO2 has also a decreasing trend, but in a
less marked way, compared to energy intensity. The combination of these four
factors allows to obtain the curve representing the CO2 emissions in figure 1.2.
More in detail, figure 1.3 allows to have a precise idea of the emission impact of the
various economic sectors over time. The largest decrease is recorded in electricity
generation, despite a slight increase starting from 2014. As regards the industrial
sector, it was the largest emitter until 1982 (in 1974, the peak year, it exceeded
125 Mt), but has achieved a constant decrease over time, up to much lower values:
in 2014 emissions were just over 46 Mt. In the transport sector, after a growth
exponential until 2005, there is a significant reduction. However, in the last year
reported in the graph, a slight rise also in this sector can be noticed. Finally,
the curve that represents the buildings presents a substantially constant trend.
According to the IEA [15], in 2060 these technologies could contribute 24% to
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Figure 1.3: Carbon dioxide emission in Italy differentiated by sectors. Data
elaborated from [14].

the reduction of emissions. Therefore, they represent a fundamental ally for the
achievement of environmental objectives. However, it must be considered that even
less restrictive scenarios than that dictated by the CTS, cannot in any case ignore
these emission limitation techniques. The steel, cement and chemical subsectors
are responsible for 70% of total emissions. Therefore, it is good to focus attention
on these subsectors. In these areas, considering the Clean Technology Scenario
(figure 1.4a), through the CCUS supply chain, the overall emissions are almost 1.3
Gt. It is estimated that around 0.4 Gt could be removed for both the cement and
the steel industry, while for the chemical industry this value would almost reach
0.5 Gt. However, even in the RTS scenario (1.4b), CCUS techniques cannot be
ignored, but their development would be much more limited (just over 0.6 Gt).
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Figure 1.4: Forecasts of the development of carbon capture and storage technolo-
gies in the future according to two different scenarios. Case a) development of the
clean technology scenario; case b) development of the reference technology scenario.
Data elaborated from

1.2 Material for Chemical Looping CO2 reuse

It is clear from the conclusion of this first section that CO2 capture is a key issue
for future technology developments. One of the most impactful problems for the
advancement of capture technologies lies in finding suitable materials to perform
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this task. Recently, several materials have been tested to check their performance
against oxygen exchange. The firsts to be considered were metal oxides characterized
by volatilization during reduction, with negligible difficulties encountered during
the hardening and sublimation process. For this reason, research has been focused
towards non-volatile metal oxides [16]. Many ferrite-based materials were tested [17].
Then the research focused on non-stoichiometric vectors such as, doped ceria or
ceria, in parallel with perovskites with a high degree of oxygen storage [18]. Indeed,
according to this review, perovskite studies of the type Lanthanum–Strontium-
Manganates (LSM) confirm the higher yield of O2 compared to the ceria and lower
temperatures necessary for the reaction. Even though, they present an incomplete
re-oxidation in the presence of CO2. Other studies reported in this review are
instead focused on the differences received in the use of media such as ZrO2,
Al2O3 or SiO2. As already mentioned in the initial summary, for this work the
reduction in the presence of hydrogen has been explored to facilitate timing and
temperatures, as well as giving greater weight to oxidative behavior in the presence
of CO2. However, in the literature, information can also be found regarding purely
thermal reduction methods also adopted with perovskites such as Albrecht et al.
[19] who have carried out studies on thermochemical storage systems (TCES) using
thermally reduced perovskites with temperatures between 700 and 1100 °C and with
low partial pressures of O2, combined in the thermochemical cycle with re-oxidation
in the air. Once the starting material has been chosen, there is a further branch in
the study of materials that consists in selecting the right doping mixes to allow
the improvement of performance. Furthermore, it also allows to avoid some side
effects that may result from oxidation and / or reductions with gases of different
nature. The research is also extended to the characterization of the mechanical
mix of two different oxygen carriers. In particular Zhao et al. [20] studied the
performance and synthesis of a metal oxide composed of Cerium and Zirconium in
equal measure that has both ion conductivity characteristics of O2 and electronics.
It decompose into an atmosphere of N2 at a temperature of 800 °C, but manages to
remain stable in air up to 900 °C. More recent studies [21], are always based on the
initial structure of Cerium oxide, doped with elements mainly belonging to the rare
earth group and that of transition metals. From the studies already mentioned, it
is recognized as necessary to investigate the temperature ranges with which redox
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cycles can occur to achieve appreciable levels of non-stoichiometry. It is clear from
these reported studies that it is undoubtedly interesting for research to reduce the
heat of these materials. However, it remains a fact that reducing the material by
using a fuel in a redox cycle, brings more benefits. Furthermore it makes possible
a research area intended for the recycling/conversion of CO2 , even in contexts
that provide large plants both for energy production and in the power to liquid
sector. Therefore, this introduction has been designed with the aim of describing
the greatest challenges that still have to be overcome. It highlightes some of the
most common limitations of these systems and evaluates some aspects of feasibility
with regard to the use of CO2. This gas has the potential to be transformed from
waste to new raw material with undeniable benefits on the environment.
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Chapter 2

Literature review

2.1 Carbon capture, storage and sequestration

CO2 capture technology has made an appearance in the 1970s, after the first
energy crisis, establishing itself as a new method of tackling climate change. The
2020 report of the Global CCS Institute [22] shows that to date existing plants
can manage 40 Mt of CO2 every year. There are also 34 experimental plants in
operation or in the process of being completed and 8 centers for the experimentation
of new CCS technologies. Depending on the type of capture, CO2 can be separated
from other compounds at different stages of combustion. In particular, there
are three main categories of CO2 separation processes from other gases: they
are differentiated into pre-combustion, post-combustion and oxi-fuel plants. In
the type of post-combustion carbon capture, CO2 is separated downstream of
exhaust gases after burning fossil fuels [23]. One of the main advantages of this
technology is that it can be adopted to modernize existing fossil fuel plants such
as coal or natural gas plants. Since the partial pressure of CO2 present in the
exhaust gases remains low, its removal process results in a penalty in terms of plant
efficiency. The most common CO2 separation processes are chemical and physical
absorption in which CO2 is removed via a liquid solvent. In physical absorption,
CO2 is physically captured on the surface of the solvent with a high absorption
capacity at high pressures; in the chemical process instead, there is separation
with alkaline solvents such as monoethanolamine (MEA), then there is a process of
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regeneration of the CO2-rich solvent by heating [24, 25]. An oxyfuel-based CCS
process consists of burning the fuel in an atmosphere of pure oxygen in such a way
that the combustible gas is not diluted with Nitrogen, but instead is composed of
CO2 and water which can therefore be easily separable in a capacitor. Thus, oxyfuel
combustion allows to reach up to 99.9% CO2 captured by fumes. Besides, since N2

is present in very low concentrations, the production of nitrogen oxides (NOx) also
remains limited. In the literature, we find evidence of the use of this technology
also combined with new plants, but it still lends itself very well to the improvement
of existing power plants with the device of some modifications [26]. The main
disadvantage of oxyfuel plants is in oxygen supply; there are two methodologies
best known to date for using oxy-combustion technologies: the first consists of
an air separation unit (ASU) from which the oxygen then used for combustion
processes downstream of this unit is extrapolated. The second method is the use
of ion transport membranes (ITMs), which separate oxygen from the containing
flow (again typically air). These processes are quite energy-intensive and therefore
result in a reduction in overall plant performance that cannot be overlooked. It
is estimated for ASU a consumption between 0.16 and 0.25 kWh for each kg of
O2 produced at 95% purity [27]. This could be one of the reasons why there are
currently no large-scale oxyfuel combustion plants, only pilot or demonstration
plants derived from coal combustion technologies [28]. This aspect is well described
in figure 2.1 where the oxyfuel plants with CCS technology are displayed by year
of first operation. All the plants with CCS included are represented the red square
in the figure mentioned.They are just demonstrative an not yet supposed to be
on industrial scale. There are also a bunch of plants that are not yet proceeded
into the demonstrative section. This to notice how this implementation of the
capture it is behind the normal oxy-fuel plants without capture which were already
present on an industrial scale before the 2000s. Even less are the plants always
based on oxyfuel combustion that use natural gas as their main fuel. In fact, they
are an even lower state of development than plants based on coal combustion. The
last route for CO2 capture is in pre-combustion processes where carbon dioxide is
captured during fuel pre-treatment, which can again be coal or natural gas. After
the seizure, the CO2 is dehydrated, conditioned, and pressurized up to 110 bar and
then sent to the storage site via pipeline, railways, or roads. It can be pointed out
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Figure 2.1: Representation by power and year through historical progression of
oxyfuel combustion plants from small scale pilot up to large scale [28]. The plants
with the presence of capture systems are highlighted in red, while the blue ones
are exclusive to carbon capture systems.

that at the moment the most promising method of transport, especially for larger
production plants, is through ducts. This can also come from the fact that it has
been the technology used for decades, especially in the USA, for the recovery of oil
(EOR) from production plants almost at the end of the reservoir. In addition to oil
recovery, there are also other options for storing CO2 [29], at the moment the most
corroborated include storage in geological sites and unmineed coal beds. The loss
of plant efficiency is a consequence that cannot yet be overcome, and is estimated
at between 7 and 15% depending also on the type of storage that is considered [23].
It’s not just what worries about CO2 storage; potential loss, earthquakes global
storage capacity, engineering feasibility and economic expenses are all factors that
limit and put a strong brake on the CCS chain [30]. So CO2 could have a more
promising future as a carbon raw material than being considered a waste gas to be
stored. Being considered a primary source of carbon thus makes it suitable for the
use of new chemical compounds and fuels. Yuan et al. [31] reported a large number
of technologies of CO2 capture from stationary and air sources based on solid and
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liquid solvents and membranes. Highlighting the advantages and disadvantages
of different technologies. Given the low efficiencies and productivity of these
technologies nowadays, the conversion of CO2 through single-step electrochemical
or photochemical processes is unfortunately still in development for the near and
medium future. When compared to photochemical/electrochemical/biochemical
processes, catalytic and thermochemical processes for CO2 conversion promise
more promising prospects shortly, especially concerning larger-scale applications.
However, it remains an important fact that the alternative to CO2 storage has
received great attention from the scientific and industrial fields in recent years.
As already mentioned, this type of process is referred to as carbon capture and
utilization (CCU). This concept not only allows for new ways of exploring cleaner
combustible gases but also allows a more sustainable energy economy [32]. The
process of recycling carbon dioxide, therefore, takes place through its direct use or
converting it into something new. Some uses of this gas by companies in different
sectors can be mentioned. Taking the food and beverage industry as an example, it
uses CO2 as a gaseous agent. In other sectors such as pharmaceuticals, on the other
hand, it is an intermediate useful for the synthesis of drugs. Taking into account
all sectors that use carbon dioxide, no reuse levels are achieved that can guarantee
a reduction in emissions, conversely, the conversion of this greenhouse gas into
fuels and other chemicals allows to reduce a greater portion of catch costs by also
encouraging a closed carbon cycle as also described by Huang et al. [33] in a review
work on CO2 uses. Concerning the use of CO2 to convert it into chemical fuels
or compounds, there was in the past greater skepticism for more than one reason:
carbon dioxide incorporated in fuel does not have particularly long storage times
(as the fuel is created specifically for later use), so that then CO2 is re-released from
the burned fuel again as an exhaust gas ending up in the atmosphere and not being
caught repeatedly. There are also reasons for the conditions of dissociation that are
not very convenient to be achieved by contributing to the reasons that have delayed
the evolution of these recycling procedures. Only more recently have scientific
studies been able to remedy this by retrofitting carbon dioxide from existing
production facilities, thus mitigating emissions to produce appreciable results. In a
study published in 2010, it was estimated that CO2 recycling can account for 7%
of the reduction of global emissions [34]. CO2 is very stable thermodynamically,
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which is why its conversion requires large amounts of energy, catalyst materials,
and optimal reaction conditions. That is why more and more solutions are being
sought to enable us to draw on these great demands for energy from renewable
sources. On this subject, Mr. Von der Assen et al. [35] propose a systematic
framework for Life-Cycle Assessment (LCA) study that can place environmental
assessments on the concept of CO2 use. Despite the conversion difficulties, it
remains a fundamental co-reagent in some standard conversion processes in organic
chemistry such as carboxylation of precursor compounds of other chemical agents
or drugs. Then there is the alternative, which sees part of its application involved
in this study, consisting of the reduction of CO2, breaking one or both C=O bonds
giving the possibility of synthesis of new species such as syngas. The reduction
of CO2 in the specific case of this work appears to be the desired driving effect,
as the exit from the reactor is found the presence of carbon monoxide, a molecule
present in large percentages in syngas derived from fossil fuels. The roads for
the reuse of this CO are also different, just think of a possible replenishment of
fuel in the same plant, allowing recovery of efficiency as a result of the necessary
reduction due to the capture of CO2. Knowing that syngas, as a mixture of H2

and CO, is to date one of the most valuable resources that the industry possesses
being so versatile and has a wide choice of uses, this can only encourage the
study towards solutions that include this product and that value, even more, it is
potential. Among the many processes used for the dissociation of CO2, what is
part of the focus of this work is chemical looping, a process that has gained great
attention in research especially for its large-scale application potential. Bayam et al.
[36] provide an overview of different types of processes involving chemical looping,
specifying potential configurations for application to power plants and chemical
products in general. It follows a description regarding the known knowledge about
the possible applications of chemical looping processes, with a particular emphasis
on the materials tested, including a more detailed description of perovskites: from
the main characteristics that distinguish them to details on the uses so far tested
in the field of scientific research.
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2.2 The use of carbon dioxide in chemical loop-
ing

Direct dissociation is one of the two main methods for thermochemical conversion
of CO2. This predicts very high temperatures up to reach 2400 °C. Traynor and
Reed [37] investigated a plant composed of solar focal mirrors combined with a
secondary concentrator to provide great solar intensity around a ceramic tube.
Heating a CO2 flow to such an extent that it can be dissociated into CO and O2.
In this study, they were able to achieve maximum conversion of 6% from CO2 to
CO and a solar-to-chemical energy-conversion of 5%. In short, this technology
has been designed to intercept a flow from coal-fired plants or cement production
centers, thus converting exhaust gases into new useful fuel. This type of conversion
is also called direct photolysis, which is represented by the following equation:

CO2 + hν or heat −→ CO + 1
2O2 (2.1)

This solar absorption by CO2 is made possible thanks to a strong preheating that
allows the CO2 absorption spectrum to expand, even going so far as to involve
wavelengths of waves of the visible spectrum and not only of the ultraviolet part.
For these reasons, temperatures of 1900°C were reached in the initial healing
process even before the CO2 flow reached the core of the solar reactor. The
apparatus as a whole has been created in three main sections: a circular solar
concentrator, a converter that can be considered as the core of the system where the
conversion reaction from reagents to products takes place, all crowned by adequate
instrumentation to manage flows, solar pursuit and not of minor importance the
post-conversion quench phase to avoid the recombination of products and not
obtain the desired CO at the exit of the gas line. In the figure 2.2 is shown
schematically the setup of the system used by the researchers where the CO2

passages are highlighted, the conversion point where the ceramic tube is located,
and strong post-conversion cooling that brings the temperature downstream of
the concentrator between 500 and 600 °C where the connections to the analyzer
for data collection are located. From this brief description, it can be understood
how the need for very high temperatures is one of the main limiting factors for the
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Figure 2.2: Converter unit for direct solar reduction of CO2 [36]. The gas path
is indicated by the arrow as well as the jet feed injection is shown.

application of these systems without counting the energy efforts necessary to carry
out a strong quench that makes this type of application inconvenient. Otherwise,
chemical looping processes are based on the use of a set of chemical reactions
that can be repeated, ideally, in a perpetual way by re-circularizing one of the
reagents and alternating it in different oxidative states. In this way, a closed cycle
is formed in which the reagent in circulation (metal oxide generally) is never lost
and consequently no waste is generated in large quantities. Figure 2.3 shows a
generic diagram of a chemical looping process based on the recirculation of the
oxygen carrier using three reactors. In the Reactor 1 the metal oxide/oxygen carrier
is reduced generating the useful stream at the output, then partially oxidized in
reactor number 2 and then carrying out a complete reoxidation only in reactor 3.
Considering the whole system, it is also indicated in the figure an incoming flow
of make-up of the reagent that oxidizes and reduces alternately: there are always
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Figure 2.3: Example of chemical looping made by three reactors with recirculation
of the oxygen carrier.

leaks and it must be considered the fact that all materials have a limited life for
which they can efficiently perform the function of oxygen carriers. A reduction of
the performances is always present after some cycles even for the most performing
and promising materials. In not all cases, however, it is necessary to separate the
reoxidation into more than one reactor and is therefore faced with systems with two
stages only. In the case of research studies, then, as carried out for this study, the
conditions present in the two reactors for the reduction and oxidation of the reagent
material can be simulated in the same environment. Thus keeping the material
fixed in a packed-bed type reactor, it is possible to simplify the setup, reduce costs,
still managing to obtain valid data for a post-process study. At the same time,
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however, simplifying the system results in new problems as example, certainly the
lengthening of reaction times between a reduction and oxidation that will require
waiting to reach the two setpoint temperatures decided with adequate growth ramps
for both materials and tools. This is because in many cases individual reactions
can be both endothermic and exothermic, thus requiring different temperature
conditions in one case than the other. Normally the reduction of metal oxide
requires higher temperatures to provide acceptable results, while oxidation requires
lower temperatures in relation also to the oxidant that is sent into the flow. For
this reason, given large-scale operation, integrations are necessary to the system
that provide regenerative heat exchangers with possibly pinch-analysis studies to
improve the exchange performance between hot and cold fluids. There are also cases
in which it is possible to maintain isothermicity throughout the process that can be
more convenient from the plant point of view, taking into account the consequent
losses of efficiency of the entire process due to the maintenance of a temperature
higher than that necessary to carry out the desired reactions in some sectors of the
setup. Among the most developed processes of chemical looping can be related
to the type of cracking processes by catalytic fluid (FCC), in which hydrocarbon
chains are broken. The catalyst during the process is consumed and therefore
needs a regeneration system to be reused cyclically. Figure 2.4 shows schematically
and in a simplified way a possible cycle for the regeneration of the catalyst used
in the reactor in the figure on the left side. Leaving the consumed reactor, it
is directed to a regenerating system where a fluid, passing through the catalyst,
allows it to be reactivated. To improve the reactivation state, a re-circulation of the
catalyst is also provided for within the regenerator. Once regenerated, the catalyst
capable of reactivating is re-fluxed into the reactor to separate the hydrocarbon
chains. Among the best known CCS processes, monoethanolamines (MEAs) also
involve a chemical looping system, where spent gas is treated with MEA in a
reactor. In this reactor, MEAs capture CO2 present in the exhausted gas, along
with other oxides present as SO2. The cold mixture is then heated by releasing the
absorbed molecules in the previous step. The amines are then returned to a lower
temperature and then reused again. This method is used as a post-combustion
method for CO2 separation, and can therefore be applied in retrofitting existing
plants. The most recent approaches to the use of chemical looping that always

18



Literature review

Figure 2.4: Example diagram of the possible catalyst regeneration procedure in
an FCC process

refer to carbon capture are chemical looping combustion (CLC) processes. These
processes come much closer as a concept to the approach used in the study of
this thesis, however, I differ for some fundamental precautions. Metal oxides are
indeed used for the transport of oxygen, but the primary objective of these systems
is mainly in the form of the need to decarbonize a fuel or to produce hydrogen
for other uses. The figure 2.3 can be representative of a three-stage CLC system,
where, unlike the purpose of the setup of this thesis, which as mentioned in the
first section attempts new ways to remove CO2 from the atmosphere, in this case,
it is instead the system that emits CO2 by combustion with a carbonaceous fuel
that after different stages of the process arrive at the final product in the form of
chemical energy of the hydrogen produced. The entire process, being exothermic,
also allows the production of high-temperature steam. Thus, in CLC there are
similarities with this work, but other methods of splitting CO2 and H2O are based
on the absorption of solar radiation or reduction with methane or hydrogen as
in the experiment done in this work which use H2 for the reduction of SFNM
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perovskites.

