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Abstract
Perovskite structured (ABO3) redox materials are highly attractive for the advancement of a
variety of sustainable processes such as Chemical Looping Combustion (CLC),
thermochemical fuel production, etc. Apart from the state-of-the-art materials that require
extreme synthesis and reaction conditions such as high temperature, simple perovskites that
can operate at comparatively lower temperatures and are carbon resistant are strongly desired.
This challenge was undertaken in the present thesis, and for this purpose, CaMnOs and its Fe
substituted analogues were chosen. Isothermal redox properties of this material were
investigated at various selected temperatures from 600<C to 900<C, demonstrating up to 15
cycles of consistent oxygen release/uptake capacity, with no noticeable amount of carbon
deposition under any conditions used in the present study. Structural and compositional

variations were monitored at different stages using SEM, EDS and wide angle XRD.
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CHAPTER 1: INTRODUCTION
1.1 Background
Developing clean and efficient energy technologies has been a theme being explored for
decades. In recent years, redox cycling of metal oxides has attracted considerable attention
of the scientific community due to their applications in various fields such as solar
thermochemically splitting of H.O or CO> [1-3] solid oxide fuel cells [4, 5] air -separation

[6, 7] and Chemical Looping Combustion (CLC) of hydrocarbon fuels [8-10].

1.1.1 Chemical-looping Combustion

The rising amounts of CO> in the atmosphere in conjugation with the diminishing amounts
of fossil derived fuels puts forward the need for developing alternate energy technologies.
Even though tremendous progress has been achieved with regard to solar cells and fuel cells,
the concerns regarding atmospheric CO> levels still persists. The report of the
Intergovernmental Panel on Climate Change (IPCC) indicates that the average CO:
concentration has been raised 30% from around 300 ppm to the high-level milestone of 400
ppm in 2013 [11]. This increase in anthropogenic CO> concentration is believed to be leading
to the warming of the earth’s due to the well-known famous greenhouse effect [12]. Therefore,
an inclusive solution to the two-fold energy crisis lies in the effective utilization of CO». For
this purpose, a variety of CO> capture and conversion technologies are being investigated

globally.

For CO. capture, there are several approaches available such as pre-combustion, post-

combustion separation, and oxy-fuel combustion [13]. Intensive energy input is necessary



for these strategies, which would result in decreasing energy efficiency significantly. On the
other hand, Chemical Looping Combustion (CLC) technology was proposed to avoid such
energy penalties, capturing COz in a more efficient manner [14]. In general, CLC involves
metal oxides (oxygen carriers) circulating between two interconnected fluidized bed reactors:
one acting as a fuel reactor utilizing lattice oxygen from metal oxide for fuel oxidation and
the second one being an air reactor, where oxygen carriers could be re-oxidized by contacting
with air. The concept is illustrated in Figure 1.1 and the overall reactions stoichiometry with

hydrocarbon fuels in the two reactors are shown in equation 1.1 and 1.2 respectively [15].

Oxygen Combustion
Depleted Air Products
02, N2 COz2, H20

i
Air £ Fuel

Reactor \ V Reactor

Air Fuel
02, N2 CnHm

Figure 1. 1 Principle of chemical looping combustion (MexOy represents oxidized metal

oxide, MexOy.1 represents reduced metal oxide)

Fuel reactor: (2n + m)M, 0y + C,H,,, — (2n + m)M;04_; + mH,0 + nCO, (1.2)

Air reactor: My O,_; + %02 - M; 0, (1.2)

Thus, CO2 can be obtained from the flue gas of the fuel reactor. Further separating H20 from

the mixture would result in concentrated CO2. On the other hand, exhaust gas stream of the



air reactor, which mainly contains N2 and remaining O can be discharged into the ambient
without causing contamination problems. In the meantime, the reduced metal oxides are
transported between these two reactors, and redox reactions are taking place in a cyclic
manner [16]. Briefly, the development of highly efficient metal oxide oxygen carriers (OC)
which are stable and carbon resistant are to be achieved for the further advancement of this

technology.

1.1.2 Other Applications

A step further, a variety of recently developed CO> conversion techniques also primarily
require highly efficient oxygen carrier materials. For example, solar thermochemical
CO2/H0 splitting utilizes the oxygen exchange properties of metal oxides. This idea
provides a feasible method for generating the industrially important syngas CO and Ha.
Utilizing the entire spectrum of solar radiation is a very attractive advantage for this solar
driven technology, as opposed to solar electricity technique, where only specific spectrum
regions could be used for generating electricity. Consequently, the production of H> or CO
via solar heat has the potential of being far more efficient than photoelectrical H> or CO
production. In this case, the major difference between this technique and CLC is that
CO2/H20 is used as the oxidant other than air. A classic example of the oxygen carrier applied
in this concept is CeO2 with fluorite structure. The material CeO> can be partially reduced to
Ce0Oo-sthermally at high temperature (~1400 <C) [17-20]. The efforts to improve the material
performance will be discussed in the section below. Redox properties of metal oxides also

find applications in air separation and solid oxide fuel cells (SOFC).



1.2 Oxygen Carrier Development History
Development of materials with satisfying redox properties is essential to successfully operate
the related redox applications. The desired properties for a suitable oxygen carrier candidate

to be applied to redox processes such as CLC are given as follows:

e Desired thermodynamic and kinetic properties
¢ High stability during multiple redox cycles
e Resistance against attrition and high mechanical strength.

e Environmental friendly and low costs.

Various types of oxygen carriers have been investigated. Especially for chemical-looping
combustion, researchers have studied around a thousand of oxygen carrier combinations,
among which the majority of the materials were synthesized with binary/tertiary active metal
oxides supported on various types of inert binders [21-53]. Development history of oxygen
carriers is reviewed in order to give the main achievements reached during last decades in

developing this technology.

1.2.1 Binary Metal Oxide

Numerous binary transition metal oxides have been investigated by researchers as potential
oxygen carriers. Ni-based materials has been studied extensively as oxygen carriers for CLC
application in the literature. At elevated temperature (900 TC-1100C) CLC condition, Ni-
based oxygen carriers presented satisfying performance of high reaction rate for redox

reactions [21]. However, researchers have observed decreasing performance of such material



along multiple redox cycles due to carbon deposition problem. Moreover, CO and H>
production were detected since Ni catalyzes methane splitting simultaneously as a side
reaction [22]. Also, toxicity of Ni element makes the material less environmentally friendly,
additional safety measures are always recommended to take into place. To overcome
problems such as strong agglomeration tendency of Ni-based oxygen carrier, inert materials
are utilized to act as the support. As one of the most popular support, alumina was reported
to hinder agglomeration of the active phase significantly during the redox cycles. However,
formation of NiAl>Os was detected as Ni/NiO could react with the alumina support in the
experimental conditions. NiAl2O4 is a stable mixed metal oxide, which is not easy to be
reduced with temperatures less than 1000 <C [21]. To compensate the issue of losing Ni-based
materials into NiAl.O4 during the redox cycles, alumina support can be modified through
thermal or chemical treatment or using NiAl2O4 directly instead [13, 23]. YSZ (Yttria-
Stabilized Zyrconia) is also considered to a possible support material, as it was reported to
increase the oxidation rate of NiO. However, major drawback of YSZ is its high cost for
industrial application at the current stage [24]. Other inert support candidates including SiO>
and ZrO> have been investigated as well [23, 24]. The reactivity of these supported materials
was observed to decrease gradually after repeated redox cycles due to formation of nickel

complexes phases.

Unlike Ni, Cu-based materials possess large oxygen storage capacity and have high reaction
rate with no thermodynamic restrictions. Furthermore, applying CuO as oxygen carrier has a
unique advantage, where both redox reactions are exothermic, which would make the CLC
process more energy efficient. These favorable properties make Cu-based oxygen carriers

excellent candidates for converting hydrocarbon fuel to CO, and H.O completely in an
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efficient manner without carbon deposition problem [25]. In addition, lower cost and
environmentally friendly behaviors make the materials more attractive. However, the major
problem with Cu- based materials are their low melting point and poor mechanical strength,
which results into strong tendency to agglomeration during the redox cycles under CLC
conditions [26-28]. The mechanical strength of the Cu-based materials is dependent on the
metal loading and support applied. For SiO2 supported Cu-based materials, reactions between
support and active metal oxide was not observed at chemical looping of methane in a fixed

bed reactor reveal that after 20 cycles at 800°C [29].

Fe-based materials are attractive for their abundant available resource and being nontoxic,
despite of lower oxygen transport capacity and CH4 conversion compared to other materials
[22, 30, 31]. The materials also show low tendency of carbon deposition on the surface [32].
Various forms of iron oxides including hematite (Fe-O3), magnetite (FesO4) and wustite (FeO)
exist due to the different oxidation state of Fe [33]. Only transformation between hematite
and magnetite is preferred for CLC purpose [25]. The reason is that further reduction of iron
oxide to Fe would result into partial oxidation production formation such as CO and Ha.
Similarly, general inert supports to increase mechanical strength and specific surface area are
Al>03, MgAI203, SiO2and TiO> [13, 24, 34-35]. However, Corbella et al. reported that the
oxygen transporting capacity of Fe-Os/TiO- is diminishing, because of FeTiOs formation

between the active metal phase and its support [35].

Mn-based materials are another group of oxygen carrier candidate for its availability and

non-toxicity. The materials show higher oxygen transport capacities compared to iron



counterparts [36]. Similar to iron-based materials, there exist various oxidation states for
manganese during the redox reactions as well. MnO: is not stable with temperature higher
than 500C, while Mn2O3 and MnzO4 is more thermodynamically stable under CLC
operating temperatures within air atmosphere [37]. As a result, the oxygen is released and
incorporated between the form of MnzO4 and MnO during CLC operations [38]. To tackle
the problem of low reactivity for bulk Mn-based materials, efforts have been taken to select
proper supporting materials to improve the performance. Satisfying results have not been
found with common supports such as Al20s, SiOz and TiO2 for Mn-based carriers [27, 39-
41]. ZrO2 has shown good reactivity as the supporting material for Mn-based carrier under
repeated redox cycle. However, the combination was observed to have tendency to
agglomerate [22, 42]. Compared to CLC of methane combustion, the material is more

favorable in splitting methane into CO and H2 [43].

