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Abstract

Oxygen enrichment is of growing importance in industry, with processes ranging from oxy-
fuel combustion to the Claus process relying upon this technology. The major limiting factor
of the technology is the cost of oxygen. Oxygen production is most often performed by
cryogenic distillation, however redox cycling of oxygen non-stoichiometric materials is an
attractive and potentially cheaper alternative. Metal oxides such as copper or cobalt oxide, can
be used to produce oxygen by redox cycling however, low stability over redox cycling make
them unattractive. Non-stoichiometric materials, such as perovskites, have greater cycling

stability, however, three main issues prevent widespread implementation, namely:

Issues with characterisation techniques — oxygen diffusion rates are often so high that mass
transfer limitations mask the true rates of oxygen diffusion in a material using traditional
diffusion characterisation techniques such as electrochemical relaxation making accurate
modelling of the materials difficult

High temperature operation — The materials often studied operate at temperatures of
approximately 800°C. For oxygen enrichment processes, air is typically the feed gas for the
oxidation step, requiring air to be heated by approximately 750°C. Some of this heat can be
recovered, however it is more efficient to have a material that does not require such a large

temperature increase.

Low oxygen capacity — Many perovskite and non-stoichiometric materials have a cyclable
oxygen capacity two orders of magnitude lower than that of the metal oxides. This requires
fast cycling which can lead to particle degradation as well as large pressure drops and
unwanted gas mixing, depending upon the size and type of reactor bed.

In this work, a new characterisation technique to avoid mass transfer limitations is explored.
Additionally, the thermodynamics and crystal structure of a low temperature and high oxygen
capacity non-stoichiometric material, namely YBaCo4O7:+s, is studied, before a feasibility

study of the material for oxygen enrichment is performed.
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until 430°C, at which point the sample was held isothermally for 114 minutes to
remove the incorporated oxygen. The sample was subsequently cooled in a pO- of
0.21 bar to 310°C taking approximately 15 minutes, at which point the sample was
held isothermally for 105 minutes. The black dashed line shows at which point the

material underwent the helium pre-treatment. ............cccoeeeiiecii e 195

Figure 7.13 — Change in the oxygen non-stoichiometry (Ad) per cycle versus the
cycle number, for YBaCo04O7+5 cycling between a pO2 of 0.21 bar at 310°C and

argon. During the first 15 cycles the argon reduction step occurred at 500°C, and the
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subsequent 14 cycles the reduction step occurred at 430°C. The sample was heated
from 310°C at a rate of 20°C/min in argon until the reduction temperature, at which
point the sample was held isothermally to remove the incorporated oxygen. The
sample was subsequently cooled in a pO of 0.21 bar to 310°C taking approximately
20 or 15 minutes respectively for 500 and 430°C, after which point the sample was
held isothermally for a total duration of 120 MIiNUteS..........cccccovevveeiieiie e, 196

Figure 7.15 — Rate of oxygen release from YBaCo407 versus pO. for temperatures
ranging from 370 t0 430°C .....cuvvi i 199

Figure 7.16 — Plot showing pO. versus length as calculated using the model using

step SizeS 0f 1, 5aN0 10 CIM. ..vveivieiieccccce e 201

Figure 7.18 — Plot of calculated data showing the change in & versus length of a
reactor bed of YBaCo4Oy7 treating a (a) 10 Mw, (b) 100 Mw, and (c) a 600 Mw
power plant exhaust stream operating at 430 °C........cccoocveiiiiiienieniie e 203
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Chapter 1 — Application and production method of oxygen

1.1 The uses of oxygen

Over the last few decades, oxygen demand has increased significantly worldwide. In Japan

alone, between 12.09 and 13.1 billion m® of oxygen was produced each year between 2012

and 2017 [1]. The uses of oxygen are varied, and applications include medical treatments, the

production of rocket fuel, and oxygen enhanced combustion processes to produce steel and

glass. Table 1.1 below shows some of the more common uses of oxygen.

Table 1.1 — List of processes in which pure oxygen is used

Process

Reason

Medical applications

Welding

Gasification

Oxygen is widely used in the medical industry to help manage
respiratory conditions, by increasing the concentration of oxygen
in the lungs, allowing for easier diffusion into the body, with
documented uses as early as 1794 [2]. Additional applications
such as hyperbaric oxygen therapy are also widespread [3]. With
the current Covid-19 pandemic, the need has increased, and many

countries are suffering shortages [4].