2.3 Chemical looping processes for the dissocia-
tion of CO2 and H2O or carbonaceous fuels

Chemical looping processes are used for syngas production and may include CO2 or
H2O dissociation phenomena to have a CO and H2-based product. The best-known
setup for this type of chemical looping consists of two interconnected reactors,
in a reactor, the reduction reaction of the material present leads to the creation
of new oxygen vacancies in the matrix, in the second reactor then this same
material is oxidized through CO2 and/or H2O with the consequent release of CO
and H2 at the exit. These two reduction and oxidation phenomena are repeated
cyclically in a loop in which the material is reused from time to time. The material
can be reduced by the thermal process (with temperatures above 1300°C), or by
using a reducing agent (e.g. H2). The fundamental phenomenon that governs the
feasibility of these processes and consequently their convenience or not, is precisely
this creation of vacancies within the material matrix. Subsequent re-oxidation
usually takes place at lower temperatures (below 1000°C). To make a thermal
reduction the partial pressure of oxygen in the mixture must be very low, that
is, the process is favored in vacuum conditions. Presenting the opposite case for
oxidation, this leads to swings of temperatures and pressures between the two steps.
A reduction in a reducing environment, on the other hand, allows to lower the
reduction temperature, even arriving at conditions for which the temperatures of
the two steps can coincide. Considering that with a reducing fuel the pressures can
remain even almost environment, this leads to a considerable simplification of the
conditions necessary for the operation of the setup. Although the thermal reduction
is one of the most studied processes with high prospects of innovation, the reduction
with fuel presenting currently those characteristics of greater simplicity exposed
above has been chosen as a solution to be implemented to verify the material
studied in this work. The equations 2.2 and 2.3 show the macroscopic reaction
chain that occurs for the reduction and subsequent oxidation of the oxygen carrier.
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H2 reduction : MeOx + H2 −→MeOx−δ + 1
2δO2 (2.2)

CO2 splitting : MeOx−δ + δCO2 −→MeOx + δCO (2.3)

Another method of lowering temperatures and consequently having a minimum
temperature swing between reduction and oxidation is methane reforming processes.
Krencke et al. [38] have studied a system that would bring the benefits of partial
methane oxidation with a thermal reduction on cerium oxides. Maintaining an
isothermic system they were able to lower the operating temperature to 950 °C.
In addition to these advantages of a kinetic and thermodynamic nature, there are
also economic aspects: in fact, methane can be obtained from different resources,
starting from the most commonly natural gas. Other sources of methane are found
through the power to gas (P2G) technologies that are facilitated to progress thanks
to a mature natural gas distribution network. In addition to the temperature
reduction, these methods allow, thanks to the use of a non-oscillating source in
availability as renewables can be, to operate continuously without unproductive
intervals. The reaction, in this case, translates into 2.4, where already in the
reduction there is the production of syngas as well as in oxidation that if performed
with CO2 you return to the equation 2.3.

CH4 reduction : MeOx + δCH4 −→MeOx−δ − δ(CO −H2) (2.4)

Ebrahimi et al. [39] has tested the performance of an oxygen carrier composed
of La0,7Sr0,3FeO3 perovskite (LSF731) testing various kinetic models evaluating
both the gas-solid transition part and the catalytic activation part. In this work,
a chemical looping reforming (CLR) setup natural gas (methane) promotes the
production mainly of hydrogen, carbon monoxide, carbon dioxide, and water
through the use of metal oxide. From the literature among the best known
oxygen carrier perovskites based on Ni, Cu, Fe are chosen for the versatility that
characterizes these materials, moreover, the production of fuel is emphasized by the
ability of the transition metals (such as Co, Cr, Fe, Mn) to replace some elements
of the crystal lattice of perovskite. The work done by Ebrahimi et al. was then the
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elaboration of a mathematical model to describe the production of syngas through
a fixed bed microreactor. A furnace envisaged of maintaining approximately the
constant temperature and thanks to the small size of the reactor it has been possible
to achieve a good homogeneity of temperature. Argon has been used as a thinner
and as a purge gas between the reduction and oxidation steps in the cycles. In
this way, the kinetic parameters were obtained for a temperature of 850 °C kept
constant. This study was considered important for this work even if it involved
chemical looping of different types than that foreseen in the current investigation
process, in fact, it was possible to obtain basic information regarding gas-solid
kinetics. The figure 2.5 outlines the process of interaction between methane and

Figure 2.5: Schematic image representing the reduction mechanism of a perovskite
with methane as reductant [39].

oxygen with the related products that arise as the oxygen vacancies generated
progress. Initially, methane reacts with oxygen on the surface by classic combustion
(left side of the figure 2.5), then thanks to the first vacancies created the reducing
agent manages to spread inside the perovskite, reacting with the innermost oxygen
and thus generating H2 and CO having then exhausted the nearest holidays, the
additional methane molecules interact with the surface of the material breaking
and generating additional hydrogen and carbon at the same time. Under the
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same conditions, Nickel oxides (NiO) were tested to check for differences between
kinetics. The results show the complete reduction of LSF731 occurred after 2500
s while for Nickel 50 s was sufficient, and after 500 s carbon production begins
not to become negligible. However, these results show that Nickel is an excellent
catalyst when combined with carbon-containing molecules, which is why doping
SFNM perovskites with Ni is interesting for CO2 dissociation during material
oxidation. Iliuta et al. [40] deepen carbon formation due to interaction with Nickel
oxides, demonstrating that nickel is heavily dependent on oxygen availability. When
there is a sufficient amount of oxygen in the metal oxide, the formation of carbon
derived from methane is limited independently of the addition of steam if in the
temperature range between 750 and 950 °C. On the other hand, if more than 80%
of the oxygen available in the metal oxide has already been consumed, then the
onset of surface carbon formation is denoted. Ultimately, therefore, it is the amount
of oxygen added to nickel oxide that determines whether carbon formation can
occur more or less quickly. This is if other parameters are consider as constant,
such as temperatures and pressures.

Another alternative to CLR is steam methane reforming (SMR): this mature
technology consists of reacting steam with the raw material in a set of reactions
for the production mainly of hydrogen. The main reactions to this procedure are
given below.

CH4 + H2O −→ CO + 3H2 ∆H298K = 206.4 kJ

mol
(2.5)

CnH(2n + 2) + nH2O −→ nCO + (2n + 1)H2 ∆H298K > 0 (2.6)

CO + H2O −→ CO2 + H2 ∆H298K = −41.2 kJ

mol
(2.7)

In particular, the equation 2.7 is intended to represent any hydrocarbon higher
than methane contained in natural gas. Operating conditions are generally high
temperatures (800-900 °C) and pressures between 15 and 30 bar, with steam-carbon
S/C rate values between 2.5 and 3 [41]. The last proposed equation is commonly
called water gas shift (WGS) reaction which can be applied in two distinct steps:
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a high-temperature step in which the gas at 350°C with a high CO content is
converted to H2 with iron oxide catalysts. The reaction is exothermic, so the
gas comes out at temperatures higher than the input (400-450 °C) and with an
incomplete conversion. It is then cooled to about 220 °C for entry into a low-
temperature step where the CO content present in the mixture is further reduced
with a final conversion between 95 and 99%. These processes are very sensitive to
sulfur poisoning, in fact, the concentration of H2S must not exceed 0.5 ppm [41].
Another reaction that may intervene is represented by the equation 2.8 under the
name of CO2 reforming or dry reforming.

CH4 + CO2 −→ 2CO + 2H2 ∆H298K = 347.3 kJ

mol
(2.8)

In dry reforming, CO2 reacts with hydrocarbon resulting in a more endothermic
reaction than SMR. However, it has captured a lot of attention for the possible
application to remove CO2 from the atmosphere. The nickel-based catalyst brings
a second drawback in addition to endothermic, namely carbon deposition prob-
lems.This has not stopped the studies on the material because it is true that is
more disadvantaged than elements such as Pt or other noble catalysts, but on other
hand it has a much lower cost and therefore more possibilities to be applied in large-
scale contexts.The variables that most influence the steam reforming process are
temperature, pressure, and steam-carbon (S/C) molar rate. These variables must
be chosen considering kinetics, the amount of gas used, process thermodynamics as
well as economic factors. A catalyst is also essential for this reaction as overall the
process is endothermic and therefore more favored at high temperatures. Nickel
makes easier the reaction 2.5 and 2.6 thus decreasing the temperatures necessary
for reform.

2.3.1 Carbon formation in chemical looping processes

The main conditions under which carbon formation can occur in a chemical looping
can be divided into two distinct events: methane decomposition, described by
equation 2.9 or at least a containing-carbon fuel, or by Bouduard equilibrium,
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which consists of the expression 2.10.

CH4 −→ C(solid) + 2H2 ∆H298K = 74.9 kJ

mol
(2.9)

2CO ⇐⇒ CO2 + C(solid) (2.10)

The reaction affecting the specific field of application is also defined as reverse
Boudouard reaction according to the formula 2.11:

2CO −→ CO2 + C(solid) −∆H(T ) (2.11)

This has greater implication in catalytic reaction cases, where it is important to

Figure 2.6: Representation of the mole fraction of CO2 and CO in the Boudouard
equilibrium as function of temperature.

define the carbon deposition on the outer surface of the material resulting in the
deactivation of the catalyst [42]. With a ∆H negative the reaction is exothermic for
the entire temperature range in which it can occur. In particular, it is inhibited at
high temperatures while it is more favorable if in the presence of lower temperatures.
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The figure 2.6 shows how the equilibrium present a reversal of the trend after 600
K where increasing the temperature also increase the fraction of CO. This trend
goes up to saturation of the carbon monoxide and the almost disappearing of
CO2 after 1300 K. Kinetically both pyrolysis and Boudouard equilibrium are of
limited importance if there is no catalyst, however, both of these reactions are
catalyzed significantly by the presence of Nickel [40]. Boudouard’s balance being as
already anticipated always exothermic, therefore, more favored at low temperatures.
In the same study, it is also mentioned that it has already been discovered in
previous research that at high temperatures (600°C) the carbon obtained through
the Boudouard reaction is less when compared to a methane decomposition. Finally,
it can be defined that Nickel actively catalyzes the carbon deposition of the carrier
in the reactor bed, imposing certain constraints on the type of oxygen carrier and
the need to optimize the conditions of operation of the latter. The factor that
unites both thermal reduction and fuel reduction is the non-stochiometry of the
oxygen carrier, which releases an amount of O2 equal to 0.5δ moles, for which
removal is necessary (by vacuum pump). Similar to the reduction during oxidation
it will instead be some moles of O2 that from the oxidizing agent (CO2 or H2O)
will again switch to metallic oxide, producing CO if CO2 and H2 if H2O is used.
Mixed splitting systems of H2O/CO2 at the same time have also been studied [43]
to obtain an additional generation of power from exhausted gases derived from the
oxy-fired natural gas-fired power plant, with the possibility of externalizing the
setup to other combustion technologies as well.

2.4 Different types of oxygen carriers

An oxygen carrier is essentially a metal oxide with at least two different oxidation
states: a metal state and an oxidized state. An example is Fe3O4/FeO iron oxides
that manage to release oxygen when subjected to high reduction temperatures
[18]. In the literature, several studies researched the best materials to be used in
chemical looping for splitting [18, 44, 45, 46]. This wide variety of materials for
the transport of oxygen can be categorized according to different characteristics
that distinguish them from each other, a possible way is to divide these materials
according to their physical state that arises once reduced. This gives you volatile
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oxygen carriers and non-volatile oxygen carriers.

2.4.1 Phase-changing metal oxide (volatile)

These materials exhibit a phase change when they move from oxidized to reduced
state, especially at high temperatures in the presence of thermal reduction. The
metal oxide thus reduced then passes from a solid-state to a state of steam in
general, thanks to the lower boiling temperature of the metal compared to its oxide
state. The processes that see the use of these particular materials consequently
require a very strong quench that normally provides for a rapid lowering of the
temperature, to prevent the newly released oxygen from returning to recombine with
the metal allowing the reformation of the oxide [44]. The most common materials
with volatile characteristics include Zinc oxides, germanium oxides, cadmium oxides,
and tin oxides. The figure 2.71shows a two-step chemical looping scheme of zinc
oxides in which the temperature swing increases from 2000°C for reduction to
600°C for oxidation. The presence of refrigerant is essential to remove oxygen from
zinc vapors to avoid recombination of the two. In these systems, however, some of
the oxygen tends to recombine, thus reducing the total effect and efficiency of the
cycle [18]. Vishnevetsky et al. [47] presented a work in which these materials were
compared in a thermodynamic analysis conducted on two-stage thermochemical
cycles. The results show that molar weight rate – valence combined with Me−O

or stronger bonds requires more solar energy during the endothermic step, however,
as a result of a higher exothermic stage with the release of greater amounts of heat
suitable for self-healing. Conversely, oxides with higher molar weight ratio – valence
and weaker Me−O bond are more easily reduced with lower input solar energies.
In general, however, for these metals there are strongly endothermic conditions
in reduction with ∆G falling below zero only with temperatures above 1720 °C.
Given the disadvantages described above, the study of these systems has recently
been left out, giving more space to studies on materials that do not require strong
post-reduction removal and that can also work at lower temperatures.

1Image from Santarelli Massimo, Slide of the course of Polygeneration and advances energy
systems - Fundamentals of hydrogen production from renewable energy sources, 2019, Politecnico
di Torino
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Figure 2.7: Zinc oxide reactor for water splitting and hydrogen production.

2.4.2 Non-volatile oxygen carrier

This particular type of oxygen conveyor does not develop any phase changes during
the reduction transformation they remain solid throughout the entire cycle. Hence
the first benefit, namely the need for a rapid quenching step, which is very energy-
intensive and consequently lowers the overall performance of the process. However,
this should be considered together with the fact that usually metal oxides that do
not foresee a phase change, turn out to have a lower storage capacity than volatile
oxygen conveyors [18]. Since the molecular weight of the oxygen exchanger is low,
they consequently show a large sharing of oxygen atoms per unit of weight. So
the storage capacity of non-volatile oxygen carriers is less than 2-5 times that of
cerium oxides, for example. A particular category of non-volatile oxygen carriers
is composed of materials that release oxygen in non-stoichiometric measurements.
The most studied is certainly cerium oxide as it is structurally stable thanks to
the optical and electrochemical properties and allows still competitive productivity
of 8.5 – 11.8 ml of H2 per gram of ceria and a fuel production rate of 4.6 – 6.2
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ml of H2 per minute per gram of ceria [48]. This material is characterized by
increased efficiency, reduction extent, and methane conversion with the increase in
temperature. And it results in a suppression of carbon formation with temperatures
above 1300 °C [49]. However, there are many types of non-volatile metal oxides.
Bush and Loutzenhiser [50] report on the use of iron oxides in thermochemical
cycles with redox reactions combined with an electrical generation system. In the
study, Fe2O3 is thermally reduced by operating at low partial pressures of O2

to shift the balance to more favorable temperatures. The cycle is then based on
two solid phases of iron oxide: Fe2O3 and Fe3O4. To reduce hematite thermally,
high temperatures resulting in a low overall cycle yield are also required here.
The authors then specify how the oxidation process is not fully reflected by the
proposed model, possibly due to rapid and complex reactions occurring during
TGA tests at low time conversion regimes along with uncertainties due to the
gas switch during testing. This has not made it possible to understand precisely
which of the conversion steps is the decisive step for the global phenomenon. The
oxidation process is however described in its main passages by the authors who
also report a visual description shown in the figure 2.8. The process begins with

Figure 2.8: Fe2O3 oxidation pathways. Starting from the diffusion-limited regime
(a), upon the magnetite start to segregate or γ − Fe2O3. Then in (c) is shown the
transition to the nucleation-limited regime, ending with (d) where the oxidation
result in hematite α− Fe2O3 [50].

the diffusion of particles towards the contour to join O2−, with the oxidation
of cations from Fe2+ to Fe3+ and the consequent formation of vacancies. The
reaction then proceeds under favorable thermodynamic conditions 2.8(b). This is
followed by the nucleation of a new α−Fe phase induced by the temperatures and
subsequent stresses on the oxide matrix (figure 2.8(c)). Subsequent oxidations of
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the remaining Fe3O4 are shown in the figure 2.8(d) where the prevailing phase is
already completely reduced.

Perovskites oxygen carrier

As mentioned earlier with some examples from the literature, perovskites are a good
alternative to the most common oxygen transporters and have therefore captured
great research interest. In particular, results are reported on the use of perovskites
for CO2 or H2O splitting [51]. Most of the literature deals with improvements to
materials according to two main approaches: optimizing composition or optimizing
particle structure. For a possible future application of these technologies, materials
must meet many requirements, including:

• Excellent oxygen exchange capacity;

• Thermodynamics favored depending on the selected fuel;

• Low risk of carbon formation;

• Structural established under cyclic conditions of reduction and oxidation;

• Reagent during the oxidation step;

• If it is intended to be used in fluid bed reactors, good material fluidization
and friction resistance are important;

• The material must be possible to reproduce on a large scale and at competitive
costs for the future;

• It must have environmentally favorable characteristics.

It is known that pressures and temperatures can induce phase transformations in
oxides with structure ABO3 (with A = transition metals or alkaline lands). The
significance of material also derives from its structure and the properties that each
different structure possesses. Perovskites have very different patterns of cations,
holiday compensation and transitions caused by lattice distortions offer a wide
range of materials. The fundamental question, therefore, remains what structure
is formed under what conditions and how it behaves to the changes in pressures,
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temperatures, and agents it encounters. How similar the cations of the ABO3

structure are in size, the classical corundum structure takes shape. This basic
structure involves layers of oxygen packaged in the hexagonal form with cations
that define octagonal layers. Each layer is identical in the corundum structure.
When different ions from the ABO3 backhoe, perovskite structures may form. In
particular, this structure occurs when A-cations require longer bonds and greater
coordination numbers than B cations. The ideal perovskite consists of a BO6

framework in an octahedral form bound through every corner. In this regard, the

Figure 2.9: Representation of the ideal cubic perovskite structure. Left (a) shows
a 3D representation; right (b) shows representation on a plane. Spheres represent
A-site cations. B-site cations are placed inside the octahedral shapes [52].

figure 2.9 represents the structure described above. If the hectare forms an ideal
cubic array, the interstitial zones define the sites. Because this interconnected
network is created, a change in the length of a bond at a central site can disrupt
the structure by changing inclination or creating lattice shrivels. These distortions
allow different types of cations to sit on the sites of the structure. It is possible to
define a tolerance factor for a classic ABO3 perovskite such as:

t = r(AO)
20.5r(BO) = r(a)− r(O)

20.5(r(B) + r(O)) (2.12)
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Where the terms r represent the bond lengths calculated as the sum of ion rays. If
t = 1 then both cations have the same lengths and are distributed according to the
ideal cubic form. If this number deviates (generally between 0.8 and 1.1) perovskite
can still form with a certain degree of distortion concerning the cubic structure by
modifying its thermodynamic and stability properties. The type and measurement
of distortion depending on the pressure, temperature, and composition of the
material. Navrotsky [52] has reported numerous transition phases for many systems
including cations of different elements. In the study, it emerges that replacing
tetrahedral Si and Gr with the octahedral counterparts lengthens and weakens
the Si-O and Gr-O bond. Thus many other elements induce weakening in oxygen
bonds allowing easier dissociation of ions and consequent creation of vacancies. The
author also highlights the relationship between the size of A cations and energy
costs for the formation of perovskite, as well as affirming a greater entropy of
vibration even in the presence of a properly ordered matrix. This is related to the
phenomenon of oxygen release as it is also a function of the reaction ∆G, i.e. the
formation energy or free energy of Gibbs, expressed in a general way as:

∆G = ∆H − T∆S (2.13)

This determines the conditions necessary for the different evolution of the material
depending on the external conditions and the composition that arises. It is
generally accepted that perovskites are structures that remain more stable at high
temperatures and pressures. The metals used as active components in perovskites
are manifold: Fe, W, Sn, Ni, Cu, Mn, and Ce. At a time when metals alone
do not complete the necessary requirements, there is the possibility to opt for
supporting components such as ZrO2, TiO2, SiO2, Al2O3 to increase mechanical
and chemical properties. These active components can be integrated into a unique
structure together with metals, forming perovskites structures. Voitic et al. already
mentioned earlier [51] reported nano − LaFeO3 perovskite oxides, which have
a three-dimensional structure of the fresh sample and gradually collapses into
repeated cycles caused by chemical and physical stress. The size of the grains and
the crystallinity is therefore modified and in particular decreased, however, the
porous structure with a small part of agglomeration is preserved and is stable during
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the test cycles. The perovskite oxides of this family with cobalt doping are also to
maintain the crystalline structure that characterizes them. The increase in Co then
allows a higher concentration of oxygen vacancies resulting in stronger resistance to
reduction. However, the composition is completely reducible. Experimental post-
process analyses show degradation caused by sintering but are still compensated
by the increase in oxygen vacancies. The addition of ceria shows that the volume
of the pores and their diameter has been reduced by a small amount, partially
filling the empty areas. In any case, better oxygen transport capabilities are seen
at lower temperatures than classic metal oxides both pure and with the presence
of specific doping. Perovskites presenting the generic formula ABO3−δ promise a
large non-stoichiometry especially if at high temperatures combined with excellent
reversibility in oxidation, which is a key criterion for a material used in chemical
looping for syngas production. To increase the performance of perovskites, solutions
supported by metal oxides have been designed. The replacement of transition metals
such as Cr, Co, Ni, Cu in A1−xSrxFeO3 has allowed an increase in performance.
Jiang et al. [53] have tested several media on LaFeO3 perovskite and several
doping to replace atoms at A sites and in atoms at B sites. The replacement of
these sites is made possible by the structural network that remains unchanged with
a wide variety of elements, the stability of the perovskites is better than that of the
corresponding metal oxides. In the work mentioned above in particular, a two-step
chemical looping experimented with a fixed bed configuration. The reduction of
perovskite came thermally to 1300°C in a high purity Argon environment, while for
the re-oxidative part a CO2 flow was expected at 1100°C. The choice of doping with
Mn and Co as a substitute for iron lies in the easier reduction of the respective Mn
and Co oxides compared to Fe3O4 oxide, the thermal reduction in this way is more
favorable when compared to pure LaFeO3. Cobalt particularly demonstrated higher
oxygen productivity: LaFe0.7Co0.3O3 generated 6.4 ml/gperovskite of O2 compared
to 1.3 ml/g of LaFeO3. On the other hand, different results were found for the
oxidation process with the low CO generation, possibly due to the aggregation
of particles after heat treatment, sintering of the material, therefore, avoided the
reaction with CO2. The effects of perovskite support created to have 25% perovskite
weight were then analyzed also combined with other doping, replacing in the A
Sr2+ and Ce4+ sites that increased the reductive process but not the oxidative
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process leaving always poor CO yields even worse than the non-doped perovskite
supported by SiO2 in the Form LaFeO3/SiO2. A decisive improvement was made
possible by doping the material by replacing sites B with Co and Mn by analyzing
different concentrations of doping. In this case, the maximum CO generation
was achieved for LaFexCo1−xO3 with x=0.7 to 25% by weight on SiO2 support.
The generation was 4 times faster than LaFeO3 and production in 20 minutes of
oxidation reached 4.3 ml/gmaterial for LaFe0,7Co0.3O3 compared to 1.2 ml/gmaterial

of LaFeO3. Picture 2.10 represents the oxidation curves with the CO production of