Researchers also investigated the possibility of cobalt-based materials, expecting to achieve
desirable performance as oxygen carriers. In redox reactions, Co could exist in several
different oxidation states. Since CoO is more stable compered to Coz04 at higher temperature
range (> 900 <C), cycling transformation between CoO and Co is taking place at CLC
conditions [44]. When supported with materials such as Al.Oz or TiO,, interaction between
the active phase of Co-based oxygen carrier and the supports were reported, forming
unreactive compounds. As a result, the application of Co-based materials under CLC redox
conditions is limited, due to its poor regenerability, low conversion and slow reaction rate

[26].



CeO2 has drawn interests in solar thermochemically splitting of CO2/H>0. The material
started to draw people’s attention when Chueh et al. [45] first successfully demonstrated that
ceria-based material undergone a nonstoichiometric redox behavior (CeO2 <> CeO2) in a
solar reactor for ten successive cycles in 2010. The production syngas ratio (H2:CO) can be
adjusted by changing oxidant ratio (H20: CO). Even though the transferable oxygen
capacity of ceria is less than its iron-based counterparts, sintering problem is not serious due
to its high melting point [46]. As a result, adopting support material to stabilize the active
phase is not considered to be necessary. In addition, oxygen diffusion rate is very fast because
of the oxygen transport pathway formed due to the structural defect [47, 48]. The
thermodynamic and Kinetic properties of ceria can be further tailored by doping with

transition metals and rare earth metal oxides.

1.2.2 Mixed Binary Metal Oxides

Single binary metal oxides including oxides of Ni, Cu, Fe, Mn, Co and Ce were extensively
investigated. In most cases, these metal oxides have to be supported by inert substrate
materials to overcome problems such as weak mechanical strength, low structural stability,
low reaction kinetics in order to enhance their reaction performance. However, interactions
between inert support and metal oxide phases under CLC conditions were reported for some
combinations. The formation of undesired stable phases would result into decreasing the
efficiency of oxygen carrier performance. Consequently, besides the efforts in improving
binary metal oxide system mentioned above, the idea of applying mixed binary metal oxides
was proposed as another effective approach to enhance the redox properties of oxygen
carriers such as conversion, mechanical strength, reactivity and stability. The following

paragraphs present some examples of mixed metal oxides, which have been studied.
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Sajen et al. [49] synthesized a new type of oxygen carrier (CuMn204) by mixing Cu and Mn
oxides. It was also observed that the synthesized combination could be regenerated at 800 <C
with presence of air. The material presented satisfying mechanical strength and stable
performance in a packed bed reactor. Hossain and coworkers [50] investigated the
performance of a Co promoted alumina-supported Ni oxygen carrier CLC application for a
fluidized bed CLC process. The existence of Co successfully reduced the formation of
NiAl204 between Ni and the Al>O3 support interaction. The oxygen carrier oxygen capacity
was increased by minimizing side reaction of active phase Ni, which promoted more Ni
involved with redox reactions. Jin et al. [51] further studied the CoO-NiO system supported
on YSZ. Slight reaction kinetics was observed compared to individual metal oxides due to
the formation of impure phases NiCoO,. However, the Co-Ni/YSZ oxygen carrier show high
extent of regenerability and excellent performance in avoiding the issues of carbon deposition.
Son et al. [52] tested Fe-Ni/bentonite in a CFB with various Fe-Ni/bentonite ratios and
proposed an optimum ratio of 3 (NiO/Fe,03=75:25). Siriwardane et al. [53] optimized CuO
and Fe>Os composition ratios to enhance the performance of the oxygen carrier materials.
Their research indicated synergetic effect between CuO and Fe2Os improved the performance

of pure CuO in terms of material stability.

1.2.3 Perovskite Oxide

Perovskite are ternary oxides represented by formula ABOs. The cation sites are occupied
generally by a larger A™ and a smaller B"" ion [54]. The structure can be represented with
smaller B cation residing at the center, forming an octahedron with surrounding oxygen ions

around which A cations are arranged as in the corners, forming a cube. Alternatively, the
9



perovskite can be treated as a cubic unit cell built from corner-sharing BOe octahedra, with
A cation in the centre [55]. Both the possible representations of perovskite structure are

schematically depicted in Figure 1.2.

Figure 1. 2 Two different representations of the ideal perovskite structure

In general, the ideal cubic structure are rare and common distortions such as orthorhombic
and rhombohedral can be found [56, 57]. The tolerance factor could be adopted to measure
the deviation from the cubic structure as shown in Equation 1.3. The t-value is unity for an
ideal cubic structure. The perovskite structure is also found to be maintained with
Goldschmidt tolerance factor (t values) between 0.75 < t < 1, with some distortions as

mentioned above.

_ Tra+70
t= V2(rp+70) (1.3)

where ra, rs and ro are empirical ionic radius for A-, B- and O-site ions respectively. In
addition to the requirements imposed by the tolerance factor, electroneutrality is another

important aspect that needs to be taken into consideration for a perovskite structure. As a

10



rule, the sum of cationic charges must be balanced by the anionic charge. This results in
distribution of the charges such as A"*B5*03, A2*B*" 03 and A%>*B**O3. However, the cationic
or oxygen anionic non-stoichiometry is frequently encountered in this type of materials
resulting into the formation of defective lattice structure [55]. For example, LaMnOs+,. has
shown non-stoichiometry of oxygen excess, which resulted from vacancies at the A- and B-
site proven by neutron diffraction studies, while LaNiO2s5 possesses oxygen deficiency
forming anionic vacancies [58, 59]. The unique property of perovskite to possess defective
structures make this category of materials excellent candidates for redox applications. The
unique perovskite properties can be attributed to the versatility of the compositions of
perovskite structural materials. Large number of metallic elements could be selected to fit

into the perovskite structure as illustrated in Figure 1.3.

Periodic Table of the Elements

Awomic i

Numtar
Symbol

Name
Aomic Mass

m 1m2 13 14 118 16 n7

Rg Cn Uut FI Uu Lv Uus Uuo |

Waasn  Matseem Datastister Mowperan Cesersacoan | Wartien Ui o | ararecton |
i) rnown | 28 L. seiromn s L Leb |

- ] Is 9 “ 3 1 =01 102 T
M@m Am ‘Cm "Bk "Cf 'Es Fm Md 'No 'Lr
d "l m‘ l .“ "7ﬂ’fl ?3!”‘0"“ ‘n[ ,—'f) ;?;‘(.ﬁ':: 58 V ?'aﬁ 101 “-l:(":'.im

1 F 1
Alsaline Transmon Basic

“ Earm Metal Metal Semimetal  Nommetsl Halogen Lanthanide Actinige

I & Jd i

O A site atom B site atom

Figure 1. 3 Chemical elements that can be involved in perovskite structure oxides [60]
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The physicochemical properties of these materials can be widely tailored by accommodating
A/B-site cations in the structure, either partially or completely. In addition, the rich redox
chemistry inherent in perovskite oxides makes them appropriate to be used as oxygen carriers
for a variety of sustainable energy applications. The following paragraphs give a brief review

on the efforts invested into perovskite development.

Sarshar et al. [61] investigated performance of various members of the La;-xCexBO3 (B=Co,
Mn) series under multiple oxidative and reductive cycles in a fluidized reactor. It was
observed that the materials possessed higher stability with lower CH4 pressure. When
increasing the pressure of CH4, partially oxidized products were detected as the product of
side reactions. Rydén et al. [62] observed that LaosSrosFeosC00503 could effectively
catalyzing oxidization of CH4 into H.O and CO> at 900 <C. Increasing Sr concentration could
enhance the oxygen availability of the perovskite but lower its reactivity with methane. The
authors suggested that the loss in performance of the perovskites during repeated redox cycles
is due to agglomeration of the particle. Another perovskite with the composition of
CaMnog75Tio.12503 was studied by Leion et al. [63] for Chemical Looping with Oxygen
Uncoupling (CLOU). The performance with excellent conversion of methane together with
high chemical stability continuous CLC systems were observed. These results have
demonstrated the promising potential of perovskite-based systems and encourage more
comprehensive and extensive research efforts to be put in discovering perovskite-type

materials.

In conclusion, various transition metals oxides and their mixture combinations have been

studied by scientists for CLC purposes. Generally, these metal oxides are supported on an

12



inert support providing high surface areas as well as enhancing the mechanical strength,
fluidizability, and attrition resistance. Two major concerns in this case are high temperature
sintering and carbon deposition problem. The objective of this thesis is to develop a suitable
perovskite structured oxygen carrier material for CLC and study its corresponding redox

behavior.

1.3 Syntheses Strategies

Tremendous efforts were made in the past to develop a synthetic route for preparing
perovskite structured oxides with optimized textural properties. The selection of a specific
route depends on the expected application of perovskites since it would bring variations in
the morphology and properties of the product. Regarding heterogeneous catalysis, specific
surface area is playing an important role. As a result, the synthesis methods were focused on
obtaining crystalline materials with high specific surface area in most of the cases. Similarly,
for redox applications specific surface area is essential along with the ability of release and
uptake oxygen in a sequential manner. A well defined porous structure is favourable on this
regard to overcome mass transfer and diffusion limitations. Generally, traditional synthetic
methods of perovskites can be divided into the solid-state routes and wet chemical routes.
Several typical advanced methods enabling high specific surface areas will also be introduced

in the following paragraphs.

1.3.1 Solid-state Methods
Solid-state ceramic method, developed in 1970’s, is the oldest method for synthesizing
perovskite structured mixed metal. It involves mixing metal precursors homogeneously. High

temperature (>1500<C) calcinations for long durations (24h) are necessary to promote the
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crystallization of the desired perovskite phase, forming agglomerated grains and limited

specific surface area, generally less than 5 m?g? [64-66].