Oxy-fuel welding or oxy-fuel cutting, are techniques where fuel is
mixed with pure oxygen and ignited to cut or bind metal. The
advantage of oxy-fuel welding is a higher oxygen concentration,
allowing higher flame temperatures [5].

Gasification is a technique where a carbon-based fuel is partially
oxidised in a mixture of oxygen and water vapour at high
temperatures (approx. 700°C) [6]. This treatment produces syngas
(a mixture of CO,, Hz, and CO), along with water vapour. This
technique is used to convert materials with low energy density
(i.e. an organic waste or crop, such as switchgrass [7-8]), or
simply a solid fuel such as coal into a high energy density
gaseous fuel [9-10]. This is an essential step of pre-combustion
CO2 capture, where after gasification, the concentrated CO: is

sequestered, and the hydrogen-rich fuel is combusted [11].
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Ecological use

Regeneration of

catalysts

Chemical production

Oxygen enriched

combustion

Oxygen enhanced

Oxygen or oxygen-enriched air is used in wastewater treatment,
most commonly the activated sludge process [12-13]. The
additional oxygen allows micro-organisms to digest waste faster,
as the most common bacteria favour aerobic digestion. Higher
oxygen concentrations allow for faster mass transfer rates of
oxygen. The solubility of oxygen in wastewater also increases
with higher partial pressures of oxygen (pO2-s), described by

Henry’s Law [14], increasing oxygen concentration.

Coke deposition on catalysts has severe impacts on performance
for various chemical reactions [15-16], the degree dependent upon
whether the carbon is deposited on the material’s surface or at the
active sites of the material [17]. Oxygen enriched air is used to
regenerate the material, by burning the deposited carbon, as
higher concentrations allow for faster combustion [18]. Similar

results have been seen for H2S and SOx poisoning [19].

Oxygen is used as a precursor for many different chemical
processes, such as in the production of an important precursor to
polyvinyl chloride (PVC) - 1,2 dichloroethane [20]. This
precursor is produced using the oxychlorination route, where
ethane, hydrogen chloride, and oxygen-enriched air are mixed at
500°C.

Additional oxygen during combustion reduces capital and
expenditure costs of multiple processes, by improving the
efficiency of combustion. Benefits include improved flame
stability with higher oxygen concentrations, increased fuel
efficiency, and reduced CO production. The most efficient use of
oxygen in these processes involves increasing the concentration of
oxygen in the air stream to 30%, with limited benefits for higher
concentrations [21-22]. This oxygen can either be added to the gas
stream, or nitrogen removed from an air stream, to increase the

relative oxygen concentration.

In the presence of a suitable catalyst, a small amount of O co-fed

with the WGS feed can improve the conversion of CO whilst
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water gas shift

Autothermal

reforming

Claus process

Ammonia synthesis

Oxy-fuel combustion

Glass production

Biogas production

Oxygen enriched

combustion

maintaining a high yield of H> in the product stream [23-24]

Oxygen is used to partially combust methane, providing the heat
required for the otherwise endothermic methane reforming [25].

Oxygen is used to convert H.S to SO, and water which can be
further processed to allow recovery of sulphur and removal of

acid gas from exhaust streams [26-28]

Oxygen enrichment can control the N2 to Hy ratio during ammonia

synthesis, improving the reactor efficiency [29-30]

Combustion of fuel in a stream of CO2 and O; instead of air can
produce a COy-rich exhaust that can be easily captured with

minimal gas separation and treatment [31]

The melting kiln is fed oxygen-enriched air, both improving the
fuel efficiency and reducing the NOx and CO2 emissions of the

process [32]

Biogas gasification to produce syngas often occurs using a two-
stage method, similar to coal gasification. Pilot plant studies show
that oxygen-enriched air increases the conversion of biomass to
syngas [33] and additional studies have shown this increases the
lower heating value of the final product gas and reduces problem
char [34].

The use of oxygen-enriched air for fossil fuel combustion has
been shown to increase the fuel efficiency for many different fuel
types including methane, diesel, and coal [35-37]. Most air/fuel
burners can adapt to run to oxygen concentrations of under 28%
with no modifications to the system, and this adaptation has
significant impacts on the combustion [38-39].
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FCC is an important industrial process, converting low-value
heavy hydrocarbons into higher-value products such as gasoline.