Figure 2.10: Generation rate-time of CO at 1100°C for the perovskite
LaFexCo1−xO3 at 25%wt on SiO2 with x=0.5,0.7,0.9,1 [53].

the different cobalt doping tests, as well as the production of supported perovskite
without doping.
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A-site substitution by alkaline earth ions

By the replacement of A-sites with alkaline earth ions, Yang et al. [54] have
reached higher oxygen non-stochiometries than the ceria at equal partial oxygen
pressures, subject to reduction temperatures of 1500 °C, in particular, it refers to
La0.65Sr0.35MnO3, this phenomenon is certainly influenced by the greater negativity
of Gibbs free energy at certain temperature conditions. The figures 2.11 show in
4 cycles respectively the oxygen released in thermal reduction and the hydrogen
produced, in this case, the splitting consisted of the production of H2 from water.
The study by Yang et al. concluded that the increase in Sr leads to an increase
in the degree of reduction by decreasing oxidation capacity and consequently the
production of H2. Another class of perovskites studied by Dey et al. [55] with
composition La1−xCaxMnO3 with variable x of value 0.35, 0.5, and 0.65 have
always been studied to split CO2 and water. In this case, the increase in calcium
allowed a decrease of temperatures and an increase in the degree of reduction.
The reduction was set at 1400°C with consequent production of 109 µmol/g of
oxygen for LCM x=0.35, 315 µmol/g for LCM x=0.50, and 653 µmol/g for LCM
with x=0.65. That is an oxygen production of 1.6 times that of the corresponding
LSM and 5 times greater than the most well-known that under such conditions
has reached an oxygen production of 112 µmol/g. Dey et al. then compared these
perovskites to another factor that has proven influential in transport capacity:
the arrangement of atoms in the lattice. LCMs perovskites are orthorhombic,
unlike LSMs that have a rhombohedral structure. The figure 2.12 shows just
how calcium doping increases kinetics more pronounced than Sr which instead
has a production less than O2 in reduction and at lower intensity peaks with a
noticeable delay even in the time of transformation of the material. The study
made it possible to determine the CO yields produced after the reduction of LCM
perovskites with x = 35, 50, and 65. The results are yields of 175, 525, and 810
µmol/g respectively. Again, yields are much better than in the LSM. A peak of re-
oxidation for LCM65 has still been noted divided into two different timelines, firstly
a part corresponding to a rapid mass growth given by a reaction-controlled regime,
following a slower and more constant growth corresponding to a phenomenon in
a diffusion-controlled regime. In any case, it has been shown that reversibility in
the production is of both O2 and CO is established, although re-oxidation kinetics
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Figure 2.11: Evolution of production of oxygen (a) and hydrogen (b) of the
perovskite La1−xSrxMnO3−δ with different concentration of Sr [54]. Different
peaks were positioned in series on a x-axis to have better comparison of the time
needed for each reaction to occur.

seems to decrease in repeated cycles. However, morphology does not appear to have
changed after TGA studies, and perovskites with orthorhombic configuration have
superior characteristics to rhombohedral ones. Dey et al. conclude their study with
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Figure 2.12: Evolution of oxygen in perovskite La0,5Sr0,5MnO3 and
La0,5Ca0,5MnO3 [55].

tests on La1−xMnO3 (x=0.1) which has high concentrations of Mn4+ ions instead
of Mn3+ ions as the most common in the presence of doping. Unfortunately, with
this composition of the material at high temperatures, there is a transition from
the orthorhombic to tetragonal that as mentioned above modifies the performance
reducing yields and reactivity of the material in general. Similarly, perovskites of
the type La1−xBaxMnO3 have been studied, classified according to the acronym
LMBx with x=0.35 and 0.5. Rao et al. [56] report the main results obtained, which
do not excel compared to other materials already described: for example, LBM50
produces less O2 than the LSM50 and LCM50 counterparts. It can be noted that
instead, LBM35 produces an amount of O2 comparable with LCM35. CO2 splitting
performance, on the other hand, is not significantly increased. Other more recent
studies have focused on the chemical looping capabilities of perovskites intending
to be used for reforming processes. Jiang et al. [57] studied the feasibility of an
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applied SMR process by providing heat through a solar system, thus managing to
find the necessary heat from a renewable source. The process to produce hydrogen
was carried out through redox cycles completed by a perovskite oxygen carrier, thus
defining the demonstration setup as solar-driven chemical looping steam methane
reforming (S-CL-SMR). This study is significant for the current work as it provides
important information regarding the oxidation and reduction characteristics of
perovskites based on lanthanum, calcium, nickel, and copper. Both reactivity
and cycle regenerability in the material has been evaluated, which are typically
dependent on oxygen exchange capacity and the starting temperature of oxygen
release. For this evaluation, the researchers addressed a temperature-programmed
reduction TPR in the presence of H2 developed through a thermogravimetry analysis
(TGA), releasing 20 ml/min at 5% H2/N2 as a reducing gas for a 10 mg of mass
sample. From room temperature, a growth ramp of 5 °C/min was chosen from room
temperature to reach 600°C. Taking into account doping at different concentrations
of Calcium in the A-site has shown how as the concentration of calcium increases
the specific surface area, from the Brunauer–Emmett–Teller (BET) model, it is
also increasing from 4,604 m2/g for LaNiO3 without calcium to 5,295 m2/g for
La0.1Ca0.9Ni0.9Cu0.1O3. A similar trend was found in the average pore diameter,
which increased from 3,794 nm to 5,016 nm. Calcium then brings a distortion of
the lattice, being less radius than lanthanius, making it easier to generate oxygen
vacancies. By proving to a higher gas contact area, calcium doping allows for the
overall reactivity of the material. An XRD analysis then saw how the Ca and
Cu ions are very homogeneously absorbed into the structural lattice. There are
two stages of reduction of this material: the first stage occurs with the absorption
of surface oxygen, the second instead involves sub-stoichiometric absorption in
the lattice. In the figure 2.13 is possible to see the two different reduction stages
performed with H2 for the different materials tested. Increasing the amount of
calcium, the peak is most pronounced for both the surface absorption part and the
absorption in the lattice, also the presence of calcium manages to reduce the starting
temperatures of the reactions. The TGA curves provided for the same material set
confirm the best oxygen release performance of the La0.1Ca0.9Ni0.9Cu0.1O3 which
results in a 5% decrease in mass in the first step and 11% in the second reduction
step, determining the best conditions among the different materials tested. TGA
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Figure 2.13: H2-TPR results of different perovskites studied by [57].

curves are shown in the figure 2.14. The same authors compared this data to those
of other studies on perovskites [58] of type La1.6Sr0.4FeCoO6, where a maximum
mass variation of 8.5% shown in the figure was seen 2.15. Other studies on
perovskites have focused instead on supporting materials such as Hare et al. [59]
that proposed a La0.75Sr0.25FeO3 (LSF) perovskite oxide combined with various
media that also includes classic materials for redox reactions such as CeO2 and
ZrO2 in parallel with other alternatives including Al2O3, SiO2, and TiO2. The
differences between these materials are highlighted in Hare et al.’s study. They
were highlighted in compliance with possible advantages given by the creation of a
network of diffusion of the gas through the mass of the lattice, which takes place
for example during the cleavage of the C-O bond, in the process of reducing CO2,
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Figure 2.14: Results of different TGA test of La1−yCayNi0.9Cu0.1O3 performed
in H2-TPR [57].

on the surface of the catalyst resulting in the oxygen atom spreading within the
mass of the lattice reopening the active catalytic site for a further decomposition of
another CO2 molecule. To provide an improvement to this process, the introduction
of support material is suggested by the possible best performance of perovskite
which sees the surface area increases and accelerates the phenomenon of oxygen
diffusion. Several temperature-programmed experiments were carried out in a
quartz microreactor in which about 75 mg of material was introduced for each
test crossed by a flow of 50 sccm. The reduction part (TPR) was conducted by
identifying the reduction temperature for each test material following a temperature
ramp of up to 950°C with an increased rate of 10 K/min in a 10% H2/He (v/v)
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Figure 2.15: Mass change and DTG plot of perovskite La1.6Sr0.4FeCoO6 from
[58].

environment. Temperature-programmed oxidation (TPO) then followed up starting
with an isothermal temperature of 600°C by 30 min with the previous H2 flow and
then changing the stream to 10% CO2/He returning to the ramp from 600 to 950°C
with the same rate of 10 K/min faced for the reduction. The figure 2.16(a) shows
the results obtained from each supported perovskite (colored lines) and perovskite
without support (black line). It can be seen that for each of the materials the
formation of oxygen vacancies can occur, in particular, the peaks below 700 °C
of temperature are attributed to the partial reduction of the perovskite phase
(from ABO3 to ABO3−δ) while the subsequent more intense peaks are attributed
instead to the decomposition of perovskite into binary oxides such as FeO. The
result is therefore that a good temperature for the reduction settles around 600°C
to create active sites for the decomposition of CO2 without altering the material.
The figure 2.16(b) shows the oxidative behavior of materials with CO production
in an isothermal environment at 600°C. From here you can see how the use of
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Figure 2.16: Temperature programmed reduction in H2 (a), followed by temper-
ature programmed oxidation in CO2 (b) [59].

Al2O3 as support is harmful to the redox properties of the LSF which together
with the TiO2 support makes vacancies training less likely by creating transport
restrictions making the catalytic task more difficult. Conversely, the greatest
success in supporting SiO2 is highlighted, which emphasizes CO production by
arriving at a yield calculated in the study of 1700 µmol/g: an excellent result when
compared with the yields of CeO2 or ZrO2.

A-site substitution by rare-earth ions

Alkalin earths ions are not the only possibility of replacing perovskites’s A interstitial
sites, other ions such as those belonging to elements of the rare earth group have
been used as perovskites doping. Hartley et al. [60] compared a type of supported
perosvskite on a stainless steel chip with Zr and Cr doped ceria on the same stand
and Al2O3 support. The pre-treated surface by annealing has shown that the
species deposits on stainless steel. The ceria and perovskite crystals have been
confirmed with XRD analysis. In the perovskite supported by Alumina, alumina
was revealed to have a 10% presence in the crystal phase. The doping of Zr
or Cr can lower the reduction temperatures. Among the most famous families
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of perovskites containing alkaline earths ions we find two that have been most
successful in the research: the first with a Sr concentration of 0.5 combined with
rare earth and the second instead with an equal concentration of Ca instead of Sr.
Generic nomination can be for perovskites with Sr and Ca respectively such as
Ln0.5Sr0.5MnO3 and Ln0.5Ca0.5MnO3 where Ln represents ions such as A, Nd, Sm,
Gd, Dy, Y [56]. It has been found that with the decrease in the size of rare-earth
ions, the production of reduced oxygen increases and reaches its peak in tests with
the replacement of A-sites with yttrium; Y0.5Sr0.5MnO3 showed a higher oxygen
yield than LSMx x=0.5 mentioned in other works, with an oxygen production of
483 µmol/g. Among the materials tested in [61, 62, 63, 64, 65, 66, 60] YCM50
produced the most oxygen with a value of 575 µmol/g. A phenomenon influenced
by the size of the ions at the sites is also the oxygen release temperature that
decreases as the ion size decreases. In this regard, it was found that YSM50 begins
the release at about 860°C while YCM50 at 970°C. Similarly, it follows the behavior
for CO productivity which increases as it descends towards smaller rare-earth ions.
Again, yttrium-based perovskites allowed greater CO production at 1100°C with
671 µmol/g. A further caution can be noted regarding the production of CO for
the latter material that does not seem to be particularly influenced by the number
of cycles and manages to remain practically unchanged even after several loop tests.

B-sites substitution

A further subchanter wants to be dedicated to the B-site substitution of perovskites.
McDaniel et al. [67] bring aluminum replacement back to LSMx, thus defining a
new type of material capable of achieving lower oxygen deficiencies than CeO2.
In particular, they synthesized perovskite SrxLa1−xMnyAl1−yO3 at two different
levels of aluminum concentration: 0.4 and 0.6. The choice of this type derives
from the structure of LaAlO3 that is active for redox cycles and stable both under
reducing environments and under oxidizing environments. The material created
performed better in reduction with lower temperatures than the ceria (1550°C)
and ferrites (1400°C) without losing the opportunity to reoxidation at reasonable
temperatures after reduction (800°C). The figure 2.17 shows that CO production is
much higher for SLMA than for the ceria, in particular, it has been calculated 6
times higher production with the concentration % of CO2 sent and temperatures
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Figure 2.17: Production rates of CO measured in oxidation at 40% CO2 in volume
at 1000°C. All the sample where thermally reduce in He atmosphere at 1350°C.
The numbers in the parenthesis represent the total amount of the production [67].

described in the figure. The constant flow of CO2 for oxidation allows to wipe
out the syngas produced and thus achieve better performance, also the same CO2

flow allows to maintain an ever greater CO2/CO ratio of 100 that contributes
to increasing the kinetics of the phenomenon. The same figure then shows that
there are two mechanisms of CO production, the first order based on the exponent
(1 − α)n of the expected kinetic model. This first factor contributes about 75%
to total CO production. The second factor is related to a diffusive phenomenon
and in the figure is represented by the trail of CO that gradually decreases with
time instead of stopping radically. To assess the evancy of the material, a test
including 80 redox cycles was evaluated as shown in the figure 2.18 at temperatures
of 1350°C for reduction and 1000°C for CO2 splitting. The constant level of CO
produced in this experiment shows an ability of the material not to degrade and
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Figure 2.18: Total amount of CO produced in each cycle for SLMA2 with a
reduction at 1350°C in He and oxydation in 40% CO2 in volume at 1000 °C. Each
reduction and subsequent oxydation lasts for a total time of 30 minutes divided in
15 min for reduction and 15 min for oxidaiton.

lasts more consecutive tests, thus assuming considerable interest in further studies.
These results are also confirmed by Jiang et al. 2.10 where the performance in
particular of LaFe0,7Co0.3O3 and LaFe0.7Mn0.3O3, part of the family of lantanium-
ferrite based perovskites, revealed a high oxygen-carrying capacity, with the lack of
poor performance regarding CO2 splitting, then increased with the use of metal
oxide-based supports.

Gálvez et al. [68] conducted different studies concerning the doping of B-site with
aluminum in perovskites of the type LSM and LCM, synthesizing the new formula
La0,6Ca0,4Mn0,6Al0,4O3 which was then subjected to 3 consecutive redox cycles

45



Literature review

with thermal reductions and the following re-oxidations with CO2. The reduction
steps expected temperatures of 1350 and 1450 °C while the oxidation of the material
remained at 900 and 1000°C. Among the characterizations of the material carried
out, SEM shows the presence of enriched phases in Ca that are presumed to be
CaO and CaCO3. The authors report that the formation of carbonates is increased
by excess cations in A-sites, i.e. where the rate of A/B cations is higher. The TGA
curves obtained during the reduction to 1350°C followed by oxidation in TPO from
400 to 1200 °C saw the achievement of the balance of the material reduced after
1h, and again the mass increases in re-oxidative phase with the overcoming of the
theoretical mass corresponding to the equilibrium at the end of the test. This as
evidence of the formation of new phases. The trend of production of nw phases
has been more limited in LCMA and LSMA by replacing AL cations into B-sites
instead of Mn. The authors also reported that the formation of carbonate species
from Ca and Sr is reduced by operating at higher temperatures.

Dey et al. [69] starting from a perovskite similar to the study described above,
looking for alternatives to B-site doping with aluminum. In particular, they investi-
gated the effect of Ga and Sr cations in A0,5Sr0,5Mn1−xAxO3 (as an alternative to
Aluminium. Further, performance increases were seen with Ga and Sr, especially
the derived material including Sr gave significant fuel yields. The study consisted
mainly of TGA with oxide reductions and following CO2 splitting. The reduction
and oxidation temperatures were chosen at 1440°C and 1100°C respectively, leading
to the yield of 370 µmol/g of CO on average over 3 cycles of LSMA, without
noticeable deterioration in performance. Ga3+ replaced has a higher yield than the
previous one with 447 µmol/g of CO produced. Subsequently, again a replacement
of Sr3+ up to a maximum possible concentration seems to be x=0.1 which saw
545 µmol/g of CO produced. However, all derivates materials have performed
better than LSM. The CO yield of the Ga derivative was 1.5 times that of the
consideration derived with Al at similar doping proportions (x=0.25). The decrease
in yield was shown to be marginally affected with a 15/20% loss in the third cycle.
This decrease in yield has been seen in many perovskites and is caused by a lazier
kinetics or sintering phenomena. After TGA testing, further analysis showed that
the structure of perovskites remained stable at the end of the cycles completed. It
was also ensured that there was no weight gain due to the formation of carbonates.
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This is true for oxidation at 850 °C compared to the classic at 1100°C, further con-
firmation that the weight gain is given by CO2 splitting. Demont et al. [70] focused
on perovskites containing Mn by first testing LSM and YSM with site replacement
A, and then acting on replacing B sites with doping initially of Al and later in Mg.
Production of O2 was seen to improve for YSM50 which reached 551 µmol/g after
45 min at 1400 °C, with a maximum production rate of 1315°C which suggests the
possibility of lower reduction temperatures without particularly altering the yield
found for the temperatures used in their work. CO production, on the other hand,
reached 112 µmol/g after 1h at 1050°C for YSM50, at 269 µmol/g of LSM50 under
the same conditions. Thermodynamics is therefore different as the material changes
from A to Y, with worse reduction yields during reoxidation. The reoxidation yield
was calculated to be about 10% during the first cycle and 9% during the second
cycle, counting only for a small part compared to the oxygen released during the
reduction, that is, only part of the matrix can reorganize according to the initial
conditions if subjected to CO2. The replacement of Al and Mg at Sites B, on
the other hand, yielded more optimistic prospects. By decreasing the Sr content,
the researchers were able to allow better incorporation of Mg into the matrix,
creating perovskites with different concentrations: La0.6Sr0.4Mn0.83Mg0.17O3−δ

(LSM-Mg17) and LaMn0.67Mg0.33O3−δ (LM-Mg) with minimum or zero Sr con-
tent compared to LSM50. Similarly, La0.6Sr0.4Mn0.6Al0.4O3−δ (LSM-Al40) and
La0.6Sr0.4Mn0.4Al0.6O3−δ (LSM- Al60) have also been synthesized. CO2 splitting
performances were then evaluated in TGA, where a limited amount of oxygen
release was seen for pure LM-Mg, resulting in poor CO yields. Overall the reduction
appears similar to LSM50 for these new material variants, with reoxidations bring-
ing 196 µmol/g and 279 µmol/g of Co for LSM-Al40 and LSM-Al60 respectively.
However, performance fell dramatically after 2 cycles. Finally, LSM-Mg17 managed
to gain the highest CO yield, appearing with smaller particles of an order of magni-
tude compared to LSM35 and LSM50. This makes LSM-Mg17 a promising material
capable of making it similar to LSM50 but with higher resistance to sintering and
making itself less sensitive to deactivation after long-term cycles. The largest CO
production was seen at 1200°C to 239 µmol/g, while a huge drop was reported at
900°C. Since re-oxidation is usually favored thermodynamically by temperature
drops, the increased CO production observed at higher temperatures may be the
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result of dissociation of catalytic CO2 with oxides spreading in the mass of inner
material. Another approach to the redox reactions used by Galinsky et al.[71]
is to incorporate perovskite-based support such as lanthanum strontium ferrite
(LSF). In this way, the reactivity of the oxygen carrier (Fe2O3) is emphasized by
at least an order of magnitude compared to classic supports such as TiO2, Al2O3,
or yttria-stabilized-zirconia (YSZ). The support eases the transport of O2− from
the metal oxide to the surface to participate in redox reactions on the surface.