Later, microwave method was introduced as another solid-state method by Rao et al. [67] to
replace prolonged thermal treatment for the ceramic route. In this synthesizing route,
precursors are calcined by microwave irradiation of 2.45 GHz for a few minutes (less than
10 minutes) to transform into perovskite without long thermal treatment process. These
authors reported the successful syntheses of LaCrOs, LaCoOs and LaNiOs crystalline
perovskites with nanometer sizes by this method from precursors such as oxides or nitrates.
However, the specific surface areas resulted from this preparation method were not

mentioned or discussed in their reports.

1.3.2 Liquid Phase Methods

Motivated by higher specific surface area preferred for predominantly majority of catalytic
reactions, various low temperature (~800<C) wet chemical synthesis strategies were
developed to obtain materials with enhanced surface area. Selected methods in this category

will be thoroughly discussed in the following paragraphs.

Co-precipitation is a method for preparing relatively homogeneous perovskite powders using
precursors such as hydroxides carbonates or nitrates without particle agglomeration. In this
method, soluble precursors containing desired metal cations are mixed with precipitation
agent under supersaturation conditions. After a series of operations such as filtration,
washing, and drying, the obtained amorphous precipitate powder will transform into

crystalline perovskite after calcination at relative lower temperature (800 <C). During the co-
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precipitation reactions, parameters such as solution concentration, temperature, pH are
important, because they are major factors to affect the morphology and particle size
distribution of the products. [68-70] Perovskites prepared by co-precipitation method are
found to be homogeneous and possessing satisfying purities, while the specific surface area

was not enhanced significantly to around 10 m?/g [71].

Numerous sol-gel techniques are developed to be other alternative approaches for perovskite
synthesis with enhanced surface area. Among these Pechini method is regarded as a popular
one for its versatility in synthesizing perovskites [66, 70]. The basis of the synthesis route is
built on completely mixing highly soluble salts with desired cations, then added into a
solution of citric acid and ethylene glycol. The resulted citrate complexes are believed to
balance the individual behaviour of interested metallic ions in solution, which help form a
more homogeneous ion distribution and hinder the separation of components in the future
treatment steps. Later, the solution will be transferred into a polymer gel under controlled
heating stages. Removal of the polymer matrix will result in highly homogeneous precursor,
calcination of which results in crystalline and phase pure perovskites. Citric acid is used as
the complexing agent in most cases. However, other compounds such as lactic, tartaric,
maleic or oleic acids can also function as complexing agents [72]. In this case, it was reported
that by maintaining the porosity to some extent, the specific surface area of the final product
could reach up to 25 m?gt. The significant advantages of such method are highly crystallized

perovskite structures with little amount of impurities in the final product [73].

The freeze-drying (FD) and spray-drying (SD) are other synthesizing routes to fabricate

perovskites. The idea of the freeze-drying method is to rapidly cool the fine solution droplets
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in which the precursors were dissolved to preserve the initial homogeneity of the ion mixing
solution. The frozen solution is then transferred to a shell freezer under vacuum where the
solvent will sublimate. Then, the obtained low-density and porous solid will be calcined to
from well crystallized perovskite. In spray-drying, the solvent is evaporated after spraying
on the heated surface by controlled sized spray nozzle. The size of the final perovskite
product can be tailored by controlling the concentration of precursor solutions and droplet
sizes. Highly homogeneous perovskite oxides with controllable morphology and composition

properties can be achieved by both methods [70, 74, 75].

1.3.3 Other Advanced Methods

In 2000, Kaliaguine et al. developed a synthesis method called reactive grinding method
which could increase the specific surface area of produced nanocrystalline perovskite oxides
to more than 100 m?g 1 [76]. The main idea and one of the greatest advantages of this method
is replacing thermal energy for perovskite crystallization by mechanical energy provided by
the ball-mill reactor at low temperature (=40°C). In this method, agglomeration and sintering
issues of the particles during the high-temperature thermal treatment can be avoided, thus
enhancing the specific surface area of the perovskite products significantly. The synthesized
perovskite after this post-treatment with additive has specific surface areas above 80 m?/g

after calcination at 200<C [70, 78, 79].

More recently, templating methods were developed to synthesize porous perovskites with
controlled pore structure and high specific surface area (up to 150 m?g™') [80-82]. The
concept of this method is similar to the traditional casting procedure, where an organic

molecule (in the case of soft templating) or an inert solid oxide (in the case of nanocasting)
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Is used as structure directing agents. However, nanocasting is taking place in nanometer
length scale. Typically, the precursors will be initially impregnated inside the template with
certain structure. Then converting the precursors to the desired product and followed by the
removal of the template by the leaching process using HF or NaOH solutions. The parent
materials inside the pore structure are transferred into the product with its pore structure as
replica of the template walls. Silica such as KIT-6, SBA-15 and SBA-16 are the most popular
hard templates to make high-specific surface area perovskites for the diversity in their 3D
ordered mesoporous structure and particle morphology [83]. An advantage of the hard
template nanocasting method is the tunable pore size and pore structure by using suitable
templates and processing conditions. Applying this method, Wang et al. [84] synthesized
LaCoOs3 perovskite with ordered mesoporous structure, possessing a large surface area of
around 100 m?/g and a three-dimensional ordered mesostructured by using vinyl silica as
hard template. In another study, Nair et al. [85] synthesized LaMnOs3 perovskites using SBA-
15 as the hard template. High specific surface areas of 190 m?/g were measured for these
perovskites. The perovskite products with enhanced specific surface area are also proved to
be high efficient methanol oxidation catalysts. Even though, several milestones were
achieved in all these cases so far, the high temperature structural stability remain poor in
these materials and efforts are still required to develop such materials with enhanced stability

for high temperature applications (> 500°C).

Another advanced perovskite oxide synthesis option is hydrothermal method, which is
carried out in autoclaves at elevated pressure. One advantages of this method is its low
synthesizing temperature (less than 300 <C), which replaced the high calcination temperature

as in the ceramic solid-state reaction route [86, 87]. Perovskite synthesis performed by many
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researchers have demonstrated the viability of this approach. The morphology can be tuned
significantly by changing the processing condition. In the same year, Zhang et al. [88]
successfully fabricated phase pure LaosCaosMnOz nanowires under hydrothermal conditions
at 275<C for 30 h. An interesting study regarding the hydrothermal synthesis of perovskites
was performed by Chai et al. [89] in 2007. They synthesized LaosBaosMnOs perovskites
various morphologies by adjusting the alkalinity of the reaction solution. Their study showed
that the flower-like structures was formed via a nucleation-aggregation-crystallization
growing process, while the cube like structures grew following a nucleation-crystallization
path due to the variations in the reacting solution alkalinity. In addition, lower alkalinity was
observed to increase the particle size in the cubic structures. Even though lots of perovskite
with multiple morphologies have been fabricated, this method still needs efforts to apprehend
the factors for synthesizing perovskites [90]. The summarize of various synthesizing

strategies mentioned in the previous paragraphs is presented in Table 1.1.

Table 1. 1 Synthesis method of perovskite structured mixed metal oxides

Synthesis Method Purity Calcination Sget (M%Q)
temperature
Ceramic solid-state Poor >1000C <5
Microwave Excellent 600-800<C Not mentioned
Co-precipitation High 800<C 10
Sol-gel Excellent 800-1000<C 20
Spray drying/Freeze Excellent 700-1000C Not mentioned
Reactive grinding Moderate 550C 10-105
Nanocasting High 500-700 € 100-150
Hydrothermal High No calcination step Not mentioned
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1.4 Problem Statement and Research Motivation

The development of novel metal oxide oxygen carriers remains the bottle neck for the
advancement of a variety of sustainable processes. Even though several milestones were
achieved using transition metal based binary oxides, issues including structural stability and
carbon deposition are yet to be solved. Perovskite structured (ABO3) mixed metal oxides
with a rich redox chemistry and physicochemical properties are proven to be ideal on this
regard and have recently been applied to a variety of redox processes such as Chemical
Looping Combustion (CLC), thermochemical fuel production, etc. In these materials, the
0xygen non-stoichiometry (3), can be varied by changing parameters such as temperature
and pressure. However, most promising perovskites developed so far constitutes multiple
cationic substitutions that require extreme synthesis conditions such as high temperature.
Therefore, design and activity monitoring of simple materials that can operate at
comparatively lower temperatures and are carbon resistant are highly desired and challenging.
For this purpose, the research interests of this thesis focus on studying isothermal redox
properties of the perovskite oxide material CaMnQOg at various selected temperatures (600 C
—900<C) under CLC operating conditions. In addition, since fundamental insights are rather
scarce, regarding the effect of B-site substitution on the redox performance of this interesting
material, studies were carried out by incorporating cationic substitution in this thesis. Varying

amounts of Fe substitution were carried out in the B-site of CaMnOs.

1.5 Objectives
The overall research goal of this thesis is to synthesis and to study the composition and

structure behaviors of CaMnO3 under isothermal redox conditions and the effect of Fe
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substitution on the redox properties of CaMnOs. Therefore, the research work is divided into

the following specific objectives:

1. Synthesis a series of perovskite oxides including pristine and Fe substituted CaMnO3 using
Pechini method.
2. Investigation of the important physicochemical properties with comprehensive
characterization techniques in the following aspects:

a. Phase compositions (XRD)

b. Structure morphologies (SEM)

c. Surface elemental distribution (EDS)
3. Analysis of the reactivity of the prepared perovskite oxide materials in a
Thermogravimetric analyzer (TGA) under the isothermal CLC of methane conditions.
4. Analysis of the stability and structural integrity of the materials in multiple redox cycles.

5. Investigation of the phase change behaviors with a gaseous CLC fuel such as methane.

1.6 Organization of the Thesis

Chapter one gives an overall introduction to the background of redox materials applications
and development history as well as the structure and synthesis strategies of the perovskite
oxide materials. Based on all the discussions, the motivation for this study is delivered and
the objectives are stated. Chapter 2 explains the characterization techniques used to describe
the perovskite oxides and the experimental synthesizing methods. Chapter 3 presents the
studies on the redox properties of undoped CaMnOs. Its structural and compositional
behaviors were comprehensively probed at different temperatures with various

characterization techniques and thermogravimetric analyzer. Chapter 4 further examined the
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effect of B-site substitution with Fe on CaMnOs. The redox activity and stability were tested.
The performance was correlated with tolerance factor, electronegativity and surface element

configurations. The conclusions and suggestions for future work are given in Chapter 5.
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CHAPTER 2: EXPERIMENTAL SECTION
2.1 Synthesis of Perovskites
The corresponding chemical amounts of CaMnOs and a series of Fe substituted perovskite
materials are listed in Table 2.1. They were synthesized by Pechini method using metal
nitrates as precursors. The Pechini method has the advantage to achieve improved chemical
homogeneity on the molecular scale with lower calcination temperature compared to

traditional ceramic method.