) ) During operation, zeolite catalysts used for the process will
Fluid catalytic

) deactivate due to coking [40]. High reactivity can be restored to
cracking (FCC)

these materials by burning off the carbon, and studies have shown
oxygen enrichment of the combustion air by 5% is the most

efficient concentration for the process [41]

Table 1.1 demonstrates the importance of oxygen for many industries. From the examples
shown, oxygen within a process rarely needs to be of high purity. For industrial purposes,
high mole fraction oxygen is often produced and transported, to then be blended or mixed
with a process gas to achieve a mol fraction of = 30-40% for most oxygen enrichment or
oxygen enhanced combustion processes. Producing gas mol fractions of 30-40% in-situ would
be preferable, rather than obtaining, storing, and mixing pure oxygen. This is for several
reasons namely, reducing required transport, improving site safety, and supply chain

considerations.

The next section, reviews in detail three major industrial processes which benefit from oxygen
enrichment. These are oxy-fuel combustion, steel and glass production, and the Claus process.
The aim is to highlight the potential benefits of the addition of pure oxygen into a process gas

stream and the potential factors that must be considered when designing systems.

1.1.1 Oxy-fuel combustion

Over the last 50 years, the amount of CO> and other greenhouse gases in the atmosphere has
increased substantially. This increase in greenhouse gases has caused a significant rise in
global temperatures [42-43], leading to a variety of potential issues, such as rising sea levels
and drought. There has been widespread concern from many nations, leading to the forming
of several important legislation, limiting greenhouse gases from each country (i.e. The Paris
Agreement and The Kyoto Protocol [44-45]).

While there has been much progress in developing low CO; technologies, such as solar cells
and tidal power [46-47], no technology is currently able to completely replace fossil fuels.
Biofuels have been examined to potentially replace fossil fuels, however, several issues such
as large variability in water content and energy density make application difficult [48].
Additionally, biofuels raise environmental concerns and require large amounts of water for

growing the fuel [49]. Promising results for co-fed furnaces mixing fossil and biofuels, to
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lower the carbon footprint of processes are in the early stages of development, but offer

potential improvement [50].

Perhaps more importantly, the amount of new infrastructure required to replace fossil fuel is
significant, when industrial and societal requirements are examined. Therefore the cost of
completely replacing fossil fuels is thought by many to be too large [51]. For this reason,

carbon capture and storage is one of the preferred technologies for reducing greenhouse gases.

There are four main branches of carbon capture and storage (CCS), describing multiple
technologies. These are:

e Capturing CO. released post-combustion — namely separating the products of
combustion using membranes or scrubbing technologies (using liquid solvents such as
monomethylamine or mineral salts) [52-53]

e Capturing CO; released pre-combustion— during gasification, carbon-based fuels are
partially combusted to produce a mixture of H, and CO (with some CO3). After this
step, the CO is further combusted to CO2, which is then separated before the
combustion process, leaving a high-quality hydrogen gas stream [54-55]

e Chemical looping combustion — This process uses a solid oxygen carrier (such as iron
oxide), which reacts with a fuel producing a high purity exhaust stream which can then
be captured easily, with the oxygen carrier going from its oxidised state to a reduced
state. The oxygen carrier can then be recovered by reacting with air to re-oxidise [56-
57].

e Oxy-fuel combustion — this process involves the addition of oxygen into a recycled
exhaust gas in which the combustion occurs. This produces a CO»-rich exhaust stream
with no nitrogen present, which can then be easily captured. [58-59].

The oxy-fuel combustion process (often known as the O2/CO. recycle process) was first
suggested by Abraham et al. to produce large quantities of high purity CO> for the facilitation
of enhanced oil recovery (EOR) [60]. However, Horn and Steinberg discussed the method

with a greater focus on capturing the emissions from fossil fuels [61].

A significant issue with combustion is that the oxidising stream is typically air, which is
composed of a mixture of oxygen and nitrogen along with other impurities. As nitrogen is not
involved in the oxidation of a hydrocarbon fuel, this unreacted nitrogen exits along with the

CO2 exhaust stream as shown in Eq.1.1, diluting the final product stream.

CH,+20,+8N, > CO,+2H,0 + 8 N, AH = -890kJ/mol  Eq.1.1
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This reduction in the pCO., due to the diluting nitrogen, increases the cost and difficulty of
capturing CO> with traditional capture techniques [62]. In the oxy-fuel combustion process, as
no nitrogen is used in the process significantly easier capture of the exhaust is found.