With this part of review of different oxygen carriers for thermochemical appli-
cations, it is clear that there is a great interest in the subject especially in the
development of new materials that better reflect the needs and restrictions due
to the operating conditions of the systems. The search for better performance
such as responsiveness, stability at high temperatures, the possibility of shifting
reactions to lower temperatures is constant. The physical aspects are also of some
importance, among which there is a tendency to create agglomeration and sintering.
By increasing the oxygen transport capacity, the reactive properties of the material
are increased. As seen in the chapter this is becoming more and more possible with
new doping or looking for suitable supports that increase performance. One factor
that cannot be left apart to implement these technologies shortly also in the market
is certainly the cost of materials. In fact, in addition to the creative processes
to obtain the desired concentrations, there is also the question of what materials
can be used on a large scale, which must therefore comply with environmental
parameters. A well-known example is cobalt, which, while presenting characteristics
and potential for improvement in the doped materials of this element, remains, in
fact, its use for the synthesis of huge quantities of materials. To avoid economic and
possibly also environmental problems related to the placement of these elements
in nature, the aim is also to look for functional mixes that include elements more
easily available, present in large quantities that can significantly reduce costs.
The collection of literature presented so far was also intended to outline in some
way a map of the possible alternatives present to date. As seen the attention to
materials that possibly avoid a transformation from a solid phase to gas phase
is increased by the fact that you can count on some important discoveries that
demonstrate the possibility of obtaining yields of syngas produced and released
oxygen even considerable, this if is introduced into the material a non-stoichiometry
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to increase the reaction kinetics and certainly the transport capabilities. Focusing
on perovskites, research is constantly moving. New materials are synthesized to be
compared with existing ones. The study of this thesis proposes a perovskite with a
non-stoichiometric state and with composition: Sr2FeNi0.4Mo0.6O6−δ. In the next
chapters are reported the method used for the experimental section and the result
obtained in each test.
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Experimental Methods

3.1 Thermogravimetry Analysis (TGA) method

One fundamental method for the correct characterization of a Redox reaction is
the Thermogravimetry Analysis (TGA) and is a method belonging to the thermal
analysis methods focusing on the weight change of a sample in a certain temperature
range. When a TGA test is performed, the change of mass is recorded as function
of time, along with the change of temperature, or isothermal situation, performed
in the same time step. The opposite situation also called “scanning mode” represent
instead the weight change of the sample mass as function of temperature. The
sample in fact with the fluxing gas, increases or decreases its weight thanks to
the interaction of the atoms or molecules contained in the gas with the atoms or
molecules that make up the mass of the sample itself. A different gas composition,
set at will, can cause a different mass variation in the sample. To give a practical
example: a reduction tends to remove atoms or molecules from the mass of
the sample. These are transferred to the gas, resulting in a decrease in sample
mass. Conversely, an oxidation will see the opposite phenomenon. Some atoms or
molecules contained in the gas are transferred to the sample increasing its weight.
The main utilization of TGA is under programmed condition, creating a sequence
of different steps. Each step is characterized by one or more parameters that have
to be chosen depending on the behavior that has to be performed: as example, a
dynamic step is composed of a ramp rate in K/ min that the temperature has to
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follow in order to achieve a predefined value. Also, a target temperature that will
represent the end of the step is needed. Another type of step is the isothermal one,
characterized by a temperature that has to be maintained for a predefined range of
time. The final step is always a protection step: it interferes and stop the step that
is performing in that moment if the temperature rises up and exceed the highest
temperature set point in the whole sequence.

3.1.1 Components for the measure of mass
Essentially the device consists in an electronic micro balance able to record the
changes associated with the sample mass with respect to a reference mass (typically
an empty crucible). There are several types of balances that can be adopted
in a device to record the mass changes and are divided in two main categories:
deflection type balances and null-point type balances. The deflection type can be
differentiated in four sub-categories: beam type, helical type, cantilevered beam
type and torsion wire type; each of these sub-categories differs from the others
in the method of deflection or elongation that is produced [72]. Regarding the
null-point type instead, the sensor measures the deviation from the null point and
a balance restoration thank to a restoration force is obtained. A schematic of the
balance mechanism of the STA2500 machine is shown in figure 3.1.

The sample holder (crucible) has the task of maintaining the mass of the sample
inside it during the test; it is removed to be filled with the sample and re-positioned
on the plates that support it. They can be made up of different materials: aluminum,
platinum and quartz are the most common one, but also stainless steel, glass and
graphite are used depending on the type of sample that has to be contained inside
and depending also on the different type of test that is intended to be carried
out. The shape of the crucible is fundamental to contain correctly the sample
and transfer the heat from the furnace to the sample efficiently and uniformly.
Thus, there are crucible more suitable for testing liquid materials, and others more
suitable for testing solid materials. Is important to notice also that the crucible
should not interact with the tested material in order to have reliable result on the
TGA test. In figure 3.2 shows the two crucibles. One with the sample mass inside,
while the second empty to give the reference to the instrument. The white plates
hold the crucibles and under the plates are positioned the thermocouple for the
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Figure 3.1: Mechanism of the balance inside the TG instrument STA 2500 Regulus
[73].

temperature measurement which are in contact with the plate for a more precise
measurement.

After these considerations is possible to assert that Platinum crucible able to
withstand temperatures of up to 1600 °C and with cylindrical shape can be a
good choice for testing the SFNM Perovskites materials. Another component that

52



Experimental Methods

Figure 3.2: Crucibles positioned upon the plates. Thermocouples are under the
sample holder in contact with it.

determines the correct functioning of a TGA is the slip-on plate on which it is
placed the crucible. As for the crucible, also for this component is possible to locate
the best choice of slip-on plate depending on the typology of test and material
performed: is possible to choose between standard slip-on plate, large volume
slip-on plate types or corrosion-protected slip-on plate. It must be well inserted on
the balance rod, and if not dimensioned correctly it can cause micro-oscillations
of the crucible that determine a mutation of the registered mass difference with
respect to the reference mass. Its other fundamental function is to be, in the
STA2500 Regulus machine, the point of direct contact with the thermocouple
present inside the sample support rod; with this special configuration, the slip-on
plate has to transfer the heat flawlessly from the crucible, otherwise the recorded
temperature in the control unit of the machine would be too far from the real value.
The temperature measuring is better discussed in the following paragraph. The
following paragraphs illustrate more in detail the various components of a TGA
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test machine.

3.1.2 Components for the temperature measurement

The furnace is the part of the system that provides heat to the sample and crucible.
It consists in a hot zone where the heat should be provided linearly so that the
temperature inside the furnace can be considered the same as the crucible and
sample temperature. Also, the size of the furnace is responsible for the temperature
gradient: low weight furnace can provide quick heating but with more difficulty in
controlling temperature gradient. Different heating coils depending on temperature
range can be used, with the foresight that no magnetic interaction should arise
between the sample and the heating coils.

Thermocouple are used for the measure of the temperature and as mentioned in
the above paragraph in the STA 2500 Regulus machine are positioned under the
slip-on plate directly in contact with it, which in turn is in contact with the crucible
positioned above the plate, this is a typical arrangement useful to capture also the
smaller temperature changes. Generally, various materials can be used to build
the thermocouples: tungsten and platinum alloys are two types of construction
material for these components but typical standard thermocouples are of Nickel
and Nickel alloys (types E, J, K, M, T) [74]. In the setup utilized in this work,
S-Type thermocouples made of Platinum and Rhodium are present inside the STA
2500 Regulus. Besides the hardware component, the machine is equipped with
temperature programmer which deals with the control of the heating rate when a
temperature ramp is made and is able to detect when an isothermal step is needed
to be maintained adjusting the power and consequently the heat supplied.

3.1.3 Reliability of the data collected in during the TGA

Loganathan et al. [72] describe six main factors that influence the mass change:

• Weight and volume of the sample.

• Physical form of the sample.

• Shape and nature of the sample holder (crucible).
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• Atmosphere of the performed analysis.

• Pressure maintained during the analysis.

• Ramp rate of heating or cooling.

However not only a mass change can be seen during a TGA test, in fact the device
is also able to perform in the same moment more than one measure: thanks to
thermocouple the temperature inside the furnace is also measured as the thermal
properties in a differential thermal analysis (DTA). With TGA method are mainly
studied phenomena of adsorption, desorption, vaporization, sublimation, decompo-
sition, reduction and oxidation; in particular, the latter two has been studied for the
purpose of this thesis and in particular, to rely the setup, in this case has been used
the machine NETZSCH STA 2500 Regulus shown in figure 3.3. The result obtained

Figure 3.3: STA Regulus 2500 machine.

in a TGA must be interpreted correctly, as many factors may cause a deviation
from what we expect, or even provide results that may not seem to describe the
phenomenon that is occurring inside the machine. This paragraph is created with
the intention of hinting what can be the errors of a TGA, and which methods or
tricks are useful to reduce its impacts. STA 2500 Regulus TG present a vertical
configuration that allow for a better precision in the measure of mass even if can
present more contamination problem due to decomposition of the sample during
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the temperature changes. Also, this TG can be categorized in “furnace above
the balance” type that include some beneficial effect related to the disturbance
of the gases but compromising the maximum sample mass achievable. Buoyancy
forces and drag forces from local gas circulation are two important phenomenon
that in most of the cases can occur during a TGA and has to be properly taken
into account as the gas density is inversely proportional to temperature and that
influence in the same way buoyancy. J. Czarnecki [75] describe in its work three
forms of buoyancy forces that can be distinguished:

1. weight disturbances;

2. weight oscillations;

3. erratic buoyancy disturbances.

The first type is attributed entirely to the sample, in particular when the tube
of the furnace, during the first moments of heating, is hotter than the sample;
creating a difference of temperature inside the furnace, a particular circumstance
that results in a toroidal circulation of the gases making the instrument to measure
more mass with respect to the initial state. The second type of buoyancy can
be attributed to the instrument: when the heating power oscillates, temperature
gradients will occur locally producing as consequence weight oscillations. This
is particular effect that can be controlled by a very smooth temperature control.
Different situation occurs for the erratic buoyancy disturbances, which happens
mostly with very large sample and high-pressure TG. Here, not a toroidal circulation
but instead bubbles-like phenomenon appears presenting different temperatures
and so different densities resulting again in buoyancy. This last case does not
comply with the necessity to this work because of the little amount of mass used
for each experiment. There are several measures that can be made to overcome
these problems so that these controversial effects, arisen both in data generation
and in data processing can be suppressed or at least minimized. One of them it
is seen to be an adequate amount of gas flow in the reactor area and all around
in the chamber that prevent temperature and pressure to build up and makes the
basement more stable. Another trick is to send every moment a protective flow in
the chamber, especially when changing in the gas composition are needed for the
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purposes of the analysis with the foresight of maintaining the total amount of gas
flow constant and stable during all the process. In a program of TG with samples
that decompose creating a contaminating atmosphere, is good custom to not stop
the analysis when the TG is run until the end, taking care to add at the end of
the entire process one final step of purging gas for some time. Also, regarding the
decomposition of the sample during the TGA, the data recorded of the thermal
analysis regards only one decomposition (the slowest one) but many of others can
occurs in the same time inside the instrument; this is a strong prerequisite for
further studies on the material tested with the aim of making kinetic theories that
may reflect at best the reality. Moving the focus on the temperature gradient to
overcome again instability problem related to the TG, a slow heating rate that
is mostly cause of the long time needed to the analysis is also able to give better
equilibrium condition reducing all the heat transfer factors. Last, but not less
important shrewdness is to perform some “blank runs” before the real test, to
stabilize what are the main incongruousness of the TG with the specific experiment
and making the reliability of the results more effective by subtracting the “blank”
to the real curves thus succeeding in distinguish which are the differences in the
result due to the sample and which are due only to the chosen setup.

3.1.4 Gas Spectrometer included in the bench setup
To the TG machine has been added a gas analysis system able to detect in continuous
analysis a multiple set of gases and vapors (at the occurrence) at pressure near
atmosphere. The range of detection of this component goes from 100 ppb to
100% and is also connected to an external backing pump able to create a vacuum
atmosphere up to 2.3 ∗ 10−6 mbar of relative pressure inside. A picture of HIDEN
QGA Spectrometer used for the bench setup of this work is shown in figure 3.4.
The gas spectrometer work thanks to the conversion of the molecules of gases into
charged particles, hence breaking whole molecules into smaller fragments. This
operation is possible thanks to a hot filament that can be made up of Thoria or
Tungsten which induce a thermionic emission and results in an electron impact
ionization; the impact of electron may create different types of ions: molecular ions
with a positive charge by loss of an electron, fragment formed after the cleavage of
one or more bonds, rearrangement caused by an atomic migration after cleavage,
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Figure 3.4: Gas Analysis Spectrometer QGA from Hiden Analytical.

metastable ions that refers to further fragmented ions. Different types of cracking
patterns are important information for the analysis. After cracking, the ions can
be extracted into the mass filter in which are differentiated and species are selected
for detection: in most cases mass filter consist of a Quadrupole, where two pairs of
parallel and equidistant metal rods, biased at equal, but with opposite potential are
crossed by DC current and RF components able to be varied so that the resulting
field produced may vary itself. Ions that enter into the field are deflected accordingly
to their charge ratio since the extent of deflection is function of the ion’s mass;
every interval the RF see through only one ratio allowing to pass only ions that
present that particular condition, the others are neutralized impacting on the rods
of the quadrupole. As the expected concentration of the CO molecules contained
in the gas mixture at the exit of the TGA would have been low, a Faraday detector
has been adopted able to have better performance in terms of ions detection with
lower concentration. The Faraday Cup is an earthed passive conducting surface
able to collect the electrons emitted by an ion during the strike of the ion itself on
the cup.
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3.1.5 TGA setup created for this study work

The whole bench setup used in this work include the following machines/compo-
nents:

• STA 2500 Regulus TG machine;

• HIDEN QGA Gas Spectrometer;

• PC for system control and data collection;

• Cylinders and pipes for connections of the various gases used;

• Mass Flow Controller (for the calibration of the Gas Spectrometer).

Inside the TG machine are already included three mass flow controllers for the
different input lines: Purge1, Purge2 and Protective. The latter is always present
as a flow in order to protect the machine and avoid possible damages caused by the
use of the other two lines where can be flushed various types of gases. From the
cylinders the gas is sent to the STA 2500 Regulus slightly in pressure to ensure that
the flow is able to travel through the entire circuit and is in a range of pressure
also suitable for the input line into the spectrometer. Once the gas flow has been
processed in the TGA, it exits the machine and the quantity necessary for the
Spectrometer is collected to be processed and investigated on the final composition.
From the computer has been established both the sequences that needs to be
followed by the TGA and the molecules from the TGA exit stream that need to
be analyzed by the QGA. In figure 3.5 is shown the schematic of the entire setup
bench with the different streams of gases.

3.1.6 Characterization of the material through TPR and
TPO analysis

The characterization of reduction and oxidation path has been assessed respectively
operating with a temperature programmed reduction (TPR) and a temperature
programmed oxidation (TPO). Different experiment has been carried out: both
from the reduction and the oxidation section, different conditions has been assessed
inside the TG instrument. As mentioned in the first chapter, these materials where
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Figure 3.5: Scheme of the setup created for the TG analyses.

already tested from UNIUD as potential material for anode and cathode of SOFC,
therefore a previous analysis revealed the conditions of the material subjected to
hydrogen reduction in TPR analysis and then the stability in CO2 environment
was already assessed. Differently from the previous study of UNIUD, in this work
reductions in 1% of H2 flow have been performed following TPRs in order to
determine it which range of temperature, from 500 to 900 °C, the material reacts
with the gas sent in the TG unit. After that TPOs have been performed firstly
in air environment then on CO2 at different concentrations moving from 20 to
40% of molar flow and also one test with 50% of CO2 has been carried out. Below
is reported a generic list of the steps adopted for each test and repeated in loop
according to the need to perform more or less cycles in the test itself:

• Pretreatment by dwelling in air at 500°C for 1 hour has been always performed
for each single sample used, in order to assure a complete oxidation before the
first reduction step.

• Reduction step in 1%H2/Ar flow in TPR with a ramp rate of 20 K/min:
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this step has been evaluated for temperature ranges from 25 to 900 °C and
also from 500 to 900 °C; the second ∆T of 400 °C it turned out to be a
good compromise between optimal temperature range of reduction and time
necessary to perform the ramp, even if from result showed in chapter 3, better
improvement will see a drop of the maximum temperature reached, with the
positive consequence of the falling down of time needed to conclude the step.

• Oxidation step performed in Air (21%O2/N2) flow for the first tests to assess
the effective reactivity of the material with an oxidating agent without the
presence of carbon. Then, the evolution of the tests brought to oxidation
steps with diversified presences of CO2 molar flow (20 - 50%) but unlike the
reduction steps that were under ramp rate, this time the isothermicity has
been maintained at 500 °C in order to improve the reaction of oxidation that
is thermodynamically favored under lower temperature conditions as also
assessed in the PRIN17 Project Report [76].

• Between each step a purging flow or Argon has been sent into the TG unit to
clean from the remaining reducing or oxidating agents before passing to the
next step, this to ensure that the two lines utilized respectively for reduction
and oxidation will not come into contact creating possible deviations from the
expected reactions rather than safety problems related to gas mixtures.

3.2 Microreactor setup with Gas Analysis method
After the TG Analysis, a second path of study has been taken to investigate on
the reduction and oxidation characteristics of the SFNM perovskite material: a
microreactor setup has been used to see if the result obtained during the TGA could
have been shifted in a bigger overview, with more complicated environment and
therefore a possible difference in the result. Pohar and Plazl [77] emphasized how
the use of microreactors is considered essential for many types of processes, making
it possible to miniaturize the latter. The processes developed in microreactors thus
prepare the possibility of various types of studies with potential for improving the
processes currently used on a larger scale as well as developing new applications.
Focusing on this work, this bring to new prospective where the process is more and
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more near to real scale system and where possible other phenomena can develop due
to different interactions of the perovskites with the fluxed gases in quantities more
than double compared to the tests carried out in TGA and also with sample that
report a mass of an order of magnitude higher. The bench test setup, schematically

Figure 3.6: Microreactor setup scheme with the gas lines connected to the main
stream. Note the two three-way valves: the first for choosing flow in the reactor
rather than in the hood, the second determines the choice between dry flow or wet
flow.

shown in 3.6 has been arranged with seven gas lines, five of which connected directly
to the gas lines of the Laboratory, while the remaining two where connected to
cylinders placed under the hood. The typology of gas connected to the setup was:
N2, CH4, CO, CO2, H2 but for our purpose only H2, N2, CO2 and water where
used. Each gas stream has a mass flow controller (MFC) able to measure and
control the flow rate of the gas, so that the right amount of flow can be flushed in
the microreactor for each gas in any time when needed. All the streams start with
a pressure of 2.5 bar, except for the N2 that start with a range of pressure from 3.5
up to 5 bar, allowing the latter to pressurize also a demineralized water tank used
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(if needed) to create vapor with a vaporizer and flush the vapor in the main stream
having as result a humidified stream. Downstream the mass flow controllers the
pressure for the rest of the system results to be 1 bar (atmospheric pressure, so
the bench test setup is not in pressure). Steel pipes makes the various connection
present in the setup; starting from the inlet of the gases, the seven lines are joined
into one single stream towards a first three-way vale equipped with pneumatic
actuator able to select if the stream has to be dry or wet, then a second three-way
valve has been added to choose between directing the stream into the furnace of
directly to vent.

3.2.1 The furnace
The furnace is, in some way, the core of the system. Here the reaction of reduction
and oxidation take place where the gases meet the material sample in difference
concentration and temperature conditions. Figure 3.7 (left) show a picture of

Figure 3.7: On the left, bench setup with with the Carbolite Gero furnace as core
componente. On the right, power conditioning unit and temperature sequences
controller

the Carbolite Gero High temperature horizontal tube electric oven of the system,
while 3.7 (right) is the power conditioning unit PCU responsible for the supply of
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electricity to the resistances place in the core of the oven. This energy supplier
solves also the function of controlling system for what concerns the temperature
programs, allowing to create isothermal steps of temperature by maintaining the set
point temperature selected or, instead, create ramp-up or ramp-down steps where
the temperature can increase or decrease following the selected rate in degrees
with respect to the reference time step. In the inner core part of the furnace, a
cylindrical tube forms the reactor zone. As this machine was initially configured
for bigger amount of mass samples, the original reactor see an internal diameter of
32 mm and in which has been inserted a secondary alumina (Al2O3) tube with a 8
mm of internal diameter; in the latter the sample find its place in the center of the
1 meter long tube. To ensure the position of the material a quartz wool has been
added before and after the sample mass and downstream the sample, also a tertiary
alumina tube of 4 mm has been positioned: in this way the pressure created by
the gas flow is no longer able to move the sample mass outside the center of the
reactor, where the temperature is higher and where redox reactions are expected to
develop. An alternative to the tube-in-tube setup has also been adopted, since the
pressure created by the gas flow into the inner tube tends to move the sample away
from the center of the furnace even with the presence of the quartz wool. So, a new
type of sample holder has been chosen consisting in a crucible made of the same
material as the tube (alumina). This new holder is essentially a bigger crucible
with the shape like a half of cylinder and it is shown in figure 3.8. In this way the

Figure 3.8: SFNM sample under the Al2O3 crucible before been inserted in the
center of the tubular furnace.
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perovskite material is placed into the new crucible geometry and thrust into the
center of the furnace. This choice simplify a lot the charge of the reactor and its
discharge after the end of the test; also, it is much more similar to the TGA setup
but instead of having a gas flux from the bottom to the top, in this case the flux
will surround the sample mass in horizontal direction. All the new alumina crucible
where pre-treated in temperature to remove the impurities and processing residues.
Moving away from the center of the reactor towards the outermost layers a ceramic
fiber inner insulation solve as the first temperature barrier, in this way the heat
provided by the heating that are inserted from the extrados areas in maintained as
much as possible in the inner core, surrounding the ceramic alumina tube. The
heating molybdenum disilicide (MoSi2) elements provide three heating zones, this
permit a better preheating of the gases that should flow in input into the reactor
[78]. After the first ceramic insulation, other two layers of ceramic fiber are present
before reaching the outer case, where a last safety equipment composed of a metal
grid define the outside shell of the instrument: see 3.9 for an inside-view scheme of
the furnace. At the exit of the reactor, the line brings the gas mixture toward a

Figure 3.9: Inside overview scheme of the furnace Carbolite Gero [78].

manual selection valve, used to convey the flow to a condenser or directly to vent.