Table 2. 1 Synthesized Perovskite formulation in this thesis

Sample Ca(NOs)24H20 Mn(NO3)2 4H20 Fe(NOz)3s 9H20 Citric  Ethylene

ID Acid Glycol
CMO 1.181 ¢ 1.255¢ - 2.882 0.621¢g
CFM5P 1.181 ¢ 1.192¢ 0.101g 2.882 0.621¢g
CFM19 1.181g 1.130 g 0.202 g 2.882 0621lg
CFM28 1.181g 1.004 g 0.404 g 2.882 0621lg
CFM37 1.181g 0.879 g 0.606 g 2.882 0621g
CFM46 1.181 ¢ 0.753 g 0.808 g 2.882 0.621¢
CFM55 1.181¢ 0.628 g 1.01g 2.882 0.621¢

Stoichiometric amounts of desired cation metal nitrates Ca(NO3)2 4H20, Fe(NOz)3; 9H-20,
and Mn(NOs), 4H20 (all > 97% purity, Sigma-Aldrich) and citric acid CsHsO7 (> 99%
purity, Sigma-Aldrich) were dissolved in 30 ml deionized water. The amount of citric acid
was adjusted to attain a ratio of 1.5 with total metal ions. After complete dissolution, ethylene
glycol (citric acid: ethylene glycol = 1.5:1) was added and kept stirring for 3 h more. This
solution was transferred to an oven preheated to 80<C and dried for 48 h. The resultant dry

foamy mass was ground well and calcined at 900 <C for 5 h in a programmable muffle furnace
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using the temperature—time profile presented in Figure 2.1, producing finely powdered dark

gray samples.

1000
900
800
700 A 2 °C/min
600 -
500

400
300 2 °C/min

200 4 175°C,3h

900 °C, 3h

500 °C, 4h

Temperature (°C)

100 - 2 °C/min

0 5 10 15 20
Time (hr)

Figure 2. 1 Temperature program for calcination

The sample synthesis of CaMnOs procedure via the Pechini method is shown in Figure.2.2.

. . CeHsO;
Ca(NO,),'4H,0 Mn(NO,),4H,0 H,0 (Citric Acid)
Stirring
Solution Ethylene Glycol
Stirring
Mixture
Dried at 80 °C
Mixture
Calcined at 900 °C

Final Product

Figure 2. 2 Sample synthesis procedure via Pechini method
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The numbers in the formulas represent the molar percentage of each element on B site of the
perovskite oxides (For example, CMO is the short form of CaMnQO3, CFM37 is the short form

of CaFeo3Mno 703, and CFM5P is the short form of CaFeosMno.9503)

2.2 Characterization Methods

Comprehensive characterizations are necessary to be performed to reveal the properties of
the synthesized materials such as crystallinity, phase identities, textural morphologies and
surface properties. XRD, SEM and EDS were used to thoroughly understand the prepared

perovskite oxide materials and are summarized in the following paragraphs.

2.2.1 Powder X-Ray Diffraction (XRD)

The XRD analysis is a reliable non-destructive technique to identify crystalline phases or
determine material structure properties. Materials can be recycled after conducting XRD
analysis. During a typical XRD measurement, electrons are accelerated by high voltage in
the X-ray tube and collide with a metal anode target. X-rays are produced when outer orbital
electrons occupy the vacant left by ionized electrons of the k shell. Since the transition energy
solely depends on the nature of the element, every element has its characteristic spectrum.
The most commonly used anode material is copper. When an X-ray beam strikes the
crystalline powder, the selective scattered beam diffraction will be captured by an X-ray
detector and recorded as a function of angle only if the glancing angle satisfies the Bragg
law. The intensity of diffractogram at certain angle depends on the constructive and
destructive interference among X-ray diffracted. The relationship between the scattering

angle and the distance of lattice planes is given by Bragg™s law:
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nA = 2d - sinB (2.1)

where n is the order of diffraction, A is the wave length of incident X-ray, d is the distance
between the reflecting planes and 6 is the angle between the incident beam and the scattering
plane. Bragg’s law demonstrates the relationship between interplanar distance d, and the

reflection angle 0 as illustrated in Figure 2.3.

Incident
plane wawve "

2d sin @

Figure 2. 3 X-rays being reflected by crystallographic planes [91]

Each individual crystalline compound has its unique powder x-ray diffractometer pattern,
characterized by angle of reflection and intensity of each reflection. Comparison of the
position and intensity of the reflections with those of known materials leads to a qualitative

phase identification.

In this thesis, all XRD patterns were obtained from a Rigaku Multiflex X-ray Diffractometer

with Cu Ko radiation (A =0.15418 A) as the X-ray source. The full diffractogram for each
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analyzed material were recorded in the 20 range of 20 °to 80 scanning speed of 2.0 7min, at
40 kV tube voltage and 44 mA tube current. Identification of crystalline phases was
performed by comparison with standard diffraction patterns (powder diffraction file PDF-2,

International Center for Diffraction Data, ICDD) in MDI Jade 7.

Rietveld method, which was developed in 1960s by Hugo Rietveld, was used to further study
crystal structures of the perovskite oxide materials synthesized in this thesis. Rietveld
refinement analysis is developed to estimate the intensities of diffraction peaks in an XRD
pattern to retrieve structural information about crystalline materials. During the refinement
process, least square methods are carried out to obtain the best fit by minimizing of the
residual S, which is the difference between an experimental XRD profile and calculated

pattern. The formula for calculating S is given in Equation 2.2:

S =2iwi(Wio — Vic)? (2.2)

where wi=1/Yio, Yio is the observed intensity at step i and yic is the calculated intensity at step
i. When performing the refinement, parameters such as crystal structure (unit cell, atom
positions and displacement parameters, etc.), instrumental and specimen parameters (scale
factors, peak broadening, the background, preferred orientation, etc.) could be varied to
improve the match between observed and calculated diffraction patterns. To achieve better

refinement result, a good structure model is necessary to initiate the process.

The goodness of fitting between the observations and the model is estimated by R-factors.

These R-factors are error factors that are minimized as the fitted pattern approaches the
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experimental pattern. Smaller R-factors represent better fitting approaches. The R-values
used in this thesis are the profile Ry and the weighted profile Rwp. The R-factors are given in
Equation 2.3 and 2.4. In this thesis, Rietveld refinement is mainly performed using GSAS
(General Structure Analysis System) software package to study the cell parameter changes

upon substituting Fe cation on B-site of CaMnO3 perovskite crystalline structure.

Rp =Z|yio_yic|/(zyio) (2.3)

pr =[x Wi(yio - yic)z/(z Wiyizo)]z (2-4)

Another quality factor used is the chi square (y2), also known as goodness factor, given in

Equation 2.5.

X2 =X w;(Vio — ¥ic)*/(N — P) (2.5)

where N is the total number of independent observations in all histograms and P is the number
of refined parameters. It is generally accepted that a good refinement is achieved with R

factors less than 10% and ¥ less than 2.

2.2.2 Scanning Electron Microscopy (SEM) & Electron dispersive X-ray spectrometry
(EDS)

SEM is an essential technique to characterize the solid surface morphologies through high-
resolution imaging. During this characterization, the sample is interacted with a focused

electron beam as a source of illumination. The electrons are generated by a schottky field
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emission gun and are accelerated through a column towards the sample in the sample
chamber. The electron beam is condensed by a condenser and focused by an objective lens.
As aresult, signals consisting of mainly secondary electrons (SE), high-energy backscattered
electrons (BSE) and X-rays will be emitted. The SEM images are generated based on signals
with varying intensity coming from the sample. Specifically, the low-energy secondary
electrons give the information about topography of the sample. On the other hand, the
backscattered electrons are closely dependent on the atomic weights of elements presented
in the specimen. Thus, it can be used to differentiate surface elements of the sample based
on the atomic weight. The working principle of SEM is demonstrated schematically in Figure

2.4.

Scannning Electron
Microscope (SEM)

Anode

Magnetic i
lenses - . Detector

Figure 2. 4 Schematic diagram of SEM [92]
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Electron dispersive X-ray spectrometry (EDS) is an additional analytical technique usually
attached to the SEM equipment and used for elemental composition analysis of the sample.
It is based on the emitted X-ray signal generated when high energy electron falls into the low
energy level to fill the vacancy. The emitted X-ray is uniquely dependent on the element
species. Consequently, the X-ray can be utilized to qualitatively analyze the elemental
content of a selected area in specimen. In this work, the prepared perovskites were analyzed

using this technique to determine the distribution of interested elements.

In this thesis, the SEM images of the studied materials were obtained at magnification ranges
of 5,000X to 200,000X with an electron beam of 15 kV, using a FEI Quanta 250 FEG field
emission scanning electron microscope. EDS (energy dispersive spectroscopy) analyses of

the samples is performed with a Quantax 5030 Silicon Drift Detector.