Air-based combustion may also produce NOx via the Zeldovich reaction (Eq. 1.2-1.3) due to
the large presence of nitrogen in the furnace chamber [63]. NOy is a harmful gas, causing acid
rain and ozone smog if released into the atmosphere. The release of NOy to the atmosphere is
controlled under stringent environmental regulations, requiring additional exhaust cleaning

processes to remove.

K1/K2

N,+0«—NO+N AH = -318kJ/mol Eqg. 1.2
K3/K4

N+0,——NO+0 AH = -272kJ/mol Eq. 1.3

Oxy-fuel combustion has been shown to reduce the amount of NOx produced, due to the
reduction of nitrogen in the system, as well as the flame temperature of the process [64-67].
Further reductions have been found by staging oxygen addition, to maintain a high pO>
throughout the reactor [68]. Improvements in SOx removal during de-sulfurization are also
reported, due to sulphates condensing from the flue gas [66]. However, SO> remains an issue
for the process, and novel systems are still being implemented to mitigate this [69]. Air leaks
into the system also cause issues, particularly with older retrofitted furnaces [70]. Leaks

increase the nitrogen content of the gas stream, reducing the efficiency [71].

Studies show that a minimum pO: of 0.3 bar is required for oxy-fuel combustion [66-67], due
to the higher heat capacity of CO2. Lower pO2s do not facilitate combustion, snuffing the
furnace flame, while excess oxygen ratios are seen to give more complete combustions [72].
Water must generally be removed from the system for gaseous fuels, as higher water content
shifts the ignition temperature of methane to higher temperatures due to dilution [73]. With
solid fuels, this is not seen to be a concern [74]. Some papers promote increasing steam
concentration with solid fuels, reporting lower ignition and burnout temperatures of the solid
fuel when 20% of the CO: is replaced with steam [75]. Water in the stream can also give
beneficial impacts on the removal and treatment of SO> [76]. It has also been shown that for
oxy-fuel combustion, waste minerals such as calcium are also more likely to form carbonates

—which are more likely to slag [77].

Heat transfer from a furnace is also less efficient in oxy-fuel combustion. This is due to lower
furnace temperatures, caused by a higher specific temperature of the gases [78], as well as the
actual mechanical design [79]. Particle temperatures of the fuel are also lower for combustion
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in an O2/CO2 mixture — although this has been seen to give less sooty flames due to CO>
promoting a low devolatilization rate of organic material [80]. Burnout time and temperature

are lower in an oxy-fuel system, but this can be mitigated by increasing the pO: [81].

Several pilot studies of the oxy-fuel combustion process have been conducted by the Argonne
National Laboratory [82] as well as The International Flame Research Foundation (IFRF) to
examine the potential of the process [83]. The IFRF during their study concluded that the
process was feasible and that the radiative and convective heat transfer between an oxy-fuel
and traditional air-fed furnace were similar. Flame stability, combustion performance, and gas
composition were also found to be similar and a recycle ratio of 0.61 between the recycled gas
and new oxygen was found to be the optimum configuration (although this value was found to

vary somewhat with different fuel stocks) [83].

A major advantage of oxy-fuel combustion over other CCS technology is the ability to retrofit
existing furnaces, allowing easy implementation [84-85]. The major downsides are additional
costs and energy penalties. These issues arise from the compression of CO; and the cost of
producing oxygen to enrich the recycled flue gas. The Institute of Carbon Capture and Storage
estimated that oxy-fuel combustion could require up to 25% of the energy produced during a
powerplants operation [86]. Oxy-fuel combustion has large capital costs associated with the
start-up of a plant, however, several studies have shown that retrofitting existing plants is
cheaper than other carbon capture methods [87-88]. In these studies, the costs per tonne of
CO2 captured were estimated to be $55 for traditional air combustion with post-combustion
MEA scrubbing as opposed to $35 for oxy-fuel combustion. Sensitivity analysis showed the
biggest decrease in costs would come from a reduction in the cost of oxygen separation.
Recent studies have shown membrane separation of oxygen can be competitive at small scales
for this process, however larger air separation units — typically cryogenic processes, are still
more cost-effective at a large scale [89]. The energy costs of these processes are large and

greatly increase costs.