3.2.2 Data collection through Gas Analyzer
As the Gas Analyzer only works with dry mixture of gas, the condenser placed
after the furnace can remove all the moisture content into the mixture allowing so
the instrument to work correctly without getting damaged. The basic operation of
this component is to compare the physical properties of the entering stream with
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the properties of a reference gas, making so possible to evaluate the molar fraction
of each molecule present in the analyzed stream. For this setup, the Emerson
X-Stream XE instrument has been used: this continuous gas analyzer works with
two different detectors that has been better discussed below. Using different
detector and therefore different gas sensing technologies, allows to more possible
gas mixture scenarios where can be adopted enhanced gas sensor calibration, each
specific for the mixture to be detected. Liu et al. [79] have classified the most used
gas sensing technologies with a review of the main performance indicators such
as sensitivity, selectivity, response time, energy consumption, reversibility; also
providing comparisons between different techniques adopted. In particular, their
classification it had foresaw the division into two main groups, the first inclusive of
all techniques based on variation of electrical properties, while the second for the
other types of properties. In figure 3.10 is represented the scheme that they have
been reported inside the work.

Figure 3.10: Classification of gas sensing methods by [79]
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Thermal Conductivity Detectors (TCD)

A thermal conductivity detector, or TCD, is used in gas chromatography and can
detect air, hydrogen, carbon monoxide, oxygen and other organic or inorganic
compounds, as well as being a method able to provide selective, precise and accurate
results [80]. It is non-specific and non-destructive, making it an ideal candidate
for a universal detector. TCD instrumentation works best based on differences
on thermal conductivity of the sample and carrier gases. Schematically a TCD

Figure 3.11: Electronic scheme of a TCD detector. Figure taken from the site at
the bottom left of the image.

can be represented as the image in 3.11: the pass of the sample gas a carries gas
are represented by the blue and red line respectively and the signal detectors are
represented as resistances. Each gas enters the instrument into a separate channel,
the sample goes to one column and the pure carrier gas goes to the other column.
Electrically heated resistance wires are in chambers inside the TCD. A power supply
provides current to the resistance’s wires, which causes the wires to heat up. The
scheme representing the characteristic shape of a TCD is known also as Wheatstone
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bridge. As the gas flow to the TCD, the physical properties of the reference gas
and the sample gas will allow the wires of the TCD to be cooled at different rates,
this change in temperatures will result in change of the resistances from both the
reference gas and the sample gas, which produce an electrical signal unique for each
compound that is analyzed, this signal is proportional to the concentration of the
sample component providing a direct means of measuring component concentrations
on a particular sample. Some advantages of TCD can be that are non-specific,
non-destructive, and highly responsive to many elements organic and inorganic;
also, they can detect many compounds in a single run. Is necessary then to take
care about some cons, in fact chemically active compound like acids, halogenated
compound or oxidizing substances can corrode the wires of the TCD and lead to
thermal damage; if not possible to avoid the flow of such compounds, then a good
option is to replace the filament with more frequency [81]. TCDs works best when
there are large differences in thermal conductivity between the carrier gas and the
sample analyzed, thus analysis of sample possessing thermal conductivity close to
the carrier gas will not result in accurate measurement, additionally TCDs have
very low sensitivity to organic compound, compared to Flame ionization detectors
(FID). As mentioned earlier, temperature is one fundamental parameter for this
measurement and together with the gas flow rate is used to determine the correct
calibration of the instrument. TCD sensitivity in fact increase with the delta of
temperature of the filament with respect to the detector body [82]. Thus, with
different temperature there are also differences in the sensitivity of the detector.
Is required that the temperature difference remains as much as possible constant.
Figure 3.12 shows a typical difference in temperature of the filament with respect
to the detector block: where the temperature of the detector is lower, the delta
is bigger, and this brings the best result in sensitivity. For this case study, the
Emerson X-Stream XE instrument has a TCD only for the H2 flow stream. The
use of a TCD for the hydrogen concentration sampling introduce a typical problem
that has to be considered, it has been studied in fact how the hydrogen could
develop different results on the detector, not similar to the usual results observed
for the other compounds. Some notes from an application reports how Helium, that
is typically used as carrier gas, used together with Hydrogen give a low response
from the TCD due to the too similar thermal conductivity of the different gases
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Figure 3.12: Typical differences between the filament temperature and the
detector block temperature [82].

[83]. Also, it has been saw how the different concentration of the H2 in the gas
mixture is able to determine a different sign of the signal curve on the detector;
in particular for lower concentration the sign of the curve remain positive as for
the other compounds, while increasing in H2% inside the mixture the thermal
conductivity changes bringing to an inversion of the signal. For these reasons,
calibration with these phenomena becomes very difficult if the hydrogen percentage
present in the mixture exceeds a certain level. To solve this issue, a different carrier
gas is needed; therefore Argon or Nitrogen are two possible options even if they
both present the problem that switching from helium to these gases, the sensitivity
of the detector to hydrogen also decrease noticeably and require a more detailed
calibration.

Infrared (IR) detectors

Quantitative IR analysis is based on Bee’s law that may be written simply as:

A = Ôbc (3.1)
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where A is absorbance (no units), Ô is the molar absorptivity with units of
Lmol−1cm−1 (formerly called the extinction coefficient), b is the path length
of the sample, usually expressed in cm, c is the concentration of the compound in
solution, expressed in molL−1. Calculating the absorbance of a sample using the
equation depends on two assumptions:

• The absorbance is directly proportional to the path length of the sample;

• The absorbance is directly proportional to the concentration of the sample.

Chemical and instrumental effects may cause apparent deviations and high values
of absorbances. Usually, base line method in employed for quantitative analysis.
This typology of study can identify different atomic groups present in chemical
compounds. These compounds have a selective absorption in the spectrum region
of infrared. So, the atom can vibrate in definite characteristic frequencies. If a
thin layer of gas is irradiated with infrared light of all wavelength, some of these
wavelengths that corresponds to the vibrational frequencies of the compound are
absorbed, while all the others can pass through. As do not exists 2 compounds with
same structure, the transmitted spectrum is unique. With these characteristics,
the infrared spectrum is largely used and offers a wide possibility for quantitative
analysis. The concentration of a single component present in a mixture can be
determined by measuring the absorption intensity of its characteristic bands.

In Dispersion-Type infrared instruments the infrared rays are reflected multiple
times and the radiation is focused on a slit. The radiation is then converged by
mirrors on a thermocouple detector and the amount of energy that the thermocouple
receives depend on the degree of absorption that that compound presents. When
the absorption is low, the energy will be high and vice versa.

In Non-Dispersion instrument instead, 2 sources of IR are involved. A sample cell
allow the passage of the gas, and a second compensating cell is used to determine
the background of radiation. The instrument must of course be calibrated with
the nearest mixture with respect to the expected mixture. The sample container
is filled with the gas at atmospheric pressure and the line from the source to the
instrument has to be as short as possible and heated at about 65 °C [84]. In
the presence of light gases, such as carbon monoxide, carbon dioxide, nitrogen
oxide or ethane is important that the total pressure in the infrared cell is constant
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and preferably atmospheric. In fact, a pressure broadening in the CO spectrum
has been shown also in a work of Twiss et al. [84]. It has been noticed that the
absorbance by carbon monoxide is much less if the pressure is brought to ambient.
Other gases such as N2 has no absorption in the infrared region, so if presents, the
effect of these compounds is to increase the response of carbon monoxide to infrared
radiation simply by increasing the total pressure. This is the reason why a nitrogen
blank spectrum is usually done. After the measurement the net performance of
each compound is converted in ppm or mole percent. Also, the moisture infect the
instrument by changing the reading values and can also damage the components,
for these reasons it is avoided the use of a wet gas and are therefore needed chillers
and filters before the input.

3.2.3 Data collected in the microreactor setup
Once all the setup has been connected, a seal test for each experiment has been
carried out in order to ensure that the flow rate in input corresponds to the output
flow with a reasonable loss less than 10%. After that, the gas sequences and the
furnace program has been started at the same time following each other. The
output stream is analyzed, depending on the amount of syngas expected, in the
gas analyzer or in the gas spectrometer. In particular for SFNM-04 as the CO
producibility expected was low, considering the mass involved in the reactions,
the HIDEN spectrometer has been selected as the best choice to see the resulting
output composition. In order to have data that correspond as much as possible
to reality, different calibrations were carried out for each test in order to correlate
the result read from the instrument output to the real concentration data. In the
figure 3.13 is reported one of the many calibrations done for the different tests.
The main variables that affect the reading of the instrument are the mixture of
the species contained in the gas, the flow rate at with the mixture exit from the
reactor and some sideway of temperature can be also considered. In this case 4
mixture of gas has been fluxed in the machine at the same temperature set-point
that would later be used for the experiment. The four calibrations point were
tested starting with a mixture without the presence of carbon monoxide and ending
with 3% in volume of CO present in the mixture. As can be noticed the calibration
data follow a straight line that will be used further after the end of the experiment
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Figure 3.13: Calibration point correlated with a 1st order equation.

in order to shift the data collected and performing an analysis of the number with
the real data. Since many test foresaw different temperatures set points involved,
as consequence many calibration has been required, providing for each temperature
and mixture, the linear curve to retrieve the real data. In fact, initially the first
test has been done in order to recreate the nearest condition possible with respect
to the TGA, thus allowing to have a confirmation of the results obtained in the
first setup, even if the oxidation and reduction conditions of the material were
not ideal. The subsequent tests, on the other hand, were designed with a view to
improving the parameters of temperature and gas mixtures to allow the material to
reduce and oxidize in a more optimal way and to have performance improvements.
For this reason instead of swinging the temperature from high in reduction and
low in oxidation, has been decided to maintain a constant value of temperature of
850 °C. The following chapter about the experimental result will explain in detail
the achievement reached changing the condition and will show the further analysis
implemented.
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3.2.4 X-ray diffraction (XRD) analysis (post-mortem anal-
ysis)

X-ray diffraction analysis is now a key technology in studies aimed at verifying the
composition of materials. It is one of the most used analyzes also regarding the
transformation of a certain compound by verifying its state from fresh material
compared to the post-mortem composition. This small paragraph is intended to
give a brief description of this procedure. In an experiment using X-ray diffraction,
the sample is placed inside an instrument and illuminated by X-rays. The source
and the detector move in a synchronized manner. The detected signal is recorded
and represented graphically. The peaks in the graph are characteristic for each
individual atomic structure of the sample. The sample crystals are composed
of atoms arranged in a particular way with each atom having its own cloud of
electrons orbiting around it. Since the wavelength of X-rays is comparable to the
distance between atoms in a crystal, diffraction can be used to measure the distance
between these atoms. Indeed, when the diffracted X-rays interact, interference
phenomena can occur: if the waves are aligned the signal is amplified (constructive
interference), vice versa it is destroyed (destructive interference). In a crystalline
structure, planes separate atom with well-defined distances and when atom planes
are exposed to an X ray beam, the rays are scattered by the spaced atoms. At
some angle a strong amplification of the signal could occur, where the scattered
waves constructively interfere. The angle between the incident and scattered beam
can be called 2Θ. When a constructive interference occurs the distance between the
atom and the perpendicular line to the direction of the beam, that pass through
the upper atom is λ/2, as shown in figure 3.14(left). The figure 3.14(right) instead
shows the relation between the different dimensions. Applying the sign function is
possible to create a link between all the three elements. The equation results the
following:

sin(Θ) = λ/(2d) (3.2)

And by rearranging this equation, is possible to retrieve the Bragg’s Law:

nλ = 2d sin(Θ) (3.3)
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Figure 3.14: On the left: representation of the distances λ/2 between the atom
in the lattice and the perpendicular line to the x-ray beam direction. On the right:
representation of the main parameters that determine the Bragg’s Law.

This technique of x-ray diffraction is used today for a wide variety of materials:
from single crystal thin films, to polycrystalline mixtures and powders and even
randomly oriented amorphous material [85, 86, 87]. In this thesis the X-ray analysis
has been considered in order to asses the different composition and structure of
the SFNM-04 perovskite with respect to its shape as fresh material.
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Chapter 4

Presentation and discussion
of the results

4.1 SFNM-04 as new material for chemical loop-
ing application

The choice of this material was born thanks to the synergy between different research
bodies involved in the same project "PRIN17-Direct Biopower" [76]. The first part
of the research involves the use the perovskite structure Sr2FeNi0.4Mo0.6O6−δ

called also SFNM-04 that is a double perovskite similar to other compositions
already studied in literature, with the particularity that is able to self-assemble
materials through exsolution process. The transformation done by exsolution creates
nanoparticles on the surface that present reversible transformation. The structure
of this perovskite transits from a classical cubic structure to a layered Ruddlesden-
Popper (RP) structure. This structure present a general formula An+1BnX3n + 1
or AX(ABX3)n that can be described as a perovskite layer followed by a rock-salt
layers in the outside. This phase has different common aspects with respect to
simple (ABO3) perovskite, as example the rich chemical composition and the
oxygen stoichiometries that can change [88]. In figure 4.1 is presented a basic form
of RP structure with different “n” layer of perovskite that share at the corners
BX6 octahedra, contained between two layers of rock-salt. The specific form of
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Figure 4.1: Scheme of the Ruddlesden-Popper perovskite structure with diferent
numbers of ABO3 cubic layer covered by a rock-salt structure [88].

SFNM-04 present a double perovskite structure with the Fe and Mo cation that can
arrange in alternative way inside the oxygen octahedra. This material was already
studied for SOFC electrode because of its good electronic conductivity due also
to the Fe2+/Fe3+ transition as well as Mo6+/Mo5+. The high ionic conduction is
performed at best in its cubic phase thank to the redox couple non balanced in the
structure. This allows the creation of a many oxygen vacancies. Also, the stability
at high temperature was assessed without the formation of new compound. In a
first assessment after synthetization the material has performed good stability also
in oxidant and reductant ambient. Looking more in detail on the composition, the
Ni enter in the structure as Ni2+ by substituting some of the Fe2+ cations. In this
way the ratio of the Fe3+ cation with respect to Fe2+ increase and this help in the
conductivity of the nickel. The already mentioned exsolution phenomena is done
both from the Ni and Fe that from the lattice comes out up to the surface and
assembling by creating new Fe-Ni alloy on the surface in form of nanoparticle. The
formation of this alloy is one of the fundamental steps to increase the stability of
the material, in fact Fe-Ni is more resistant to sulfide and coke poisoning than just
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metallic Ni. XRD analysis of similar perovskite material un-doped has been carried
out. On the material Sr2FeMoO6 (SFM) a segregation of SrMoO4 has been seen,
which are damaging for the electronic conductivity of the material because of the
insulant characteristic of this new phase. In figure 4.2 is shown the graph of XRD

Figure 4.2: XRD spectra of the as synthesized SFNM-04 sample.

pattern for SFNM-04 and SFNM-05 (that has concentration of Ni x = 0.5 instead
of 0.4). These patterns show the limit of Ni solubility inside the material, in fact in
SFNM-05 the highest amount of Ni produce NiO segregation on the surface which
it means that not all of the Ni has been positioned correctly into the lattice. For the
SFNM-04 no segregation is shown and from this can be deduced that concentration
of 0.5 is over the limit of solubility of Ni for the SFM perovskite lattice. After
XRD, other analysis has been carried out in other to characterize more in detail
the chemical composition of the sample. It has been detected a small quantity of Sr
segregated on the surface of SFNM-04. Further, also a TPR analysis on SFNM-04
has been performed in order to investigate on the stability and repeatability of
subsequent oxide-reductive cycles. The following list schematize the procedure
carried out:

• A pre-treatment raising on 10 K/min until 500 °C in air to remove impurities
and other species that could have occurred within the bulk. This same step
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has been used to re-oxidize the sample after each reduction section;

• 1 hour of dwelling at 500 °C;

• Real TPR step from 500 to 900 °C at 10 K/min in a reductive ambient at
4.5% H2/N2 with a flow rate of 35 ml/min;

• Cool down in N2 to ambient temperature;

• Re-oxidation described at the first point.

Figure 4.3: First analysis with 4 subsequent reduction and oxidation cycles. [76].

The figure 4.3 shows the result of the TPR tests with a raw signal of the H2

consumed in each reduction step. The material shows a clear stabilization during
the different redox. In the first reduction a transition of the phase ails the reducing
capability, then the material improves its performance by enhancing also the H2

consumption steps after steps. So, the new phase after the first treatment is more
stable to reduction. After these tests other XRD have been also performed to
assess the transformation of the material after all the treatment. Figure 4.4 show
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Figure 4.4: (a) XRD spectra of SFNM-04 sample after different cycles in order
to asses the evolution of the phase in a reductive environment. (b) Identificaion in
detail of the SFNM-04 after 4 cycles. Is possible to notice a magnification image in
43° and 45°.

XRD pattern of SFNM-04 as fresh sample, after 2 and after 4 loops. The transition
of the material is clearly visible. Already at the second reduction the RP phase
is present concurrently with the double perovskite phase. In addition, also new
alloy take place in form of FeNi3 probably thank to exsolution process during the
reduction of the sample. So is possible to predict that the H2 cause the reduction
of the Fe and Ni cation and their migration up to the surface where they can
bond together forming the new alloy. In particular the signal that is attributed
to the FeNi alloy is at 44.5°. In figure 4.4(b) a magnification of the graph shows
better the signal described. The area near the 43.8° grow so, the signal of RP
structure is also overestimated due to the FeNi alloy signal. The increment of
H2 consumption at 450 °C as shown in figure 4.3 so, can be attributed to the
reduction of the new alloy whereupon Fe3+ and Mo6+ in the RP structure. After
the reduction stability assessment, the CO2 environment has been tested. The
presence of nickel in the SFM should accelerate the formation of SrCO3 thanks
to the reaction of the CO2 with SrO. This will cause a consequent stabilization of
SrMoO4 insulant composition. Is necessary to say that how the nickel act exactly
in order to perform the job just described has not been demonstrated yet. The CO2

environment was not in the gas flow, that was instead biogas, but is a consequence
of the transformation of the biogas in contact with the sample. As originally the
perovskite has been designed for SOFC/SOEC application. Is interesting to notice
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that SrMoO4 compound has been found in SFNM-04 also after 1 year from its
first synthesizing due to the CO2 present in the air environment where it has been
placed. Otherwise, a 30% of propane/N2 flow at 800°C is sufficient to create the
compound cited after 2 hours of dwell. This demonstrate the instability of the
SFNM-04 in a hydrocarbon environment that crack with consequent formation
of CO2. The positive perspective is that has been seen that carbonate SrCO3

disappear with the thermal treatment in N2 at 800 °C. Also, SrMoO4 after the
treatment appear to decrease strongly. After this treatment a further calcination in
air at 900 °C is able to reconstruct the original phase of the material, by reabsorbing
the cubic phase SrMoO4 inside the double perovskite lattice. Other catalytic tests
has been performed to assess the behavior in oxy-dry reforming in a 80 ml/min
flux of CH4 : CO2 = 3:2. After pre-reducing the sample in H2 at 800°C for 1 hour,
the temperature set point has been set to 700 °C for about 12 hours keeping the
sample in a reducing environment. The oxy-dry reforming reaction starts at 700
°C. The CO2 conversion has an inflection and after that an increase of the methane
conversion, suggesting a direct combustion with the oxygen. After 650 °C both
CO2 and CH4 conversion are decreased. In general, a low catalytic activity in
oxy-dry reforming has been seen, this can be also caused by the low surface area of
the sample.
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4.2 Experimental analysis: TG characterization
This section describes the different tests performed. The table 4.1 summarizes
them in chronological order as they were performed. The following subsections

Test ID Test characteristics subsection n°
WHITE1 white curve of the crucible 4.2.1
PRE1 Air pre-treatment of the sample 4.2.2
TPR1 TPR 1 cycle, no re-oxidation 4.2.3
TPR4-air TPR 4 loop, re-oxidation in Air 4.2.4
TPR4-50%CO2 TPR 4 loop, re-oxidation 50%CO2/N2 4.2.5
TPR10 TPR 10 loop, re-oxidation in 20%CO2/N2 4.2.6
TPR6-oxy TPR 6 loop, final longer oxidation step 4.2.7
TRP6-oxy/red TPE 6 loop, last longer reduction 4.2.8

Table 4.1: Summary table of tests conducted in TGA.

presents in detail the test performed.

4.2.1 Test WHITE1: white curve of the crucible

The first set of tests has been conducted in TGA. The firsts experiments are useful
to understand the response of the system to the environment composed of the
different gas mixtures chosen. In order to verify that the platinum crucible won’t
affect the result it has been necessary to see what the TG instrument is measuring
when no sample mass is present when performing a loop. For this test, the following
flows has been used:

• Start with 5 min only Argon protective flow at ambient temperature;

• Dynamic step with a temperature ramp of 10 K/min until 500 °C in a total
flow of 40 ml/min of Ar + 40 ml/min of Air;

• Isothermal step at 500 °C for 60 min with the same flow of the previous
dynamic one;

• Dynamic step until 900 °C at 10 K/min again with only Ar 80 ml/min
protective flow;
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• Dynamic step until ambient temperature at 50 K/min with Ar protective flow.

Figure 4.5: White curve of the platinum crucible in TGA until 900 °C.