2.3 Redox Activity Monitoring Experiments

Thermogravimetry is a technique for measuring mass change of a substance under varying
gas atmospheres and temperatures. Isothermal redox behavior including oxygen capacity and
thermal stability of the prepared perovskite materials were evaluated in a thermogravimetric
analyzer (NETZSCH TG 209 F1 Libra). In a typical run, approximate 20 mg of oxygen
carrier were placed into an alumina crucible. The thermal balance was calibrated with an
empty alumina crucible under before each experiment. The reduction step was performed
under an CHas flow (99.999% purity, <2 ppm O) with varying concentration from 10% to
30% at appropriate temperatures (600-900<C) for 7 minutes. Re-oxidation of the partially
reduced oxides was performed under air (50%, balanced with Nitrogen) at the same

corresponding temperature for 15 minutes. Between each reduction and re-oxidation step,
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there is a 6-minute inert gas (N2) purge to avoid mixing of combustible reducing agent with

air. All heating and cooling steps were performed with a ramp rate of 45 <T/min. Both

reduction and re-oxidation flow rates are 20 ml/min at ambient pressure. In this thesis,
materials were tested for 1 redox cycle for initial redox behavior evaluation and for 15 cycles
for further stability investigation. The programmed redox cycles are designed to mimic CLC
operating condition to study the redox properties and behaviors of the perovskite oxide
materials. The oxygen release during reduction induced a mass loss (Amreq), Whereas oxygen
incorporation during re-oxidation induced a mass increase (Amoyx). The mass variations were

used to determine the oxygen carrying capacity (Ro) of the carriers and defined as follows:

R, = Lox—Mred) (2.7)

Mox

Where Amreq represents the oxygen release during reduction induced a mass loss, whereas
Amox stands for oxygen incorporation during re-oxidation induced a mass increase.
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CHAPTER 3: ISOTHERMAL REDOX PROPERTIES OF CaMnO3

3.1 Abstract

Perovskite structured mixed metal oxides (ABOz) are one promising category of redox
materials widely investigated for applications in various sustainable processes. In this study,
we monitored the compositional and surface structural evolution of CaMnO3z under redox
conditions at selected temperatures. The redox efficiency and stability of CaMnO3 was found
to be temperature dependent. Despite enhanced sintering resistance and phase stability at
600<C, the amount of oxygen release/uptake was low. At 750<C, phase changes were found
to diminish the redox efficiency in the long run. In contrast, at higher temperatures (900 <C)
stable oxygen uptake/release capacity was observed despite significant extent of sintering
and the associated structural and phase changes. The present study indicates that material
composition and temperature determine the redox chemistry of CaMnO3 perovskite oxides.
Interestingly, no noticeable amount of surface carbon deposition was detected under any

stages of operation for this material.

3.2 Introduction

Perovskite oxides (ABOs3) constitute one of the most widely studied category of materials for
applications in various sustainable processes including heterogeneous catalysis, redox
reactions and electrochemistry [93-96]. Physicochemical properties of these materials can be
tailored in accordance with the desired applications by varying the A/B/O-site compositions.
Partial or complete incorporation of active metal cations in the lattice and redox stability by
accommodating anion non-stoichiometry, are considered to be the most important attributes
of perovskites. Materials that can release/uptake oxygen in a cyclic manner are highly desired

for the advancement of emerging sustainable energy applications including solar
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thermochemical fuel production, chemical looping combustion (CLC) and solid oxide fuel
cells [97-99]. Significant efforts were recently made to modify the redox efficiency of
perovskite structured oxygen carriers by integrating enhanced oxygen non-stoichiometry
while maintaining structural stability [78, 100-102]. Unfortunately, noteworthy performance
among perovskites is achieved mostly in the case of complex multi-component substitutions
in the cationic sites and at high temperatures, mostly exceeding 1000 <C, stimulating major

stability concerns.

On the other hand, CaMnOz3 is recently emerging as a promising candidate owing to its
comparatively low temperature redox chemistry (<1000°C). Performance evaluation along
with kinetic and thermodynamic investigations were recently carried out for this material in
CLC and air separation where high oxygen mobility, tolerance for multiple cation
substitutions and high temperature stability were observed [103-105]. Even though with all
these interesting traits, studies to tailor the redox properties of CaMnQOs are still focused on
multiple cation substitutions in the A and/or B-sites. However, variations in compositions
leading to cation segregation during redox cycling could deteriorate the efficiency [106].
Hence, efforts are inevitable to obtain the insights regarding the evolution of composition
and microstructure as a function of temperature to further optimize the redox chemistry of

CaMnOs.

3.3 Experimental Section
Polycrystalline CaMnOs perovskite oxide was synthesized by following the Pechini method.

Stoichiometric amounts of metal nitrates, citric acid and ethylene glycol were used as the
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precursors. In a typical synthesis, Ca(NOs)s-6H20, Mn(NOs).-4H20 and citric acid were

dissolved in 30 ml distilled water. The molar ratio between Ca and Mn was fixed to be unity.
The amount of citric acid was adjusted to attain a ratio of 1.5 with total metal ions. After
complete dissolution, ethylene glycol (citric acid: ethylene glycol = 3:2) was added and kept
stirring for 3 h more. This solution was transferred to an oven preheated to 80 <C and dried.
The resultant dry foamy mass was ground well and calcined at 900 <C for 5 h, to obtain phase

pure CaMnOs.

X-ray diffraction (XRD) was performed on a Rigaku Multiflex X-ray diffractometer with a

Cu Ko radiation (A = 0.15418 nm, 20 = 20 - 80, steps = 0.02 26, recording time = 2s).

Identification of crystalline phases was performed by comparison with standard diffraction
patterns (powder diffraction file PDF-2, International Center for Diffraction Data, ICDD).
XRD was used for phase identification of the fresh and materials recovered after use. The
particle morphology and surface structure were analyzed using a high-resolution field
emission scanning electron microscope (FEI Quanta 250 FEG), with an electron beam of 15
kV. EDS Analyses were performed with Quanta 5030 Silicon Drift detector. Monitoring of
the surface structure evolution during the redox cycling of CaMnOs was performed at
selected temperatures (600, 750 and 900 <C). The heating stage was performed with a ramp
rate of 30 <T.min under N, atmosphere, followed by reduction step with pure CH4 and re-
oxidation step with pure O respectively while keeping the low vacuum pressure of 100 Pa.

High voltage of 25 kV was used throughout the high temperature SEM operation.
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Isothermal redox experiments were performed using a Netzsch TG 209 F1 TGA. The balance
was calibrated with an empty alumina crucible. Sample masses of approximately 20 mg were
used for each analysis. Thermal reduction step was performed under CH4 (10-30% in Ny) for
7 minutes and re-oxidation was performed under Oz (10% in N2) for 15 minutes. Isothermal
redox steps were performed at selected temperatures (600, 750 and 900 <C). All heating and

cooling steps were programmed with a ramp rate of 45 <T.min™.,

3.4 Results and Discussion

In the present study, we synthesized phase pure and crystalline CaMnO3s perovskites by
following the Pechini method (see experimental section). This method is facile and well-
studied, and the perovskites thus obtained were previously found to exhibit better redox
chemistry and stability [102]. CH4 was used as the reducing agent and O> was used for re-
oxidation, as in CLC. Variations in the composition, non-stoichiometry and microstructure
during the reduction and re-oxidation, were examined. Monitoring of surface structure
evolution was performed using high temperature scanning electron microscopy (SEM). In
this case, images were collected under isothermal conditions during CH4 induced reduction
and re-oxidation under O, at selected temperatures between 600 — 900<C. The wide-angle
powder X-ray diffraction pattern obtained at room temperature confirmed the presence of
CaMnOz after calcination at 900<C. At lower temperatures, reflections corresponding to

impurity phases were also observed (Figure 3.1).

34



—CMO-700
—CMO-800
—CMO-900

I N i
N J N Y N

intensity (a. u.)

A Arh, A; A, S . A, S A
20 30 40 50 60 70 80
26 (°)

Figure 3. 1 Wide angle XRD patterns of CaMnOs calcined at 700, 800 and 900<C

Reflections corresponding to any binary oxide impurities were not observed in the wide-
angle region indicating the absence of phase segregation for the material calcined at 900<C
(CMO0-900). Later on, room temperature SEM analysis was performed to obtain information
regarding morphology and surface structure, and representative images are provided in
Figure 3.2. Randomly agglomerated dense particles with irregular morphologies were
observed for CMO-900. Different from other perovskite compositions synthesized by similar
methods, inter-particle pores were clearly visible to a large extent. From high magnification
SEM images, it is clear that the material consists of primary particles of approximately 150
nm, which were strongly agglomerated to form further large crystallites. Elemental mappings
were performed on this material and the results indicate rather uniform distribution of the

cationic species along with oxygen, throughout the surface of CaMnOs. Such presence of
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surface oxygen in a uniform manner is the core to facilitate the redox activity in oxygen

carriers.

Figure 3. 2 SEM images of as-synthesized CaMnO3 calcined at 900 <C. Elemental mappings
for the corresponding regions are shown for Ca, Mn and O.

Thermochemical redox schemes in CLC over perovskites generally constitute CH4 induced
reduction and re-oxidation under Oz (~1000<C) [107]. On the other hand, solar processes for
splitting CO2 and H»O utilizes concentrated solar energy for carrying out thermal reduction
(~1400<C) followed by re-oxidation producing CO and Ha respectively. Here also, recent
attempts were reported to bring down the reduction temperature by coupling with partial
oxidation of CH4 [108]. However, success in carrying out these redox reactions under
isothermal conditions at lower temperatures are limited. Our studies clearly indicate
noteworthy isothermal redox activity for as synthesized CaMnO3z between 600 — 900<C
(Figure 3.3). Redox performance of perovskite oxides at temperatures as low as 600 <C, is

rarely observed and in this study, a reduction extent of & = 0.14 was observed for CaMnOs3
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during the CHas induced reduction step. During the simultaneous isothermal re-oxidation

under O, a 8 value of 0.14 was obtained indicating total re-oxidation.

Mass (%)

0 5 10 15 20 25
Time (min)

Figure 3. 3 Isothermal reduction and re-oxidation profiles of CaMnO3 at selected
temperatures

Wide angle XRD analysis was performed for materials recovered after reduction and re-
oxidation at this temperature. Interestingly, the observed patterns in either case demonstrate
that the perovskite structure remained intact during the complete cycle (Figure 3.4 and Figure

3.5).
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Figure 3. 4 Wide angle XRD patterns of CaMnOQOs3 perovskites recovered after reduction at
600, 750 and 900<C.
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Figure 3. 5 Wide angle XRD patterns of CaMnQOs3 perovskites recovered after re-oxidation
at 600, 750 and 900C.