There are multiple engineering schemes of oxygen enrichment and CO capture for an oxyfuel
combustion system [90]. One of particular interest is the Allam cycle. In this scheme, fuel is
burned with oxygen and supercritical CO,. A high-pressure exhaust feeds a turbine expander
creating a subcritical CO2 mixture containing water. This fluid is cooled in a heat exchanger,
heating the recycled CO; stream. The water is condensed out, leaving high purity CO2 which

can be compressed and recycled, or removed and captured [91].
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Further improvements of operating schemes are ongoing, with researchers attempting to
utilize the oxy-fuel combustion exhaust gases. Tri reforming of methane is one method
researchers are looking to use exhaust CO> streams for. This involves simultaneous dry and
steam reforming, as well as partial oxidation of methane, producing syngas [92]. The use of
the oxy-fuel exhaust stream is suitable for this due to the high concentration of CO; and lower
concentration of N> compared to the traditional air combustion exhaust stream [93].
Additionally, the higher average oxygen content of the oxy-fuel exhaust gases is also seen to
prevent coke formation during tri-reforming [94]. It has been shown that using an oxy-fuel
combustion exhaust stream for the process converted 3 times more CO2 per mole of methane
[95]. Similarly, gasification of biomass has been examined and found to be a promising use of
the exhaust stream [96].

The combustion of “dirtier” fuels such as coal is of particular interest for oxy-fuel
combustion. It has been seen that the combustion of coal in an oxy-fuel combustion system is
more efficient than that of biomass [97], although due to the environmental issues with coal
the desire to use this as a feedstock is decreasing. To mitigate this, dual feed of biomass and
coal has been examined in oxy-fuel combustion systems, and biomass addition of 30-50%
was found to improve the combustion, due to increased combustion temperatures at the
bottom of the bed [98].

1.1.2 Claus process

Hydrogen sulphide is a dangerous gas that in the atmosphere leads to the formation of acid
rain, damaging local environments, as well as having toxicity comparable to carbon
monoxide. HS is often found as an impurity of many fossil fuels, such as natural gas or crude
oil, requiring removal. One technique for the removal of this gas is the Claus process. The
Claus process oxidises H»S through a two-stage reaction [99] shown in Eqg. 1.4 and 1.5
producing water and sulphur. The Claus process is additionally the most common method to

produce sulphur worldwide.
2H,S +3 0, -» 250, + 2H,0 AH = -518kJ/mol Eqg. 1.4

Sulphur is an important precursor for many chemical processes. The most common use is to
produce sulphuric acid for fertilisers; however, it is also used for steel and rubber production
as well as in cement, explosives and matches. To show the size of the market, Table 1.2
presents the amount of sulphur exported from the top five sulphur producing countries in
2015 [100].
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Table 1.2 — List of top five sulphur producing countries and the value of exports in 2015

Country Sulphur exports in 2015 (U.S.$)
United Arab Emirates $545,797,000
Russia $346,775,000
Qatar $331,387,000
Canada $312,511,000
Kazakhstan $286,992,000

The first of these reactions is known as the thermal treatment step [101]. During this step, the
H>S is oxidised, releasing large amounts of heat and creating large amounts of SO». Typically,
1/3 of the process gas undergoes this first reaction to maintain the correct gas ratio for the
second step of the process, during which SOz and H.S are reacted to produce the elemental
sulphur. This process has thermodynamic limitations, so the removal of water from the feed
gas is desired [102]. This occurs at high temperatures of approximately 1050°C [103] and any
hydrocarbon present in the feed must be effectively removed, as these can have negative
impacts on the catalysts [104-105].

After the thermal step, the high-temperature gas is passed into a waste heat boiler [106]. This
step is to recover the energy from the thermal step, and high-quality steam of approximately
50 bar is produced. The sulphur produced during this step is then cooled and collected in a

condensation unit before passing to the next step.

The second step is the catalytic step, where the reaction shown in Eql.5 occurs in the
presence of a catalyst such as activated aluminium or titanium oxide [107]. This is typically
performed three times for higher yields, with each step being cooler than the one previous, the
first staying at 330°C, with subsequent steps at 240 and 200°C. The exhaust gases after these

steps are cooled, allowing condensation and collection of elemental sulphur.

The above reactions only remove 94-97% of the H>S in the gas stream [108], meaning
additional treatment such as adsorption or absorption towers are required to meet most
environmental regulations [109]. Additionally, this process is suitable for a feed gas with an
H>S content of greater than 25%, gas separation and treatment are required for lower H>S

contents.