In figure 4.5 is shown the white curve that has been measured to verify the
stability of the Platinum crucible under the selected temperature range. In the
picture, the green curve represents the crucible mass variation, which shows that
the mass remains quite constant during the whole cycle even when the temperature
peak reach 900°C. This is a good result that confirm how the setup can remain
stable during the experiment, allowing to recognise each difference in the mass
change without other phenomena having been triggered.

4.2.2 Test PRE1: Air pre-treatment of the first sample

For this experiment the following segments has been carried out:

• Start: 5 min at ambient temperature with 80 ml/min of protective Ar flow;
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• Dynamic step until 500 °C at 10 K/min with 40 ml/min N2/O2 + 40 ml/min
Ar;

• Isothermal step at 500 °C for 60 min with the same 40 ml/min N2/O2 + 40
ml/min Ar ;

• Dynamic step until 900 °C at 10 K/min with 80 ml/min Ar protective;

• Isothermal step at 900 °C for 10 min with 80 ml/min Ar flow;

• Dynamic step until ambient temperature with 80 ml/min Ar.

The second test has been made using the Platinum crucible adopted in the 1st test
with a SFNM sample mass of 10,470 mg. In this experiment a simple air oxidation
has been carried out in order to prepare the sample for the next experiment with
4 consequent loops. Figure 4.6 represents the pre-treatment of the SFNM with

Figure 4.6: Air pretreatment of the first sample until 900 °C for the complete
oxidation of the SFNM material.
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air until 900 °C for the oxidation of the material. The mass is show in the green
curve in % with respect to the starting value of 10,470 mg. The material seems to
be already oxidized before the test; the mass does not increase, instead decrease
slightly at the first increase of the temperature due probably to water vapour and
some volatile substances. A step of the mass is also shown after 110 min due to the
changing of the flow from air flow: 40ml/min N2/O2 + Ar 40 ml/min to only Ar
protective 80 ml/min. Another slight decrease of the mass arriving near 900 °C.

4.2.3 Test TPR1: single TPR of the pre-treated sample

After the white curve and the pre-treatment, a first TPR has been investigated by
evaluating if the material presents some changes in the mass sending a reductive
mixture of gas. A very low concentration of H2 in Argon has been used as reductant
gas. For this experiment the following segments has been carried out:

• Start: 5 min at ambient temperature with 80 ml/min of protective Ar flow;

• Dynamic step until 500 °C at 10 K/min with 40 ml/min N2/O2 + 40 ml/min
Ar;

• Isothermal step at 500 °C for 60 min with the same 40 ml/min N2/O2 + 40
ml/min Ar ;

• Dynamic step until 900 °C at 10 K/min with 40 ml/min Ar protective + 40
ml/min H2(1%)/N2;

• Dynamic step until ambient temperature with 80 ml/min Ar.

In Figure 4.7 is shown the first reduction performed with the SFNM sample. The
material reacted as expected to the H2/N2 flow, is appreciable a reduction step
during the temperature ramp from 500°C to 900°C. After reaching 900°C the H2/N2

reductive flow has been stopped and a cool down in Argon protective flow has been
carried out. An isothermal step at 500°C for 60 min in air condition has been made
before the reduction to make sure the sample would oxidize completely before the
reduction step.
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Figure 4.7: First TP-Reduction experiment in H21%/N2 in temperature ramp
from 500°C to 900°C.

4.2.4 Test TRP4-air: 4 consecutive cycles with re-oxidation
in air

The next step has been done by subjecting the perovskite material to a first real
chemical looping redox test. A recap list of the steps performed in this experiment:

• Dynamic temperature ramp until 500°C moving on 10 K/min with air 40
ml/min + 40 ml/min Ar;

• Isothermal at 500°C for 60 min with the same flow composition as before;

• Isothermal at 500°C with 80 ml/min only Ar protective flow to purge all the
remaining air;

• Dynamic temperature increase until 900 °C at 10 K/min with H2(1%)/N2 40
ml/min + Ar 40 ml/min;

• Isothermal at 900°C 10 min to purge H2/N2 with 80 ml/min of Ar protective;

• Dynamic cool down until ambient temperature at 50 K/min;
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• Restart from the 1st point and repeating all the steps for 4 time.

In order to assess the first reproducibility in redox environment a 4 loops experiment
has been carried out by swinging the temperature from 500 to 900 °C respectively
for the oxidation and reduction section. The oxidation part has been performed for
the 4 times in air environment, while the same H2/N2 flow has been adopted for
the reductive part. Looking at Figure 4.8 the material seems to present constant
performance in all the cycles: starting in a condition where it was already completely
oxidized, the first temperature ramp from 500°C to 900°C show a quality mass
reduction compared to the starting mass of the sample. By removing the reduction
flow and performing a dynamic temperature reduction with the protective flow is
possible to notice that the mass start anew to increase creating a cusp, nevertheless
the curve seems to stabilize before the air flow starts. Whit the air flowing in
the TGA the material starts to re-oxidize as expected, also the transition time
seem to stop even before the isothermal step at 500°C. The following 4.9 show the
hydrogen reacted in any single cycle as function of the temperature of the TGA
test. The various trends refer to calculations deriving from post-test elaborations
taking as reference the derivative data of the mass variation measured by the
instrument. In this dataset, between 550 and 600 °C there is a steep increment in
the hydrogen reacted and after 600°C no other relevant peaks are present. For the
whole experiment, every hydrogen peak is delimited between the temperature range
from 550°C to 600°C; also from the 2nd to the last cycle the hydrogen utilization
show a bit increase: this is much appreciable in the last figure of this set 4.10
where all the 4 cycles are plotted overlapping. With these results is possible to
make a first hypothesis on the material which is activated by the hydrogen that
is able to remove oxygen and consequently create vacancies in the bulk of the
lattice. Secondly, the oxygen contained in in the air can easily reconstruct the
initial structure by reincorporating the oxygen into the vacancies. Figure 4.11
shows four points that represent the maximum loss of oxygen in reductive phase
expressed per unit mass of sample. These data were calculated always starting from
the raw data of derivative of the mass calculated instant by instant. The maximum
peak of oxygen loss (vacation creation) is generated starting from the second cycle.
The value stabilizes around 1.7 mg/s of O2 lost per gram of perovskite. At the
fourth and last cycle performed in this experiment, the value is slightly lower. This
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Figure 4.8: 4 consecutive cycles of TPR and subsequent re-oxidation in air
environment. During the first loop are highlighted the reduction and oxidation
steps separated by argon flow during the temperature swing.

indicates that a stabilization of the material has yet to occur.

4.2.5 Test TPR4-50%CO2: 4 consecutive cycles with re-
oxidation in CO2 at 50%vol

In order to see if the CO2 environment could create the same effect on the material,
the next test has been carried out with 50% of CO2 in argon flow. The steps
performed are shown below:

• Dynamic temperature ramp until 900°C moving on 10 K/min with H2(1%)/N2

40 ml/min + 40 ml/min of Ar,

• Isothermal at 900°C for 10 min with the same flow composition as before;

• Cool down step until ambient temp in argon protective;
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Figure 4.9: hydrogen reacted as function of temperature during the TPR in: a)
1st cycle; b) 2nd cycle; c) 3rd cycle; d) 4th cycle.

• Dynamic increate at 10 K/min with 40ml/min CO2+40 ml/min Ar (50% CO2

flow) until 500°C;

• Isothermal at 500°C with 40 ml/min Ar + 40 ml/min CO2 flow for 60min;

• Isothermal 500°C only Argon 80 ml/min for 5 min;

• Dynamic temperature increases until 900°C at 10 K/min with H2(1%)/N2 40
ml/min+Ar 40 ml/min;

• Isothermal at 900°C 10 min to purge H2/N2 with 80 ml/min of Ar protective;

• Dynamic cool down until ambient temperature at 50 K/min in Argon protec-
tive;
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Figure 4.10: Overlapping of the hydrogen reacted in all the 4 cycles performed
in TPR.

• Restart from the 4th point and repeating all the steps for 4 time.

The Figure 4.12 shows the mass variation of the SFNM sample. Are also reported
the delta changes of mass during both reduction and oxidation phenomena; in the
oxidation situations the delta increase slightly, on the other hand is possible to
see a bit decrease of the delta mass from the beginning to the end of each single
reduction step. In the table 4.2 have been grouped all the delta of mass calculated
before and is also reported the starting sample mass. Furthermore, a similar trend
in temperature and flows has been adopted for this experiment, only changing the
oxidation gas from air to CO2@50%. Figure 4.13 and Figure 4.14 represent the
hydrogen reacted in the 4 cycles of the test with CO2 at 50% oxidation flow. In
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Figure 4.11: Maximum oxygen released for each cycle. Calculated considering
the best rate of hydrogen consumed.

Figure 4.12: Mass variation of SFNM sample during the 4 cycles with reoxidation
at 50%CO2 vol.
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Sample mass [mg] 13.031
∆mass[mg]

Reduction Oxidation
/ 0.229
0.183 0.219
0.191 0.215
0.198 0.213

Table 4.2: Mass variation of SFNM from figure 4.12 summarized.

Figure 4.13: Hydrogen racted for each cycle performed during the 4-loop test
with CO2 at 50%vol in oxidation step.

cycle number 2, 3 and 4 the hydrogen reacted increase slightly among the cycles.
The Last cycle has the highest amount of hydrogen reacted; this suggest a farther
increase if more cycles had been performed. Also, the total volume reacted is
higher in this test with CO2 oxidation than the volume reacted with oxidation in
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Figure 4.14: Trend of hydrogen reacted in the 4-loop cycles test with 50%vol
CO2 overlapped. No such increment in reaction is shown between the 2nd and 4th
cycle.

air. Different situation can be described for the first cycle, where the reduction
with H2 happens between 400 and 550 °C. In this case the reaction starts before
the other 3 because during first reduction the H2(1%) has been sent right from
25°C up to 900°C in a single dynamic increase of 10 K/min. Also in this case
the reduction and oxidation seem present a replicability. But a huge different
with respect to air oxidation is shown in the 500°C isotherm step. The kinetic of
oxidation is different in the two cases. The figure 4.15 is an overlapping of the
two experiments. Apart from the time shift, is evident how the mass increase in
the CO2 oxidation in higher than in the air. The CO2 oxidation did not arrive
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Figure 4.15: Comparison of the 4th and 5th TGA test by overlay the mass-change
curves. The CO2 oxidation curve is shifted with respect to the air oxidation ones
because of the different behaviour performed. red sample mass was already pre-
treated before the TG experiment, while the blue sample mass has seen firstly a
pre-tratment in air at 500°C.

at the same plateau as the air oxidation does, this is sign that different reaction
occurs during the CO2 environment with respect to the air ones. The shape of
the red curve is less tilted and at the end of the time step of the oxidation the
plateau is never reached for all the re-oxidation segments. Subsequent investigation
on these behavior with other analysis will reveal what could be happened in the
CO2 section. However, the reduction of the material is possible in both cases, and
repeatable in each cycle. With the hypothesis that the reverse Bouduard reaction
is performed and carbon deposition is not happening at least at the initial part
of the oxidation, then figure 4.16 show the result of the DTG calculated in at the
beginning of the oxidation. This corresponds to a certain CO production calculated
from the same DTG analysis. The first peak in almost the double with respect
to the second and third ones. A clear signal that the fresh material has different
performance compared to the subsequent steps where the CO2 has already reacted
with the material at least once. The stability of the 3rd cycle demonstrate that the
material reach a certain stability in CO2 environment with curve very similar to
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the one of the second cycle. Also the kinetic is different from the 1st cycle: the
time needed for the peak during first oxidation is about 30 seconds, while from
the second oxidation on, the time is almost doubled. From this could be said that
CO2 in some way interact with the material and not only creating CO by loosing
an oxygen ions inside the lattice of the perovskite, instead something different
could be possible, with some deposition from the carbon containing species on the
surface of the material, that as consequence change the reactivity of the splitting
reaction. These experiments has set the foundation for further analysis. More cycle

Figure 4.16: Peak of possible CO production taking as hypothesis that the change
of mass is indeed oxygen lattice acquisition by CO2 splitting.

with different CO2 concentration has been assessed, to evaluate the stability of the
material with different conditions.

4.2.6 Test TPR10: 10 consecutive cycles after pre-treatment
of a new sample

After the 4 cycle with CO2 oxidation the next test we decided to perform was a
10-cycles test to see the response of the material on a longer time scale operation.
Before doing that the SFNM sample was pre-treated to ensure that the 10-loop
test start would be in oxidation state already performed with CO2 as oxidant. The
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different segments of this experiment have been:

• Start in ambient temperature with only Ar 80ml/min;

• Dynamic step at 10 K/min until 900°C with H2(1%)/N2 flow 40 ml/min +
Ar 40 ml/min;

• Isothermal step at 900°C for 30 min maintaining the same gas flow;

• Another 5 minutes at 900°C but changing flow with only Ar protective 80
ml/min;

• Cool down at 10 K/min with CO2@20% until ambient temperature.

Figure 4.17 shows the mass changes in % of the SFNM sample during the
pre-treatment phase, together with the temperature. This time a constant increase
of temperature from ambient to 900°C with steps of 10 K/min was selected and a
consecutive 30 min of isothermal step at 900°C. It is clear that some event in a

Figure 4.17: Pre-treatment of the sample mass before the 10 cycles test. The
sample gain 1% in mass after the TPO in CO2 environment.

decreasing ramp of temperature the CO2 influence the material, as is possible to
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notice from the slight increase of the sample mass. This has been the first hint for
a possible carbon deposition phenomenon. After this treatment, the 10 cycles test
has been performed. Is possible to refer the following list for the different segment
performed in the 10-loop test:

• Start from ambient temperature to 900°C at 10 K/min in H2(1%)/N2 40
ml/min + Ar 40 ml/min;

• Isothermal state for 30 min at 900°C still in H2/N2 flow + protective;

• 5 min isothermal 900°C changing flow to only argon protective 80 ml/min;

• Cool down until 500°C at 10 K/min with argon protective 80 ml/min;

• Remaining at 500°C for 5 min with only Argon 80 ml/min;

• Isothermal step at 500°C for 90 min with 20%CO2 oxidant gas flow;

• 5 min still 500°C replacing CO2 with only Argon flow;

• From here restart from the first point but with an initial temperature of the
dynamic ramp of 500°C instead of 25°C. Repeat the entire process 10 times.

In Figure 4.18 are shown the cycles for the 10-loop test. Moving forward with the
cycles the mass tend to decrease after every reduction and oxidation with respect
to the previous condition; also, viewing at the end of each reduction step is possible
to notice that the curve tend to stabilize as the subsequent cycles proceed, for
this reason the reduction steps seem to be performed quite totally arriving at the
end of every cycle with a sample mass completely reduced. Conversely, the end
of the oxidation is not evident: possible causes can be that the time needed for
the complete oxidation is longer than that performed into the cycles or that in
the sample starts a carbon deposition phenomenon which leads to a continuous
increase in the sample mass never reaching the expected plateau. The Table 4.3
reports the delta of mass (%) calculated for each section of reduction and oxidation.
The delta referred to the reduction steps slowly decreases moving forward through
the steps, while is not possible to assert the same in the case of oxidation steps,
with the last 2 delta of mass that are bigger than the previous ones. Moreover, the
number have the same order of magnitude, and let assuming that the reduction
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Figure 4.18: Mass variation during the 10 cycles test performed in TGA. The
number refers to the % of mass evaluated in each end of reduction and oxidation,
with respect to the initial sample mass.

and oxidation occur with the same quantity of material. Nevertheless, this says
nothing about where the material enters in contact with the gas flow. In fact, with
this preliminary data-set is not possible to assert if the reactions take place both
on the surface and in the bulk of the SFNM-04 or, conversely, if only the first layer
of sample is subjected to these variation leaving intact the deeper tier.

The raw data taken from the derivative of the mass change can be manipulated
in order to calculate the total hydrogen reacted in each cycle. Figure 4.19 show the
ml of H2 that have been participated to the reaction in each reduction step. From
the data is not possible to evidence an increase or decrease trend. The numbers
in fact oscillate between a minimum of 1,264 ml and 1,512 ml, neglecting the
first reduction that is strongly less with respect to other hydrogen consumption,
probably due to a need for stabilization by the material from the reductive point
of view. The good feature that is possible to notice, is that until the last reduction
there are no obvious signs of loss of reductivity. The material does not hint at losing
its ability to reduce in the presence of hydrogen allowing a good reproducibility
of the cycles. The raw data taken from the derivative of the mass change can be
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Sample mass [mg] 16.864
segment number ∆m reduction [mg] ∆m oxidation [mg]

1 / /
2 0,416 0,381
3 0,409 0,365
4 0,384 0,365
5 0,389 0,375
6 0,388 0,378
7 0,391 0,374
8 0,384 0,371
9 0,388 0,381
10 0,387 0,380

Table 4.3: Resume of the values of mass change during the reduction and oxidation
steps of the 10-loop test. The first reduction and oxidation has not been considered.

Figure 4.19: Total hydrogen reacted in [ml] for each reduction segment of the 10
cycles test.

manipulated in order to calculate the total hydrogen reacted in each cycle. Figure
4.20 and figure 4.21 are the graphs of the hydrogen reacted in in all the cycle.
Each cycle is displayed individually with a double vertical axis graph to show the
possible oxygen lost (raw derivative data) and the resulting hydrogen consumption
(calculated from derivative data). Figure 4.20 shows the overlapping hydrogen

98



Presentation and discussion of the results

Figure 4.20: H2 reacted in all the 10 cycles. Curves are superposed to evidence
the difference between the reduction segments.

consumption peaks. Since they were derived from the raw mass derivative data,
the results show up to be very fluctuating. The similarity of the peaks is thus
once again highlighted. In this picture the value of the hydrogen flux consumed in
the first cycle is not displayed because it is included in a lower temperature range
than all the others. It is also visible the difference between the second peak, with
greater intensity and all subsequent cycles that follow a trend almost identical.
For this experiment the first cycle starts in different condition with respect to the
other ones, in fact the first dynamic temperature increase start from 25°C to 900°C
already with H2(1%)/N2 flow; for this reason the first reduction is performed in
a temperature range that is different and lower with respect to the other cycles:
is also possible to notice the different kinetics of the reaction from the different
behavior of the curve.
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Figure 4.21: Hydrogen reacted in each reduction step of the 10-loop cycle test
with 20% CO2 in oxidizing environment.
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The first curve presents a maximum peak of hydrogen consumption that is
lower compared to all the further cycle, where conversely the consumption seems
to reach a stabilization of its trend. Moreover, the first cycles tend to have a
more symmetrical curve, while continuing after the third cycle the curve stabilizes
with a ramp of consumption up to the maximum peak and then a slower descent
characterized in the final part by a consumption that tends to the initial zero value.
It can be seen how the consumption trend in the various cycles stabilizes towards
values of maximum peaks with same values. This is better described through figure

Figure 4.22: Estimation of the maximum rate of oxygen lost for each gram of
perovskite material. On the left y-axis there is the corresponding maximum rate of
hydrogen consumed, again per unit mass of the sample. Data refers to the sixth
TGA test with 10 cycles.

4.22 where for each cycle, the maximum delta of mass has been chosen and reported
as a point in the graph. The left axis represents the hydrogen consumed, calculated
starting on the raw data of the derivative that is a real measure taken in the output
from the TGA data. In particular, the derivative shows the decrease or the increase
of the sample mass in each time step. Assuming that the hydrogen sent in the
line is able to reduce the material and take away some oxygen by performing the
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reaction 4.1:
H2 + 1

2O2 −→ H2O (4.1)

In this way we can consider that the derivative data corresponds to the oxygen lost
in the time unit. Since the derivative in expressed in [mg/s] we can calculate the
µmol/s of oxygen lost dividing by the molar weight of O2. Then, by multiplying by
two the number is possible to retrieve the µmol/sof H2 since for each mol of oxygen
we will have two moles of hydrogen. In order to obtain a flow rate of hydrogen
as represented in the graphs, is necessary to further multiply the number for 22.4
ml/µmol and after that is possible to obtain the ml/s of hydrogen consumed. The
peak of each consumption has been considered as the best SFNM reduction rate,
and the figure 4.22 report this trend. The hydrogen consumption stabilizes after
the second cycle to a value of 3 ml/s consumed for each gram of SFNM. This
value is stable until the end of the test, showing again the great reproducibility
of the reduction set on the sample. As estimated in the fifth TGA test, again the

Figure 4.23: Estimation of peak CO production in each oxidation of the 10-cycle
redox cycles. Calculation determined by the assumption that all of the initially
acuysed mass is driven by an accumulation of oxygen in the lattice.

possible peak of carbon monoxide production has been estimated. The hypothesis
remains the same as in the previous test. That is, all the mass initially acquired
by the sample during the first moments of oxidation is assumed to be all due to a
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re-acquisition of oxygen in the lattice. The filling of oxygen vacancies is therefore
assumed to take place thanks to the split of CO2 and the consequent production
of the CO peak. The trend seems to follow well the results previously obtained
during the fifth test. The first oxidation results in a much larger derivative, i.e. an
increase in the mass of the sample more quickly. The maximum peak is reached
with a production of 0.8%. Next, as with other previously determined results,
production drops dramatically to 0.08. Also, for this trend, the material sees its
stabilization. The estimated production of CO rise again from the second cycle
onward. Kinetics, however, is noticeable very slow compared to the first cycle with
a long production thing that ends after about 7 minutes, unlike the first that after
less than 2 minutes already seems to be practically at the end. Figure 4.23 shows
the phenomenon just described.