Further, at 750<C, an enhanced extent of reduction was observed. Here again, the oxygen
uptake during the re-oxidation was found to regain the initial perovskite structure after one
complete cycle. Wide angle XRD patterns after reduction indicates the destruction of
perovskite structure leading to the formation of CaosMnosO. Perovskite structure was

regained during re-oxidation in this case, however, with the presence of some minor impurity
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peaks. One probable reason is that even though surface oxygen is replaced back during the
re-oxidation step, complete incorporation of the lattice oxygen back into the structure is
hindered. The reduction extent at 900<C is the same as that obtained at 750<C. Total re-
oxidation is seldom achieved in this case. Initial reduction destroyed perovskite structure
forming Cao.sMnosO which on re-oxidation resulted in the formation of CaMnO2s. Presence
of some CaMnO3 cannot be excluded in this case since some peaks in the wide angle XRD
of the recovered material after one cycle can also be indexed to CaMnQOs. These results
clearly indicate that even though the reduction process remains the same, temperature

predominantly determines the nature of the material during re-oxidation in the first cycle.

Later, redox experiments were conducted by varying CH4 partial pressure and the obtained
profiles are shown in Figure 3.6. At 600°C, the evolution of & values after the reduction step
was found to vary according to the partial pressure of methane. However, at 750<C and
900°C, the o values remained consistent irrespective of the partial pressure variations
performed in the present study. This could be because of the fact that theoretical maximum
was already achieved. Considering all these results, it can be concluded that temperature

predominantly determines the redox chemistry of this material, during the first cycle.
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Figure 3. 6 Evolution of 6 values as a function of temperature at various partial pressures of
CHjs. Dashed lines correspond to reduction and solid lines corresponds to re-oxidation

To obtain information regarding the redox stability at 600<C, long term experiments were
conducted for 15 cycles and obtained redox profiles are shown in Figure 3.7. Even though
lower, constant reduction and re-oxidation extents were observed during the entire period
and perovskite structure was found to be retained after 15 redox cycles as evident from the
wide angle XRD patterns given in Figure 3.8. However, at 750<C, strong deactivation was
observed for this material after two cycles. No reflection corresponding to the perovskite

structure was observed for the material recovered after 15 cycles at 750 <C.
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Figure 3. 7 Isothermal reduction and re-oxidation profiles of CaMnO3 at 600, 750 and
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Figure 3. 8 Wide angle XRD patterns of CaMnOs3 perovskites recovered 15 redox cycles at
600, 750 and 900<C
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The observed pattern was entirely different from the one obtained for the material recovered
after one cycle shown in Figure 3.4. It is clear that the variations in phase progresses along
with the number of cycles at 750 <C. On the other hand, excellent redox stability was exhibited
by CaMnO3 at 900<C for 15 cycles. In this case the material recovered after stability tests
belonged to CaMnOgs. This clearly indicate that in contrast to what observed at 750<C,
variations in material composition take place only during the first cycle at 900<C and the
resulting CaMnO2s exhibited highly stable redox performance throughout the period of
study. One further interesting observation is that irrespective of the temperature and duration
of the reaction, CaMnOs totally resisted CHa splitting reaction and thereby the carbon
deposition, for up to 30% of CHg in the reactant feed. Consequently, no indication of carbon
deposition over the redox material was observed at any temperatures which can be confirmed
by the absence of a mass variation profile corresponding to carbon deposition between the

reduction and re-oxidation steps.

As mentioned before, further performance enhancement of the CaMnO3 for redox cycling
and for other high temperature applications, may be achieved by utilizing these materials
with well-defined morphologies and/or pore structures. Advanced approaches to overcome
the stability concerns can possibly be developed from the insights obtained by monitoring
the high temperature structural evolutions during the redox cycles. Such information may
also be used to derive the mechanistic aspects of redox processes. In combination, these can
critically contribute towards the modification of the existing processes and to design novel
material combinations for applications in sustainable redox processes. Such efforts are scarce
in the literature [109] and therefore high temperature SEM studies were performed to monitor

the variations in surface structure in CaMnOs during redox process (Figure 3.9). These results
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clearly indicate excellent microstructural stability during reduction and re-oxidation at 600
and 750 <C. This means significant variations in the specific surface area or porosity were not

observed.

Fresh mininCH, 7mininCH, 7 min air 15 min air

Temperature (°C)

Figure 3. 9 In situ SEM images of CaMnOs3 obtained during reduction/re-oxidation cycles
at 600 T (a), 750<C (b) and 900 T (c).

Therefore, comparatively lower performance at 600 <C can be attributed to the lower amount
of surface oxygen released. Similarly, at 750 <C structural stability is quite evident from the
SEM images and the diminished performance during the long-term run can be attributed to
the phase changes occurring during cycling. Loss of microstructure and porosity to some
extent was clearly visible from the high temperature SEM images obtained at 900<C. Since
largest oxygen release/uptake amounts for prolonged duration was observed at this
temperature, it can be concluded that the lack of stability is not due to carbon deposition and
sintering issues. Instead the composition and oxygen release capacity of the phase obtained

after the first redox cycle seems to determine the overall stability and performance of
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CaMnO:s. Thus, regardless of the higher extent of sintering and structural changes observed,
the variations in the oxidation state of manganese determined the redox stability and hence

the efficiency in the long-term experiments.

SEM images were obtained for all the materials recovered after performing the redox cycling
tests. Two representative regions were observed and were studied using EDS. Since the
distribution of Mn and Ca were found to be uniform in all the materials, the focus was to
determine the variations in surface oxygen content. No significant variations in the particle
size and surface structure were observed for the material cycled at 600 <C (Figure 3.10). Inter-
particle pores were clearly visible to a large extent. Elemental mappings indicate a
homogeneous distribution of the Ca, Mn and O throughout the surface, similar to fresh

CaMnOs.
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Figure 3. 10 SEM images of CaMnOg recovered after one redox cycle at 600 <C. Elemental
mappings for the corresponding regions are shown for Ca, Mn and O.

Clearly, the phase, surface structure and elemental distribution is not affected and hence a
consistent redox performance was observed during 15 cycles at 600<C, as evident from
Figure 3.11. These results are in agreement with the fact that the perovskite structure is

maintained, as evident from the XRD pattern.
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Figure 3. 11 . SEM images of CaMnOs recovered after 15 redox cycles at 600 <C. Elemental
mappings for the corresponding regions are shown for Ca, Mn and O.

Further, sintering was observed to some extent for the material cycled at 750<C and the
elemental distribution remained uniform after one cycle (Figure 3.12). This implies that the

composition remained intact after one redox cycle.
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Figure 3. 12 SEM images of CaMnOz recovered after one redox cycle at 750 <C. Elemental
mappings for the corresponding regions are shown for Ca, Mn and O.

However, severe deactivation occurred for CaMnO3z during the long term run for 15 cycles
(Figure 3.13). Particle agglomeration was observed from the SEM images and elemental
mapping clearly indicated surface oxygen deficiency in some regions for the material
recovered after 15 cycles. These results agree well with the XRD pattern showing the
complete collapse of perovskite structure resulting in the formation of a mixture of CaMnO2 s
and CaMnOzs. Melting to some extent was evident in the surface region of the material

recovered after long term cycling tests. However, the inner regions were found to maintain
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their original porous architecture. It is to be noted that the observed oxygen release and

uptake was much higher than what is obtained at 600 <C.

Figure 3. 13 SEM images of CaMnOs recovered after 15 redox cycles at 750 <C. Elemental
mappings for the corresponding regions are shown for Ca, Mn and O.

At 900, largely agglomerated particles were observed for the materials recovered after one

cycle (Figure 3.14).
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Figure 3. 14 SEM images of CaMnOz recovered after one redox cycle at 900 <C. Elemental
mappings for the corresponding regions are shown for Ca, Mn and O.

Further enhancement of this agglomeration was not visible after 15 cycles. Interestingly, two
regions one having oxygen distribution similar to fresh CaMnQOs3 and one oxygen deficient
region, were observed (Figure 3.15). This oxygen deficient region can be attributed to

CaMnO: s as observed from the XRD pattern.
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Figure 3. 15 SEM images of CaMnO3 after 15 redox cycles at 900 <C. Two different regions
were observed indicating the presence of oxygen deficiency

Regarding applications involving fuel production as in solar thermochemical process,
utilization of CO> as an oxidant seems to be more realistic. However, in this case, additional
issues such as slow kinetics, carbonate formation, etc, needs to be overcome. Specifically,
for Ca-based compositions chances are quite high for the formation of carbonates in presence
of CO». For example, ex-solution of Ca from CaMnOs is quite likely during reduction and
this Ca cannot be accommodated back into the perovskite lattice in case of carbonate
formation. Thus, further optimization is inevitable to stabilize the perovskite structure. We

believe that this can be achieved by partially substituting with cations less prone to
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carbonation. Also, such cationic substitutions could either enhance the low temperature redox

performance or can resist the undesired phase variations at high temperatures.

3.5 Conclusion

In conclusion, the isothermal redox properties of perovskite structured CaMnO3z was studied.
Preliminary investigations performed with CH4 as the reducing agent and O as the oxidizing
agent (as in CLC), demonstrates that this material has promising potential. Specifically,
oxygen release and uptake were observed for CaMnOs at a temperature as low as 600<C.
Perovskite phase was found to be stable at 600<C from wide angle XRD patterns before and
after cycling. Redox performance was in agreement with the state-of-the-art materials at
higher temperatures. The structural variations during cycling experiments were probed by
conducting high temperature SEM analysis and the results indicate that structural changes
were not observed at lower temperatures until 750<C. Interestingly, sintering observed at
900<C does not affect the performance, exhibiting consistent oxygen release/uptake values
for 15 cycles. Temperature and the related phase changes determined the redox performance

of these materials.
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CHAPTER 4: B-SITE SUBSTITUTION EFFECT ON CaMnO3s REDOX
PROPERTIES

4.1 Introduction

In last few decades, thermochemical redox cycle technologies have drawn extensive interest
among scientists for their promising applications in aspects including green energy
generation as well as CO capture processes. Traditionally, the desired thermochemical
routes were considered to be composed of two steps: a high temperature endothermic step,
where partial reduction would take place in the non-stoichiometric metal oxide
accompanying the evolution of oxygen gas; followed by a low temperature exothermic step,
where the partially reduced metal oxide would be re-oxidized into its original form [110]. A
step ahead, Muhich et al. demonstrated that isothermal redox cycles are more efficient than
temperature-swing thermal cycles for time and energy losses occurring in the process of
heating and cooling the metal oxide frequently [111]. Indeed, isothermal redox cycles are
much more promising in time and energy efficiency aspect and the development of effective
and stable redox materials is one of the key aspects for commercializing this technology.
Also, the use of a reducing agent such as methane was previously proven to bring down the

operating temperature to a large extent [112].

Among various redox materials studied so far, perovskites are unique owing to their superior
redox Kinetics at comparatively lower temperature [113]. A variety of possibilities can be
achieved by the perovskite material in tuning its physiochemical properties by partially or
completely substituting different metallic cations in the A and/or B-sites. In addition, they
have the ability to retain their crystallographic structure during multiple high temperature

redox cycles. The general reaction can be represented by the following equation:
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ABO3 <> ABO35+ 8/2 02 (4.1)

The extent of anion non-stoichiometry and unusual cation oxidation states arising as a result
of cation substitution significantly influence on the redox properties of these materials.
Several perovskite structured oxides, especially the ones with doped cations on A and/or B-
site, have demonstrated superior redox performance. Scheffe et al. showed that Sr doped
LaMnOs has more reducible oxygen capacity than CeO; at 10 bar O in the temperature
range of 1250-1650<C for solar thermochemical splitting of H.O and CO- [114]. Later on,
McDaniel et al. demonstrated that doping LaMnOs with Sr and Al could also result into
superior redox performance to CeO2, with nine times H, yield and six times CO yield

respectively when reduced at 1623 K and re-oxidized at 1273 K [115].

Out of various perovskite materials that have been studied so far, Ca based perovskite
materials have been proven to exhibit huge potential for applications involving
thermochemical redox cycles. A variety of pristine and A- and B-site substituted CaMn-
based perovskites were previously studied for applications including air separation and solar
fuel production [116, 117]. However fundamental insights are rather scarce, regarding the
effect of B-site substitution on the redox performance of this interesting material. In this
chapter, a series of CaMn-based perovskites Fe (5-50%) substitution in the B-site of the
crystal structure were synthesized to study the effect of Fe when substituted on B-site of

CaMnOs perovskite structural material.
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4.2 Structure Analysis of Fe Substituted CaMnOs Materials

Fe substituted CaMnOs3 particles were synthesized by Pechini method and calcined at 900°C.
The detailed synthesis route was introduced in detail in Chapter 2.1. Whether a transition
metal dopant can incorporate effectively into perovskite is heavily dependent on the nature
of the specific element and structure of the parent material. In an ideal case, dopant can be
dispersed into the pristine structure homogeneously and maintain the original perovskite
structure. The XRD patterns of Fe doped perovskite materials with different doping
concentrations are shown in Figure 4.1 (a). The numbers in the labels denoted the molar
percentage of each element on B site of the perovskite oxides (For example, CMO is the short

form of CaMnQO3, CFM37 is the short form of CaFeg.3sMno.703)
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Figure 4. 1 (a) Wide angle XRD patterns of Fe doped CaMnOs perovskites (b) main peaks

of XRD patterns

Identification of crystalline phases was performed by comparison with standard diffraction
patterns (powder diffraction file PDF-2, International Center for Diffraction Data, ICDD) in
MDI Jade 7. The results confirmed the presence of the doped CaMnOs.5 perovskite phases in
all the combinations. With lower dopant concentration, Fe (up to 20%) is effectively
incorporated into the structure without any secondary phases. However, with higher dopant
amount, minor amounts of impure phases started to form, indicated by peak segregation (23<
and 339 and diminishing (49 “and 61 ). Additionally, the incorporation of Fe into the B-site
leads to a shift in the peaks, which can be clearly seen in the peak centred at 34 < This shift

is a consequence of the distortion introduced by doping with larger cations. Cell refinement
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was performed for pure phase materials (CMO, CFM5P, CFM19 and CFM28) to study the
effect of dopant on lattice parameters by GSAS. The calculated lattice parameters for phase
pure materials are summarized in Table 4.1, and fitting patterns of Rietveld refinement using
the orthorhombic symmetry with Pnma space group can be found in the Appendix. It can be
observed that both the lattice parameters and unit cell volume increase upon Fe-doping.
Similar trend is also observed by Singh et al. [118] when they replaced Mn by Fe in
composition LagsCao.1sNao.csMni-xFexOs. Replacing Mn** in CaMnOs by other transition
metal elements with other different sizes could result in lattice size variation. Since the ionic
size of B-site species is following the order: Mn**< Fe3*< Mn3*< Fe?*, the increase in the

lattice constant is expected when doped by Fe especially with lower oxidation state.

Table 4. 1 Rietveld refinement lattice parameters and statistics for pure phase oxygen

carriers
CMO CFM5P CFM19 CFM28
Space group Pnma Pnma Pnma Pnma
a (A) 5.2817(4) 5.2922(5) 5.3018(12) 5.3072(5)
b (A) 7.45555(27) 7.4671(4) 7.4810(17) 7.4989(8)
c(A) 5.27170(24) 5.2770(5) 5.2895(11) 5.3028(7)
Mnacc 1.00 0.95 0.90 0.80
Feacc 0 0.05 0.10 0.20
Cell Volume (A3 207.590(19) 208.531(30) 209.80(8) 211.04(4)
v 1.3032 1.2800 1.3150 1.3635
Rp (%) 9.73 9.24 10.70 10.75
Rup (%) 6.20 6.63 6.97 6.79
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4.3 Surface Analysis of Fe Substituted CaMnO3; Materials

The SEM images of prepared perovskites are shown in Fig. 4.2. All samples synthesized
have randomly agglomerated particles and inter-particle porous structures. In addition, with
increasing Fe dopant concentration, the particle size increases accordingly. Higher degree of
agglomeration and shrinking pore size can also be observed as a trend. Theoretically, in
application of CLC, lower pore volume could end up with more deficient redox performance

due to the diffusion limit (less surface area) in the pore structure [119].

Figure 4. 2 SEM of Fe substituted CMO

EDS were performed to check the existence and distribution of interested the elements in the

surface of synthesized phases. The element mapping of the CaMn1.xFexO3 phases are shown
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in Fig. 4.3. Irrespective of Fe substitution concentration, cation elements distributed
homogeneously on the surface of the materials. No noticeable amount of element
concentrated areas due to secondary phase formation were detected on the surface of the

materials.
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Figure 4. 3 Element Mapping of Fe substituted CMO

4.4 I1sothermal Redox Performance in TGA

Addition of secondary metals into the A- or B-site of the perovskite would possibly improve
the stability of the parent CaMnOs structure while obtaining more favorable redox properties.
Pure CaMnOs is observed to decompose from perovskite structure into brownmillerite

structures above 750°C in after redox cycles. Fig. 4.4 showed redox performance of pure and
Fe doped CaMnOs under isothermal CLC condition at temperatures from 600°C to 900°C.

All the materials exhibit reactivities at temperature as low as 600°C, which is rarely observed
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for other oxygen carrier materials under CLC condition. Both pure and doped CaMnO3

managed to retain perovskite structures after a full cycle at 600°C and 750°C. At 900°C,

however, only doped samples could resist transforming into brownmillerite structure

(ABO2:5). This structure is more thermodynamically stable at elevated temperatures (> 750°

C) under CLC conditions as observed in Chapter 4. In addition, the formation brownmillerite
phases can diminish the oxygen transporting capacity permanently due to their difficulty to
regenerate back to the perovskite structure in air under temperatures typical of chemical
looping systems. Fe doped on B-site of the perovskite has significant impact on the redox
properties of CaMnOs3, where both perovskite structure stability and the redox performance
were enhanced simultaneously. Interestingly, the effect of Fe on improving the redox
performance is highly dependent on the doping concentrations and experimental

temperatures. At 600°C, CFM5P almost double the reduction extent compared to CMO, with

oxygen carrying capacity (Ro) of 3.5%. The reduction extent of the materials with increasing
Fe doping concentration start to drop accordingly. However, for materials with over 40%
dopant concentration, the material redox performance is lower even compared to pure
CaMnOs. This behavior can be attributed to two factors. Firstly, as the impure phases formed
as observed in XRD patterns, which has much lower or no oxygen transporting capacity
compared to perovskite compositions at CLC operating conditions. Also, the materials with
over 30% of Fe doping concentration has much less pore structure and high extent of particle
agglomerations as seen in Figure 4.2. The unfavored morphology could help hider the

performance of the materials in redox cycles. When the temperature reached 750°C and 900°

C, the iron doped material undertook approximate same level of oxygen release, which is
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around the thermotical maximum value for the perovskite to form rock-salted structures

(CaMnOy).
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Figure 4.4 Isothermal redox profiles of pure and various Fe doped CaMnQOs at selected

temperatures (a) T=600°C, (b) T=750°C, and (c) T=900°C

Carbon deposition resulting from CHs decomposition during the reduction step is one major

issue that can hinder the long-term performance of perovskites during redox cycling. Also,

long-term stability of the materials as oxygen carriers is essential for CLC system to keep the

process running without replenishing the oxygen carriers frequently. On this regard, multi-

redox cycle experiments with 10% methane and 50% air were conducted for the phase pure
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materials (CMO, CFM5P, CFM19 and CFM 28) to examine carbon deposition problems and

material stabilities under long term redox conditions. Fig. 4.5 presents 15 redox cycles TGA

profiles of pure phase Fe-doped CaMnOgz at 600°C to 900°C with undoped CaMnOs as

comparison.
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Figure 4.5 15 redox cycle TGA profiles of pure and various Fe doped CaMnO3 at selected

temperatures (a) T=

600°C, (b) T=750°C, and (c) T=900°C
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As Figure 4.6 shows, the long term redox performance of the selected materials is highly
dependent on the reaction temperatures. Fe substitution tailored the stability of CaMnOz in
different extent according to various doping concentration. All the tested materials exhibit
little or no deactivation, showing stable performance at 600 <C. However, when temperature
was increased above 750<C, some of the materials demonstrate steady decay in the amount
of released oxygen as a function of time. This phenomenon has been widely observed for the
perovskite-type materials and is reported in literatures [120-122]. In addition, all Fe doped
materials show enhanced stability and oxygen carrying capacity at each temperature.
Especially for CFM5P, which possesses highest redox extent and stability at 600<C and
900<C. In the medium temperature (750<C), however, CFM28 demonstrated strongest
resistance of the transforming perovskite structure into brownmillerite. The amounts of

oxygen released from materials tested in long term experiments are shown in Table 4.2,