4.2.7 Test TPR6-oxy: 6 cycle with a final longer oxidation
Since from the 10-loop test the oxidation reaction curve seems not to reach a
plateau. Another test with 6 cycles and 1 longer final oxidation has been carried
out to see in which point the mass plateau would have been reached. The shape
of the curves is typical for that material and for the gases used. A minimum
fluctuation given by the switch with argon is always visible but at the same time
well distinguished with respect to the other gas flows, thus making it possible to
determine at which points the re-oxidation starts to occur which always occurs
after a stage of pure argon for the cleaning of the lines from the previous step.
From figure 4.24 is possible to notice that the mass in the last oxidation increase.
In particular, it reach 17.7506 mg at the end of the oxidation, with an increment
with respect to the initial mass that was 17.519 mg. This suggest that a strong
carbon deposition phenomenon appear during the oxidation step and could explain
the fact that also in the other previous cycles the oxidation did not reach a stable
plateau of the curve. In table 4.4 are calculated all the delta of mass performed in
both reduction and oxidation steps during the 6 cycle and is also calculated the
additional mass acquired thanks to carbon deposition. The cycles follow the typical
trend for the material well, again reproducing the curves seen for the 10-cycle test.
Quantitatively, the reproducibility from the previous test was also maintained with
similar deltas of mass lost and acquired. Also, in this case the oxidation never
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Figure 4.24: Mass % as function of time in the 6 cycles test with longer final
oxidation (Seventh TGA experiment). The curve increase finally with the longer
exposure of the sample in the oxidising environment. The number are captured at
the end of each segment both reduction and oxidation ones.

Sample mass [mg] 17.519
segment number ∆m reduction [mg] ∆m oxidation [mg]

1 0.444 0.395
2 0.413 0.389
3 0.406 0.389
4 0.402 0.408
5 0.420 0.687

Table 4.4: Delta of mass in [mg] of reduction and oxidation steps. Is included the
final longer oxidation in segment 5 with a noticeable higher number.

reaches a flattening of the curve. Therefore, a long final oxidation is maintained
where a plateau is finally reached with a maximum mass limit of 101,32%. This
test proved the evident deposition of carbon on the surface of the sample when
exposed in an oxidizing atmosphere with CO2.
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4.2.8 Test TPR6-oxy/red: 6 cycle with a final longer oxi-
dation and subsequent reduction

To verify the reversibility of the last condition in the log oxidation test, another
experiment with the same conditions of the previous one has been performed,
adding as final segment an increment of temperature again from 500°C to 900°C in
H2(1%)/N2 40 ml/min + Ar 40 ml/min and then leaving the reduction flow-rate
for more than 6 hours. Figure 4.25 shows clearly that as in the previous test, the

Figure 4.25: 6 cycles of TPR and TPO followed by a long oxidation always with
CO2@20% at 500°C and a last reduction in H2(1%)/N2 flow in temperature ramp
until 900°C. Picture refers to the Eighth TGA experiment.

sample mass keep increasing during the oxidation segment at 500°C and once the
gas flow has been changed from oxidant to the reductive one, the reduction starts
with also a faster kinetics bringing back the mass to its complete reduced state,
then the reduction segment keep going on for 6 hours at 900°C showing that the
decrease of mass still continue during this time, but with very few slope of the
curve. A note can be made about the final reduction curve which is divided into
two different segments. At first the reduction seems to reach a stable value settling,
with respect to the initial mass, at 96,5%. Then another short increase of the
reduction activity creates a second downward ramp of the sample mass to then
return to lower derivative values of the mass curve. The material at the end of
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the last reduction sees a decrease in mass of about 4% with respect to the initial
value. This characterization of the final curve could be due to a true difference
in activity from previous tests. The higher ramp is definitely due to the surface
activity between hydrogen and material. Once the reaction is completed at the
outer boundaries, it is likely that nickel will move from the bulk B-sites to the
boundary zones allowing the release of oxygen ions from the matrix. It is possible
that the phenomenon consists of a reduction performed in two different stages, the
first superficial involving the deposition of carbon created previously, the second
into the bulk involving nickel and iron that will create a new alloy on the surface.
In Table 4.5 is shown that the total delta of mass after the 6 hours of reduction

Sample mass 15.340 mg
∆m reduction [mg] ∆m oxidation [mg]

0.477 0.478 at the end of rump-up
(1st vertical green dashed line)

0.551 end of isothermal segment at 900°C

Table 4.5: Variation of mass in the last oxidation and subsequent reduction
segments.

time is bigger than the delta of increase of mass due to the previous oxidation
step; nevertheless, the bigger amount of mass loss is performed in the dynamic
temperature ramp of 10 K/min while only a residual mass loss belongs to the
isothermal step of reduction. This shows how the time needed to remove all the
anchored compound and recreate oxygen vacancies is longer that the time used in
the normal step of reduction. This gives also a good prospect with the assumption
that the material can be reused for further cycles and is perfectly regenerable.
Another deduction from this reduction is that the temperature of reducibility of the
material is located below 900 °C. However, this does not mean that the material
is experiencing the desired nickel exsolution phenomena. XRD studies have been
introduced for this analysis, which will be clarified later.
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Figure 4.26: Hydrogen reacted in each reduction step of the 6-cycles test with
last longer oxidation and subsequent reduction with 20% CO2 in oxidizing flow.
The last picture shows almost doubled consume of the H2 by the sample mass.
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The total amount of H2 reacted seems to remain swinging from 1,1 up to 2,5 ml
for each cycle, a part the last reduction where the calculated hydrogen consumption
amounts to 2,6 ml in total. In figure 4.26 are represented the graphs of the hydrogen
reacted in in all the cycle. In figure 4.27 all the cycles are plotted overlapping the
H2 reacted, this show how the last reduction consume more Hydrogen due to the
bigger amount of mass and also how the reduction is extended for a longer amount
of time. Note that the first reduction result outside of the temperature range of the
figure 4.27 and so the blue curve representing this cycle remain flat and without
major variation. Is possible to see the reducing temperature range of the 1st cycle
in figure 4.26.

Figure 4.27: H2 reacted in all the cycles of the eighth TGA test. The overlay
shows how the first cycle is out of temperature range compared to the following
ones. The last reduction lasts for a longer time and consequently for a much higher
temperature range reaching almost 800°C before the reaction tail.
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4.3 XRD analysis post-mortem of the TG tested
samples

In order to determine the changes in material structure in the various TGA tests,
the samples were analysed by the University of Udine using XRD analysis. With
these analyses for each sample it was possible to determine which negative factors
occurred during the tests and which were positive elements to consider for future
studies. First, the structural characteristics of the fresh material were evaluated,

Figure 4.28: XRD peaks of the fresh SFNM-04 sample as synthesized.

again to confirm that over time the samples had not been contaminated and had
not seen major changes in their morphology. Figure 4.28 shows that the material
has not changed even in the presence of air during the period of time elapsed
between its synthesis and the end of the TGA tests. This is an excellent starting
point because it allows to make more reliable comparisons between the differences
with the samples that have carried out thermochemical cycles in the presence of
other atmospheres other than air. Subsequently, the first tern of materials released
from the thermogravimetry tests has been tested. In particular, the following were
considered:
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• The sample 1 that saw one single cycle in TPR;

• The sample 2 that saw 4 reoxidation cycles in the air;

• The sample 3 that saw a full cycle of TRP and then a TPO with 20% CO2.

Figure 4.29: XRD curves of the first trio of samples tested. On the right is
highlighted the peak of the main perovskite structure common to every sample.
This indicates that the primary structure is maintained and does not change during
testing.

The results of the trio of sampleslisted above are shown in the figure 4.29(left).
It is important to note that for all three samples, the same structure has been
formed, that is, the material always performs the same phase transition, whether
it is oxidation in air or oxidation with CO2. This is clearly visible in the figure
4.29(right) which shows that the same peak occurred for both air-treated and CO2

sample. Oxidizing gas does not therefore seem to have influenced the transformation
process, presumably it is the temperature that could therefore have the greatest
impact in diversifying structures by acting with one type of gas rather than another.

Continuing the analysis of these three samples we can see from the figure 4.30
that instead the phenomenon of exsolution of nickel and the consequent formation
of the surface Fe-Ni alloy occurred only in the case of oxidation in air. The zoom on
angle 2Θ shows how you notice a variation with a peak of the red line corresponding
to the sample treated in the air. Consequently, it can be said that for the TPR
of 1 cycle and the TPR-TPO in CO2 the new Ruddlesden Popper (RP) phase
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fails to manifest itself, making the material less active from a catalytic point
of view as the Ni remains inside the bulk of the matrix and does not bring to
the surface facilitating the process of filling the oxygen holidays created during
the material reduction step. In fact, this effect of the RP phase had previously
occurred in perovskite only at much higher treatment temperatures and with even
longer reduction times. The fact is that the air, not containing high concentrations
of carbon, certainly helps to inhibit the formation of strontium carbonate and
consequently make it easier to reduce as a result of oxidation, which does not thus
provide for the splitting of an additional surface compound before the phenomenon
of vacancies formation can take place.

Figure 4.30: XRD curves of the first trio of samples tested a). While b) is a
zoom on the 44-45° where peak attributed to Ni-Fe alloy should present.

A final precaution then highlights the formation of SrMoO4 as already seen
in preliminary analysis of these tests. The figure 4.31, again, shows the spectrum
of X-rays seen from 20 to 80 degrees at the angle of the instrument, this time
zooming in on the section corresponding to the peak that determines the presence
of the strontium molybdate. The presence of this new compound is revealed for
all three samples. This is seen as one of the causes of poor operation of CO2

splitting material. SrMoO4 segregates in a reducing environment and therefore
determines a layer that isolates the perovskite phase from the gas by not allowing
the desired interaction between the two components. In addition, it also leads to a
favorable path to the formation of strontium carbonate SrCO3 which is formed
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by trapping the whole CO2 molecule without leaving space for the formation of
syngas. SrMoO4 would also be a problem when using material for electrochemical
reactions. However, presenting this phase in the presence of reducing gases, it then
has the function of insulation not allowing even excellent performance from the
point of view of electron mobility.

Figure 4.31: XRD curves of the first trio of samples tested a). While b) is a
zoom on degrees where strontium molybdate should be seen.

A final analysis on a different sample tern was made. This time the masses
analyzed belonged to the following list of tests conducted previously:

• Sample 5: 10-cycles TPR;

• Sample 6: TPR of six cycles with oxidation maintained for a longer time;

• Sample 7: TPR of six cycles with both oxidation and a subsequent reduction
both maintained for longer periods of time.

The figure 4.32 again shows the results obtained with the overlapping plot of the
last three samples tested. The part concerning the formation of SrMoO4 once
again is present in all samples assuming the same drawbacks that occur for the
previous sample masses, is highlighted with minus sign in red. The green-plus sign
indicates the portion of the graph where there are peaks regarding the formation
of the new FeNi alloy. To give a strong difference compared to the previous tests
is this time the blue line corresponding to the sample treated with 6 redox cycles
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Figure 4.32: XRD curves of the second trio of sample analyzed. With the (+)
sign is highlighted the good behavior of the material corresponding to the formation
of FeNI alloy. Unlike, the (-) sign shows the formation of SrMoO4 in all the three
sample showed.

plus a long oxidation followed by a further long reduction. For this sample it is
evident the formation of the FeNi alloy with a much more pronounced peak than
the other lines of the other two samples. Indeed, it can be said that at the end
of this reduction the RP phase is evident and that the sample behaves as per
preliminary results with the creation of surface rock salt.
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4.4 Experimental analysis: microreactor charac-
terization

In a second step, the material was prepared and tested in a microreactor to
determine whether the conditions in TGA could provide comparable results in
a different setup, in which the characterization is based on the measure of the
variation on the composition of the gas mixture that is reacting with the sample. To
this purpose, a spectrometer was connected inline to the microreactor to determine
the gas composition at the outlet for the following tests. In this way, the possible
production of CO is determined directly by means of an SEM detector. Each
microreactor test was preceded by a calibration of the gas concentration measuring
instrument. A quantity closer to the expected one was fluxed to determine the
instrument readings compared to the actual ones. From the data obtained above
showed in figure 4.16 and 4.23, one would expect at most a CO peak close to 1%
for the first oxidation followed by concentrations below 0.2% for the other cycles. A
calibration with a CO concentration of 0 to 2% was selected as the best candidate
for the detection of such peaks. The table 4.6 names the three tests conducted in
microreactor with three different IDs. A brief description of the procedure adopted
and the subsection to refer to in the text is also added.

Test ID Description subsection n°
S1 TPR with isothermal CO2 oxidaiton 4.4.1
S2 850°C isothermal redox. 20%CO2/Ar oxidation flow 4.4.2
S3 850°C isothermal redox. 50%H2O/Ar oxidation flow 4.4.3

Table 4.6: Summary table of the three microreactor tests conducted.

4.4.1 Test S1: TPR with isothermal CO2 oxidation
For the first microreactor test, an attempt was made to simulate the 10-cycles
TGA test (see section 4.2.6). In this case the total concentration of hydrogen in the
reductive mixture was 0.5%, being already 1% argon inside the cylinder, further
mixed at 50% with pure argon. As the estimated CO production would occur
in the first moments of oxidative flux, it may be difficult to distinguish it from
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the background signal of the instrument. In fact, this signal does not stabilise
immediately but takes time to reach its stabilised value. This means that the
peak of CO production could be included in the concentration rise curve that the
instrument detects for the presence of CO2 alone. In fact when these two gases are
present at the same time the readings of one are strongly influenced by the presence
of the second gas. For this reason, when the gas switch is made from a protective
argon to an oxidative mixture, the concentration of CO2 and CO rise together with
a rapid slope in the concentration curve which only then tends to stabilise. To
overcome this problem, it was decided to send the oxidative flow initially to the
reactor bypass, entering the instrument first to allow the signal to stabilise. Only
then the flow was redirected back to the reactor, interacting with the material
placed inside the crucible and allowing possible CO2 splitting reactions to occur.
On the spectrometer side, the signal, which has been stabilised at certain readings
of CO drops back to 0 since in the reactor, during the bypass, remains stuck in pure
argon atmosphere. The signal then rises again once the argon has been completely
expelled and the new CO2 mixture is detected again by the spectrometer. If a
CO peak occurs, it should be readable just after the zero signal of the instrument.
Following the possible peak, the monoxide reading should then return close to the
values read during the flow step at the bypass. Unfortunately, it seems that the CO
peak does not occur at all or at least is so insignificant that it can be confused with
the zero of the instrument. In fact, it cannot be said that conditions of increased
CO have occurred. The meter reading before and after the bypass remains within
the 0% carbon monoxide range. This first test leads to the conclusion that the
variation of derivative predicted in TGA cycles is not actually related to syngas
production but totally due to the formation of new compounds that do not include
carbon monoxide. It is therefore expected that strontium molybdate predominantly
influences the formation of carbonates which act by completely capturing the CO2

molecule present in the fluxed gas, without releasing any intermediate compounds.
In other words, the material is behaving as a perfect capturer of carbon dioxide,
but without acting as a producer of syngas.

115



Presentation and discussion of the results

4.4.2 Test S2: Isothermal redox at 850°C with CO2 oxidiz-
ing environment at 20% vol

It was therefore decided to move away from the conditions used in thermogravimetry,
bringing the reduction and oxidation temperatures to values more favorable to the
formation of iron-nickel alloys to encourage the capture of oxygen in the oxidizing
environment. The following test has therefore foreseen an isothermal situation at
850 °C. Two complete cycles of reduction and oxidation were performed. First, the
furnace temperature was brought to the set point. The 50 mg perovskite sample
was placed in the furnace beforehand. In this way the air atmosphere was already
flushed during the ascent. After reaching 850 °C in the furnace, the air flow was
maintained for 60 min to pre-oxidize the sample, favoring the following reduction
in hydrogen and ensuring oxidation conditions similar to all other tests performed.
The following list organize the steps done in the isothermal experiment.

• Ramp up segment from 25°C to 850°C in air flow of 200 Nml/min;

• Pre-oxidation in air flow for 1 hour;

• Argon purge (100% Ar flow) for 10 min to clean the lines from the air/or CO2

stream and give a gap from the reductive flow for security reasons;

• Reductive flow of 5%H2/Ar for 1 hour;

• Argon purge 10 min to remove the remaining hydrogen into the line;

• Argon purge 5 min into the bypass to clean the bypass stream from possible
residual gases;

• 10 min of 20%CO2/Ar at the bypass;

• Switch from bypass to furnace with the same CO2 concentration stream and
oxidation for 1 hour of the sample;

• Restart from the purge segment before the hydrogen stream.

This cycle was repeated twice. By avoiding the temperature swing between the
reductive and oxidative sections, it was possible to shorten the cycle time, in
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addition to having much cleaner instrument readings. The temperature leads
to partially influence the reading of the gas concentrations at the outlet. By
keeping the oven temperature constant at 850 °C, the exit gas temperature is
also constant and allows the entry of the spectrometer without oscillations. In
this way, the reading is even cleaner and any changes in the concentration of CO
produced are more visible. In this experiment, conditions were increased as much
as possible to promote carbon monoxide production. In addition to maintaining
a stable temperature optimal for the exsolution phenomenon of iron and nickel,
the concentration of H2 in the mixture was also increased. With a flux of 5% H2

in argon, in fact, the reduction should be even more encouraged and lead to the
maximum formation of FeNi alloy after 60 minutes of dwelling. In the same way the
oxidation temperature is kept higher than in the previous tests, from 500 to 850°C
allowing better kinetics. The figure 4.33 shows how, despite all the improvements

Figure 4.33: Reading value from spectrometer in ppm. the sampling from 40 to
85 regards the bypass section of the gas and the stabilization of the signal near
2200 ppm taken as 0 value. The convexity of the curve indicates the time when the
flow returns to the reactor where only Argon atmosphere had previously remained.
After sampling 97, one would expect a spike in CO produced.

made to the cycle, the expected CO peak does not occur. The extrapolated curve
shown belongs in fact to the first oxidation. It should be the most favorable to the
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production of CO, coming from a pre-oxidation in air and a strong reduction in
hydrogen. Highlighting the details of the concentration curve shown, it can be seen
that at the closing of the reactor valve the mixture in bypass sees a peak resulting
from the sudden change in pressure without a volume that can dissipate the sudden
change. At the bypass afterwards the curve stabilizes with a slightly increasing
trend, typical of the instrument drift. When the bypass valve closes, there is a
slight oscillation, and then the signal collapses in the presence of the argon that has
remained stationary in the furnace section. Once the spectrometer detects the 20%
CO2 oxidizing mixture again, the signal starts to grow again. A peak is expected
near samplings 103 on wards, where the signal should have reached its background
value. The curve instead stabilizes without showing particular oscillations. No
obvious CO production is shown by the instrument. If a minimum yield is present,
it is so insignificant to be confused with the instrumental zero.

4.4.3 Test S3: Isothermal test with oxidation in wet envi-
ronment with 50% H2O molar fraction

A further test was subsequently performed to verify which phase predominated in
deactivating the material for CO production. So far it could be either strontium
carbonate formed by the interaction of SrO and CO2, or strontium molybdate
(segregated in a reductive step) to block CO production. By acting in a water
mixture, without the presence of carbon compound, carbonate formation is avoided.
In this way it is possible to check if the material undergoes deactivation due to
the presence of CO2 or if the formation of carbonates is just another side effect.
The setup was again prepared for two isothermal cycles at the same temperature
conditions previously chosen. The only difference from the previous experiment
is the different mixture sent to oxidation. This time we opted for a 50% molar
mixture of H2O always carried by a flow of Argon. In this case the water was
vaporized and then mixed at room pressure. What is expected as syngas this time
is a flow with a H2 peak during the first oxidation phase. The water, reacting
with the perovskite, should give up its oxygen atom to the sample giving birth
to molecular hydrogen. The reaction is endothermic therefore favored at high
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temperatures. In general, the reaction can be expressed as the equation 4.2.

H2O −→ H2 + 1
2O2 ∆H = +240 kJ

mol
(4.2)

The water is detected only in trace amounts because upstream of the instrument
there is a condenser in order to have a dry stream at the output. The hydrogen
reading is even more easily visible from the instrument. Since there are no carbon
compounds that can give overlapping readings, it is certain that the density of the
signal detected is purely due to the presence of hydrogen. Argon does not alter the
H2 reading. The test was developed according to different segments:

• Ramp up in temperature until 850 °C with air to start the pre-treatment of
the sample;

• Dwelling in air for 1 hour to a complete pre-oxidation of the sample before
the first reduction occur;

• 10 min in argon purge flow to clean the line and separate the air stream from
the hydrogen reductive flow rate;

• 1 hour of reduction in 5%H2/Ar flow;

• 10 min of argon purge both for safety reasons and to let the hydrogen signal
to stabilize near the background value;

• 30 min of oxidizing flow with water at 50% molar concentration with a carrying
gas composed again of pure argon;

• 10 min of cleaning in argon;

• Restart from reduction section.

Again the 5% hydrogen concentration should help the material reduction step along
with the 850 °C temperature optimal for the Ni exsolution phenomenon. Moreover,
the support given by the bypass line is no longer necessary as it is not necessary to
let any signal stabilize before the actual oxidation. Figure 4.34 shows the results
of the two consecutive runs. The sampling shown in figure starts at the end of
the pre-treatment phase. The hydrogen curve rises abruptly, settling at around
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Figure 4.34: sampling of two successive reductions and oxidations at 5% H2/N2
and 50% mol of H2O, respectively. One can see the reductive steps where hydrogen
settles at about 5000 ppm. No particular hydrogen production activity due to
water splitting was detected in oxidation.