Table 4. 2 Oxygen released (mmol.gt) of prepared perovskites during various redox

conditions

Material Cycle 600C 750C 900C

CMO 1 cycle reduction 0.4993 3.4399 3.4836

CMO 15 cycles reduction 0.5507 1.3094 2.2937
CFM5P 1 cycle reduction 0.9920 3.3021 3.4923
CFM5P 15 cycles reduction 1.0594 1.7832 3.4287
CFM19 1 cycle reduction 0.8126 2.8930 3.3108
CFM19 15 cycles reduction 0.8343 1.6640 3.1024
CFM28 1 cycle reduction 0.7545 2.6577 3.1273
CFM28 15 cycles reduction 0.8105 2.0406 2.5010
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It can be clearly seen that at 600 <C all the materials release slightly more oxygen at the 15"
cycle compared to the first one, which means the perovskite structure is stable at this
operating condition regardless of doping concentration. Also, the materials got more
activated along with cycling numbers. Especially for CFM5P, it can be observed that this
material has superior reduction extent compared to other counterparts. 5% doping
concentration increased the performance to the largest extent. However, the performance
decreased even with further efforts to incorporate more Fe on B-site. These results are in
accordance with Wang and co-workers, who found that the addition of Fe can have either a
promoting or a suppressing effect on catalytic steam reforming of tars depending on the
added contrition [123]. Based on size effect theory proposed by Imanieh et al., the oxygen
capacity of the perovskite structured materials can be related to ionic motion mechanism.
When Mn** was replaced by larger cations, it created expanded pathways for oxygen to be
released/uptaken. As a result, more Fe doping should result into more oxygen transportation
in redox cycles, which does not match the experimental results obtained [124]. Another
theory proposed by Liu et al. stated that transition metal species on B-site has huge impact
on oxygen transporting capacity based on their electronegativity difference [125]. By this
theory, when more Fe (electronegativity = 1.83) replacing Mn (electronegativity = 1.55), the
smaller difference between oxygen (electronegativity = 3.44) makes the bond more difficult
to be broken. In this way, more Fe doping should result into less oxygen transportation
capacity of the material. Based on the results obtained, the combination of these two
explanations could be used to explain the observed behaviors. With doping amount less than
5%, size effect dominates, while electronegativity effect dominates with higher doping

concentration.
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At 750<C, the oxygen carrying capacity (Ro) of all the materials dropped gradually over the
cycles. However, more Fe concentration on B-site seem to resist the perovskite structure
transformation. At 900 <C, CFM5P has excellent performance compared to undoped CaMnO3
and materials with higher doping concentration. It can be concluded that Fe improved the
stability and redox performance of CaMnOs at all the tested temperatures. However, the
redox improvement behavior is a function of both doping concentration and experimental
temperature. At 600<C and 900 <C, low Fe dopant (5%) has the best performance, while in
the medium temperature (750<C), high Fe dopant enhanced the stability and redox extent
most. It can be concluded that perovskite with small dopant concentration (CFM5P)
successfully maintained the stability of undoped materials at elevated temperature (900 <C).
However, with more Fe amount presented, the combination showed more medium
temperature stability. The potential reason is that higher Fe doping concentration may lead
to less sintering resistance, consequently, less high temperature stability. In general, Fe
successfully increased both oxygen carrying capacity and stability of CaMn-based materials

simultaneously.

4.5 Conclusions

The present study investigated the effect of Fe doping on the redox properties of CaMnO3
perovskite type oxygen carriers. The phase compatibility with CaMnO3 parent structure,
oxygen carrying capacity, phase stability, and CLC performance of these doped oxygen
carriers were studied. Secondary phases were formed when dopant concentration was high.
Fe was found to be fully compatible with the CaMnO3 parent structure for up to 20%. Fe
dopant was observed to significantly improve the phase stability of CaMnO3 based oxygen

carriers.
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The redox properties of CaMn-based perovskite oxide oxygen carriers were found to be a
function of both temperature and doping concentration. At 600<C, 5% Fe substitution
exhibited best performance. CFM5P managed to double the oxygen carrying capacity
compared to the undoped material (CMO) while maintaining stability of perovskite structure
in multicycle experiments. However, at 750<C, all synthesized materials were observed to
decompose as experiments proceeded. Among the samples, CFM28 showed superior stability
and redox capacity. When the temperature was increased to 900 <C, CFM5P presented stable
redox behavior which can be fully re-oxidized back to perovskite form as well as high oxygen
carrying capacity which reached maximum theoretical value between perovskite (ABO3) and
brownmillerite (ABO:2 ) structures. Potential reasons on explaining the effect of temperature
and doping concentration on tailoring redox properties were also thoroughly discussed.
CFM5P (CaFeo.0sMno.9503) was proposed as the most promising perovskite oxygen carrier

candidate due to its overall performance.

65



CHAPTER 5: CONCLUSIONS AND PERSPECTIVES

5.1 Conclusions

Materials with redox cycling properties have drawn extensive research attention and have
found applications in many clean energy sections. In this thesis, CaMn-based perovskites
were investigated in CLC processes for inherent CO> capture purpose. The materials were
synthesized using Pechini method. Detailed preparation procedure was summarized. Studies
of finding the lowest possible calcination temperature were carried out. 900C was
determined as the optimum calcination temperature for pure crystalline materials formation

indicated by XRD patterns obtained of the materials calcined at different temperatures.

Comprehensive characterization techniques including XRD, SEM and EDS were utilized to
study the composition and morphology of the synthesized materials. In cases of probing
phase and structural changes of CaMnQOs during redox cycles, the sample was characterized
after several stages of reactions. The results were used to correlate observations from weight

loss/gain during redox reactions in TGA at various temperatures (600-900 <C).

The sample CaMnOs was first examined under one redox cycle under various concentration
of methane (10% - 30%) and 50% of air. The TGA profiles and XRD patterns indicated that
the material could retain its perovskite structure at 600 <C. However, when the temperature
was increased above 750<C, the material was reduced into rock-salt type (CaMnO3). Re-
oxidation at 750<C and 900 <C resulted into different compositions. At 750 <C, the material
remained perovskite after one redox cycle, while the phase was transformed into mixture of
CaMnO25 and CaMnO3 at 900<C. Information obtained by SEM and EDS also confirmed

the observed phase and structural evolution during the redox experiments. In addition, the
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material showed resistance to the deactivation by sintering as indicated by high temperature

SEM.

Moreover, multicycle experiments were carried out in TGA to study the performance of
CaMnOs in CLC during longer operating conditions. The results showed that the material
showed high stability at 600 <C. However, the sample gradually lost its perovskite structure
during cycling at 750<C. At 900<C, the phase transition was stable between CaMnO. and
CaMnO2ss. The residual samples after experiments were characterized by XRD, SEM and
EDS in order to evaluate their changes after reduction and oxidation processes during
multicycle experiments. In conclusion, perovskite structure of CaMnOg is only stable at
temperature below 750<C. At elevated temperatures, brownmillerite structured CaMn-based

oxide has (CaMnOz:s) shown higher thermodynamic stability.

After probing the phase and structure evolution of base material, effect of B-site substitution
with Fe investigated aiming at tailoring the redox properties of CaMnQOas. Different
concentration of Fe (5% - 50%) was doped to replace Mn. XRD patterns revealed that
materials with doping concentration more than 30% cannot incorporate into perovskite
structure completely. High substitution concentration resulted into secondary phases
formation. Moreover, the crystalline size is increasing with doping concentration since Fe3*
and Fe?* has larger ionic size compared to Mn*". The pure phase doped CaMn-based
perovskite oxides (CFM5P, CFM19 and CFM 28) were examined for their redox in a TGA

at same experimental conditions with the undoped material.
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Based on their redox performance in TGA, Fe can be concluded to increase the stability of
CaMnOs perovskite structure as well as enhanced its oxygen capacity. Among all synthesized
materials, perovskite with 5% doping concentration (CFM5P) has best overall performance,
especially at high temperature (900<C). The possible reasonings of Fe effect in improving

CaMnOs performance were also discussed in detail.

5.2. Suggestions for Future Work

The suggested recommendations for future work are as follows:

1. In this study, TGA was used as the main equipment for investigating redox behavior of
materials. To obtain properties of the oxygen carrier such as attrition and agglomeration,

experiments in a fluidized bed reactor with perovskite pellets are recommended.

2. Also, a flue gas detector such as (Fourier-transform infrared spectroscopy) FTIR is
recommended to be installed with TGA to further understand the performance of the studied

materials in CLC application.

3. In this thesis, efforts were focused on studying the effect of B-site substitution with Fe.
Other transition metals including Co, Ni, Cu on B-site substitution or alkaline earth metal
including Sr, Y, La on A-site substitution could be investigated to further enhance the redox

performance of CaMnO:s.
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Appendix:

GSAS cell refinement

—Measured

« Calculated
—Difference

:;:' Bragg positions

>

‘»

c

B ﬁ

c

A JL A
e . h
20 30 40 50 60 70
20 (°)

Figure A- 1. XRD data and corresponding Rietveld refinement results of CMO

Intensity (a.u.)

—Calculated

~ Measured

—Difference
Bragg positions

20

| 70
26 (°)

Figure A- 2. XRD data and corresponding Rietveld refinement results of CFM5P
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Figure A- 3. XRD data and corresponding Rietveld refinement results of CFM19

—Calculated

~ Measured

—Difference
Bragg positions

,_ﬁ

26 ()

Figure A- 4. XRD data and corresponding Rietveld refinement results of CFM28
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