5% concentration (expressed in ppm in the figure). At the end of the reduction,
the concentration curve drops in the presence of only fluxed Argon in the reactor.
The gas change from Argon to water mixture at 50% molar does not allow even
this time to see peaks of H2 production. In fact, one could expect an abrupt
change of slope and the presence of a peak shortly after the 5% concentration
drop, when the argon flow ended, the water begins to see the perovskite sample.
This seems not to react again leaving the curve without the presence of relevant
variations. The signal tends to drift towards lower and lower values, this is due
to the stabilization of the instrument that after seeing higher concentrations of
hydrogen, it is difficult to return to the initial value detected before the reduction.
Following this experiment one can begin to draw inferences about the main cause
of deactivation of the material. Strontium molybdate, segregated in the reduction
step, completely inhibits the reactivity of the material. The insulating layer that
is created on the surface not only stimulates the production of carbonates in the
presence of carbon compounds, but also blocks the splitting reaction of the oxidizing
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gas and does not allow the reinsertion of oxygen atoms into the matrix of the
material. From the syngas production point of view these Sr2FeNi0,4Mo0,6O6−δ

perovskites do not provide good results being subjected to strong deactivation due
to recombination of the atoms composing the material into new phases. Ultimately,
although the creation of Fe-Ni alloys should boost syngas production, these alloys
are practically never in contact with the gas since a larger phase isolates the active
layer from the water present in the fluxing mixture.

4.5 XRD analysis of samples tested in micro-
reactor

As for the TGA tests, XRD analyses were also performed for the samples treated in
micro-reactor. Four analyses belonging to four different treatments are presented
below. The first three samples correspond to the three tests described in the
previous section. The last sample tested corresponds to a mass of perovskite only
reduced in a 5%H2/N2 hydrogen atmosphere. This was done to test whether the
material is active to the exsolution phenomenon even after only one reduction step.
The four XRD analyses are described in more detail below:

• Sample S1. 50 mg of perovskite which has performed 4 cycles in TPR with
isothermal re-oxidation. Trying to emulate the condition of the 10-loop TGA
test. So, the concentration of H2 in the reduction step was set at the 0.5% on
the total volume with a set point temperature of 900 °C. The oxidation step
instead was set at 500°C with 20% of CO2 in the flowrate. The sample has
been analyzed after the last oxidation.

• Sample S2. 50 mg of perovskite treated in the isothermal test at 850°C both
for the reduction and the oxidation segment. As described in section 4.4.1
to enhance the reduction 5% of hydrogen concentration has been set in the
reductive segment. The sample was oxidised again at the end of the test.

• Sample S3. 50 mg of perovskite that has seen 2 isothermal cycles at 850°C
leaving the reducing hydrogen concentration at 5%, as with Sample S2. This
time the oxidation was taking place in the 50% molar environment of H2O.
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Section 4.4.2 refers to this test.

• Sample S4. 50 mg of perovskite only reduced at 850°C in H25%/Ar. During the
rump-up in temperature of the furnace the sample has seen Air environment
so that a pre-treatment with an initial pre-oxidation could occur.

Figure 4.35: XRD signal of the Sample S1 after the emulation of the TGA
condition in the micro-reactor setup.

In figure 4.35 the positive aspects are found in the presence of iron-nickel alloy
formation highlighted with an arrow in the figure. The main peaks from 20 to
80° are then characteristic of double perovskite with some alterations due to the
formation of the RP phase. In particular, a slight malformation of the major
peak is noted after 30°. This is due precisely to the RP phase which results in a
slight peak partly superimposed on the typical peak of the cubic phase. The figure
then shows the carbonates formed by the interaction of CO2 with the material.
This last aspect is just to reconfirm the previous considerations. The material
is therefore active in the presence of CO2, but interacts in an undesired way,
forming the new SrCO3 phase instead of splitting the carbon dioxide molecule.
The analysis of the second sample (Sample S2), which had seen an isothermal
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Figure 4.36: XRD data of the Sample S2. This sample has seen 2 isothermal
redox loop at 850°C with oxidation in CO2 environment at 20%.

test with higher hydrogen concentration, turns out to be similar to Sample S1.
The same FeNi alloys are created on the surface as well as SrCO3 segregation.
Figure 4.36 shows the results in detail. The characteristic deviations from the
cubic structure towards the RP phase are highlighted. Thus, it can be deduced
that even with the increase in oxidation temperature and the increased amount of
hydrogen in reduction, carbonate formation cannot be inhibited. This therefore,
could confirm the result obtained in section 4.4.1 in figure 4.33, where no peak in
CO production had occurred. Sample S3 and S4 manifest themselves with totally
different characteristics seen together in figure 4.37. The characteristics of the
peaks in XRD are typical of cubic perovskite and are the same as those of the
fresh sample. That is, in these last two analyses it appears that the presence
of the two different environments has not altered the material in the least. The
water does not act activating the material, it also seems that the presence of a
wet flow inhibits the formation of alloys through exsolution phenomena. By not
activating the material from the point of view of the mobility of ions in the B-sites,
consequently it is not encouraged the formation of the RP phase. The fact that
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Figure 4.37: XRD analysis of Sample S3 and S4. Both present similar trend
of the data-curves which correspond to the peaks of the fresh-SFNM sample as
synthesized.

the material in section 4.4.2 figure 4.34 did not see hydrogen production in the
oxidizing phase is certainly due to this un-alteration of the perovskite structure. It
is obvious that no carbonate formation is present, since there were, in neither of
these last two tests, gases containing carbon molecules that could interact with the
Sr ions of the A-sites.

Regarding the reduction of Sample S4 alone, this result runs counter to previous
results. Indeed, one would expect strong FeNi alloy formation. This is because
analyzing a totally reduced sample, the exsolution of nickel should be manifested
by bringing to the surface a good amount of material. Nothing happened here, and
can be determined by the fact that at least one cyclic oxidation is needed before
having a movement of ions from the bulk. Another hypothesis is that the treatment
time was not sufficient to ensure nickel movement. In the other tests in fact the
material remained at the set-point temperature for a much longer total amount of
time. In this case, having performed only one reduction, the perovskite was at the
set-point temperature for maximum 1 hour. It is possible that the exsolution of
nickel needs more time to begin to manifest itself, which occurred during the tests
that included at least two complete cycles at temperature.
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Chapter 5

Summary of the results and
further considerations

5.1 Resume of the result obtained

The results obtained through TGA analysis have shown that the material is able
to perform repeated thermochemical cycles with good replicability characteristics
from the point of view of reduction and oxidation reactions. An analysis in
temperature-programmed-reduction shows how the starting temperature reduction
of this material settles at about 550 °C with the maximum peak of hydrogen
consumption by reaching 600 °C while maintaining an ascent ramp of 20 °C/min.
This value is maintained for all tests carried out, both in the presence of subsequent
oxidation in air and when the oxidizing gas contains CO2. A specific consumption
of hydrogen is calculated when at the highest point of the consumption curve of
3 ml/s for each gram of perovskite, corresponding to the lost oxygen value of 2
mg/s per gram of perovskite. This value is seen to remain constant once settled in
comparison to the first cycles that can result in slightly higher consumption. In the
case of 50% CO2 oxidation by volume, the value is slightly lower at about 1.7 mg/s
of oxygen lost for each gram of material. As seen in Chapter 4, an estimate of CO
production in oxidation with CO2 was initially thought to peak at 0.8% for the first
cycle and then fall below 0.2% for the remaining 9 cycles of the full 10-cycle test.
Combining the data obtained by the TGA with post-experiment XRD analyses
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shows that the formation of strontium carbonate and strontium molybdate plays
the primary role in the transformation of the material, attributing the capture of the
entire CO2 molecule for the creation of carbonate. In fact, peaks are displayed at
the angle 2Θ = 27.5ř to be attributed to the presence of the two species mentioned
above. Strontium molybdate (SrMoO4) segregates manifesting itself in a reducing
environment, creating an insulating layer at the interface between perovskite and
gas thus preventing the correct interaction of perovskite. In addition, it increases
the creation of strontium carbonate (SrCO3) that favors the absorption of CO2

contained in the oxidizing gas, trapping the whole molecule, and not allowing to
have a syngas containing CO at the exit. Equation 5.1 shows how the reaction is
endothermic. Consequently, it is well favored at the chosen temperatures when the
CO2 flux is present.

SrO + CO2 −→ SrCO3 ∆H = −234 kJ

mol
(5.1)

For further proof of the phenomena triggered during the various steps of material
treatment, similar experiments are also carried out in the microreactor. Results
do not show any syngas peak production in the oxidation step, maintaining the
constant carbon monoxide detection curve with values that return to calibration
indicate a percentage close to zero. The presence of the new iron-nickel alloy is
manifested exclusively clearly by the prolonged reduction in H2 during TGA tests.
Confirmed by the presence of the characteristic peak in XRD analysis, it is precisely
this alloy that makes the function of catalyst of the reaction leading to a greater
yield of syngas at the output. There is also a greater reduction of the material
in the prolonged presence of hydrogen in mixture to 900 °C. This leads to the
deduction that surely greater exposure to reducing environment would significantly
promote the catalytic activity of nickel that is generated on the surface through
exsolution processes. The most recent microreactor tests have shown that even
in the case of exposure to isothermal cycles at 850°C it is still not possible to
obtain CO production in appreciable amount, although the reduction conditions
should be closer to those ideal for the formation of exsolved Fe-Ni on the surface,
also considering the higher concentration of hydrogen mixed in the microreactor
corresponding to 5% by volume compared to the mixture used in TGA which was
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only 0.5% in mixture. From these preliminary tests it is evident that the material
does not react well in the presence of carbon compound and suffers from a strong
deactivation due to the presence of CO2.

5.2 Comparison with similar material tested in
literature

Du et al. [89] in a study of the electrochemical characteristics of Sr2FeMo1−xNixO6−δ

perovskite (with x = 0.25 and 0.35) found similar molybdate creation phenomena.
In particular, the lower nickel concentration further promotes the formation of an
additional phase. Precisely, in order to avoid this phenomenon, the study focused
on the analysis of the concentration of nickel with x = 0.35. The results with higher
concentration of nickel were more positive with a stabilization of the sample to a
single perovskite phase after the treatment in air. Furthermore, in the same study
the effects of nickel exsolution were also investigated. Is assumed the presence of
a solid FeNi3 metal phase with floating Fe and Ni contents. Clearly most of the
nickel continues to be in the bulk with Ni2+ valence, only a small fraction leads
to metal formation from the substrate. The data provided by Du et al. study
also agree with those obtained during the experimental tests in this thesis. From
XPS analysis provided in the work of Du et al. it is also evident that the rate of
adsorbed oxygen relative to that of Oad/Olattice matrix is high. That is, there is a
strong component due to the formation of adsorbed species (a concrete and more
obvious example is the formation of surface carbonates). As a final analysis one can
refer to the crystal structure acquired during reduction. A further agreement as the
reference mentioned above allows to affirm the presence of a Ruddlesden Popper
phase. In order to give an idea of the transformations of the various phases one can
refer to the figure 5.1 where the separation of the bulk phase from the external phase
is shown. The RP phase, as already introduced in the previous chapters, presents
in this specific case a stratification composed of a perovskite SrFe0,5Mo0,5O3−δ

interspersed with a rock salt (in this case SrO). The phase demonstrates good
fuel oxidation capabilities due to the Mo(V )/Mo(V I) and Fe(II)/Fe(III) redox
couples in octahedral (Fe)O6 and (Mo)O6 structures capable of accepting electrons
while losing oxygen at the same time. In addition, the new SrFe1−yMoyO3−δ
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Figure 5.1: Diagram of the transformations that occurred in the material in the
reducing phase. The segregation of molybdate is not considered.

phase is also a mixed conductor with excellent structural stability. The structural
stability of this sample appears to be very much related to the concentration of
nickel present. As the presence of nickel increased, Dai et al. [90] saw a shift in
the peaks detected by XRD analysis. In particular, detections with higher nickel
concentrations were shifted toward larger 2Θ angles, indicating that the elementary
cell of SFNM has seen a shrinkage. This according to the literature may be due
to two factors in particular. The first factor relates to the smaller ionic radius of
the nickel ions compared to those of the material they replace, while the second
relates to the conduction orbits of Fe and Mo coming closer to each other again
due to the partial replacement of the B-sites [90]. From these good structural
characteristics and the adequate reproduction of thermochemical cycles, despite
the low carbon monoxide production capacity, the results of the main experiments
in TGA can be compared with the literature. Arrivé et al. [91] was chosen because
of the similarity present between the material tested by the researchers and that
of the present work. In the work present in the literature were considered per-
ovskites of the type LSTN or with the presence of lanthanum, strontium, titanium
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and nickel. The structures considered are La2xSr1−2xTi1−xNixO3−δ (LSTN) and
La7x/4Sr1−7x/4Ti1−xNixO3−δ (25LSTN). The starting structure of these campions
is a typical cubic perovskite. RP phase formation in the reducing phase was also not
seen. However, the formation of exsolved nickel on the surface with classical FeNi3

alloying was presented. Different nickel concentrations were tested from x=0.1 up
to x=0.5. At lower nickel concentrations, however, agglomeration of oxides (NiO)
occurred immediately, which led to the consequent rejection of materials with too
low Ni concentration. At nickel concentrations equal to x=0.3, 0.4 and 0.5 instead
nickel exsolves as expected without agglomerating into oxide. The results of 3
different 2% H2 reductions in TPR are compared with the data obtained from
the experiments in the present work. The figure 5.2 sees the comparison of the

Figure 5.2: Comparison of weight lost in TPR by materials tested in [91] versus
tests performed in TGA in this thesis work. The 10-cycle test, the 4-cycle test
(both with oxidation in the presence of CO2 ), and the 4-cycle test with oxidation
in air were chosen.

mass loss in the reducing phase of the 3 samples of 25LSTN at three different
nickel concentrations (horizontal lines) compared to the data obtained during each
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cycle of the different tests in TGA (colored dots). The temperature ranges are also
comparable considering only data of temperatures below 1000C. It can be seen
that the mass loss obtained from the tests with reoxidation in CO2 is very close
to the loss of the material 25LSTN with x=0.4 (blue circles compared to the gray
line), that is the same concentration of Ni present in SFNM. It can be seen then,
how the formation of carbonates is also highlighted in this case, for this reason the
∆m obtained with reoxidation in air is almost half of the previous ones, arriving at
values comparable with perovskite 25LSTN with x=0.3 (green circles compared
to the yellow line). The red circles concern instead the text with a prolonged
reduction. The loss of mace is also clearly greater compared to perovskite 25LSTN
with x=0.5. This indicates how hydrogen even if present in low concentration
in the mixture allows a very strong removal of carbonates previously formed in
oxidizing phase with CO2. A positive factor of the sample therefore lies in the
possibility of reproducing repeatable cycles with all the different mixtures of gases
tested. In fact, the material manages to free the surface layer of carbonates by
repositioning its mass to the initial reduced state and returning to the original
structure of double perovskite.

The latest microreactor tests show no improvement even when increasing the
portion of material used (from about 15 mg up to about 50 mg). Carbon monoxide
production remains inactive. In addition, the production of H2 from a wet flow is
not stimulated as seen in the previous chapter. This phenomenon is also seen in
the 25LSTN material studied by Arrivé et al. [91], where even with the increase
in water content in oxidation no particular impact on the hydrolysis phenomena
was seen. Although the material did not react to create the desired products,
the temperatures chosen for the reductive step seem optimal. In fact at higher
temperatures it is true that the reduction of nickel is favored, but the formation
of vacancies in the B-sites destabilizes the structure of perovskite and the high
temperature also favors the consequent segregation of the A-sites that lead to the
decomposition of the structure.
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Chapter 6

Conclusion and future
prospects

With this thesis a first experimental analysis has been made on a perovskite never
tested before in the chemical looping field. The tests conducted so far through
thermogravimetric analysis and then with the support of a microreactor have
allowed us to begin to outline the first hypothesis on the oxidation-reduction
behavior of the sample. The first tests in TGA have essentially demonstrated the
reproducibility of the redox cycles and the different behavior of the perovskite
Sr2FeNi0,4Mo0,6O6−δ in an oxidizing environment in the presence of CO2 rather
than air. In particular it was seen that the air favors in a greater way the reoxidation
of the material while the presence of CO2 does not allow the achievement of a
stabilization of the mass regained in the predetermined time of the segments of the
different tests. This characteristic is maintained both in the case of concentrations
of 20% CO2 by volume and with larger quantities such as 50% CO2 by volume.
The mass regain in CO2 mixture is then attributed to carbon deposition due to the
formation of new surface carbonates. XRD analysis demonstrated the presence of
strontium carbonate (SrCO3) and strontium molybdate (SrMoO4) in the samples.
This confirms the deactivation of the material by the presence of carbon compounds
and raises new questions about what influence SrMoO4 may have in blocking the
re-injection of oxygen into the vacancies generated during the reduction step. The
perovskite Sr2FeNi0,4Mo0,6O6−δ occurs as a double perovskite structure. During
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reduction this structure goes to change giving rise to a new Ruddlesden-Popper
phase. This is due to the phenomenon of nickel exsolution that segregating on the
surface creates together with iron a new Fe-Ni alloy very active from the catalytic
point of view for the capture of oxygen from the oxidizing gas. The following
microreactor analysis showed that the insulating phase prevails over the catalytic
one, completely inhibiting not only the production of CO from CO2, but also a
possible splitting of H2O with the possible generation of H2. Ultimately, it appears
that with these composition characteristics, even with a Nickel concentration of 0.4
relative to Molybdenum (resulting in Mo0.6), this perovskite fails to work optimally
with respect to molecule splitting of water and carbon dioxide.

The positive aspects of this analysis are, however, the excellent regeneration
capacity of the initial double perovskite phase which can be reconstituted by
treating the sample in air at 800 °C for 1 hour. Secondly it generates a strong
capture of CO2, in fact for the generation of strontium carbonate is the entire
CO2 molecule to be involved in the reaction, without splitting in carbon monoxide.
Surely a future step could be to further test for isothermal conditions also in
TGA analysis in order to verify more accurately possible differences in mass loss
and mass regain with following gas concentrations at the outlet. It has been
shown that at certain temperatures and with characteristic gas concentrations, the
structure of the material can undergo numerous modifications unfavorable to its
operation. With this in mind, research is focused on determining which materials
allow for maximum stability during cycling combined with the greatest possible
activity towards the generation of oxygen vacancies and ion reacquisition during
the following phases. At the same time, materials and compositions are desired
that include as many elements as possible that are easy to obtain, economically
favorable, and that present characteristics of non-toxicity and easy disposal.

Regarding the future of the chemical looping technology is certainly a promising
means for the management of various gas streams and their subsequent transforma-
tion through an active material. Obviously, from a theoretical point of view, the
ideal future solution is represented by a purely thermal reduction with the use of a
solar concentrator. However, this technology suffers from multiple disadvantages.
Among the main ones are the strong discontinuity of irradiance, which combined
with the large inertia present to reach optimal temperatures greatly limit the field of
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application and make the choice of installation site even more fundamental. Other
disadvantages are also linked to the realistic temperatures that can be reached with
current technologies, which are between 500 and 800 °C. Current materials are
not yet sufficiently conducive to reduction to allow changes in their matrix to be
seen at such relatively low temperatures. By using a fuel as a reductant many of
these problems are eliminated. In addition, hydrogen is one of the "greenest" fuels
currently on the market, and hypothetically it could be produced in the same place
where the chemical looping plant would be located. Unlike the solar component,
hydrogen can be stored and used when needed. For these and other determining
factors, the idea of untying from the constraints derived from solar energy could be,
if not an alternative, certainly an option to be developed in a synergistic way. So we
can think of coupling the production of hydrogen, possibly from solar sources, with
a system that can use it directly on site helping to remove CO2 from the atmosphere
and at the same time allowing to have a useful product at the end of the process.
This is a concept that fits very well with the most recent policies that aim at an
increasingly circular economy. There are many variables yet to be considered before
approaching the look toward possible large-scale installations. The technology
readiness level (TRL) value of chemical looping using perovskites can be said to
be at level 3. In fact, this work has been carried out to experimentally prove the
basic concept of this technology. To go to the next level, it will be necessary to
validate the technology in the laboratory by finding the best possible material that
provides better yields than those that today’s metal oxides can provide. Once a
promising material for these processes, capable of producing certain syngas yields,
is determined, the next step sees a detailed thermodynamic study. In this way it
is possible to simulate a stream and determine the flows and the ideal conditions
of operation in order to find, in theory, a flow as pure as possible containing a
maximum concentration of carbon monoxide. Then the idea is to be able to mix the
CO produced with H2 to have a syngas mixed according to the needs of future uses.
The production of chemicals is a way that goes very well with this approach. One
can think of ethylene production, methanol, DME or other fischer trops processes.

In conclusion, we are at the dawn of the discovery of new methods to treat CO2

and obtain a usable and cost-effective product. Although the road to a mature
technology is still long, works like the one carried out in this thesis are necessary

133



Conclusion and future prospects

and essential to define which of the many can be the winning technology. Surely
in the near future will be discovered many other materials capable of working in
these processes and it will come to outline the most favorable path to follow to
bring these systems on the market.
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