24



Additionally, the hydrogen content of the stream is wasted, and the process forms low-grade
steam instead of a usable product [110-110]. There have been several other recommendations
to improve this process, including the use of oxidative catalysts instead of porous alumina
[112-113] which operate at 100 — 300°C, and the thermal decomposition of H.S to produce
hydrogen following Eq. 1.6 below [14].

H,S & H, +0.5s, AH =20kJ/mol Eq.1.6

Reaction 1.6 is endothermic, requiring additional energy to become favourable meaning that
high temperatures are needed [15]. To enable this, it has been proposed to couple the thermal
decomposition and oxidation reaction of H.S, balancing the energy requirements of the

process.

Oxygen enrichment for the Claus process is commonly used as a method of increasing the
furnace temperature during the thermal step [116-117]. Studies have shown that the oxidation
rates of H2S increased with the increasing pO>'s, with the additional benefit of reducing the
number of side products [117]. Additionally, this oxygen is used to prevent more stable
hydrocarbons such as benzene from damaging the catalyst, by allowing temperatures above
1050°C to be reached [118].

1.1.3 Oxygen enriched combustion

The thermal efficiencies of many high-temperature combustion processes, such as glass or
steel production are low, with studies estimating a thermal efficiency, (i.e. useful heat to
produced heat), of 20 — 30% for glass production [119]. There are many reasons for this low
efficiency ranging from the start -stopping of the furnace or changing production
requirements. Most of this wasted energy originates in the flue gases, which can account for
30 — 50% of the wasted energy [120].

One method to improve the efficiency of a furnace is an increase in the pO of the combustion
furnace. Chen et al. found that increasing the oxygen concentration reduced the fuel
consumption by 26% in an industrial-style furnace [121]. Increasing oxygen concentration
above 25% however, often does not give significant improvements to a process, as the amount

of fuel saved does not cover the cost and energy required to produce the pure oxygen [122].

Additionally, oxygen excess in the furnace may decrease the formation of NOy, a significant
issue when using coal as a fuel source [123]. This additional oxygen can give significant
improvements to the stability of a flame [124].
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Typically, oxygen is added into a flowing gas stream, before it reaches the furnace as this is
cheap and easy to retrofit, although higher efficiencies can be achieved by injecting the
oxygen directly into the furnace itself [125].

Many processes use oxygen enrichment to allow the furnaces to reach higher temperatures or

to reduce fuel consumption in their high-temperature furnaces, most commonly:

e Steel production
e Glass production
e Lime kilns

e Power generation

1.1.4 Conclusions on the use of oxygen within industrial processes

Many processes benefit from oxygen enrichment, and that there is a growing need within
industry for oxygen enrichment in the 21 — 30% range to improve efficiencies. It is also clear
that the more widespread use of these processes is hampered by the high cost of pure oxygen.

1.2 Methods of oxygen production

At present, there are four main methods used to produce oxygen, dependant on the scale and

quality of oxygen required. These methods of oxygen production are;

e Cryogenic distillation

e Pressure swing adsorption
e Membrane separation

e Chemical separation

In this section of work, a review of these methods will be conducted.

1.2.1 Cryogenic distillation

Cryogenic distillation was first conceived by Michael Faraday in the late 1800s. Faraday
studied the decomposition of solidified chlorine crystals with large quantities of water
present. Upon heating to 100°C, the water and chlorine separated forming two layers upon
cooling, which he could easily distill from each other. This occurred at temperatures at which
the chlorine should have been in the gas phase. Faraday hypothesised that the pressure caused
by the heat and separated water vapour prevented chlorine from becoming gaseous. He
confirmed his theory by pressurising chlorine gas within a capped syringe and condensing it
[126]. From this simple concept, the technology was derived.
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During air separation by cryogenic distillation, air is filtered before compression. This
removes most water, with the rest removed through a molecular sieve. This sieve, as well as
removing the water, also lowers the amount of CO, as both gases would freeze and block the
piping during the process. Additionally, hydrocarbons are removed, as during the purification
these may reach high concentration, causing potential explosion hazards [127]. The gas is
cooled and reheated, giving a nitrogen-rich gas and oxygen-rich liquid (alongside argon and
other gases). The boiling temperatures of nitrogen, argon, and oxygen -195, -186 and -183°C
respectively, so fine control is needed. For increased purity, secondary or tertiary distillations

may be required, with each additional distillation improving purity.

Cryogenic distillation requires large distillation columns, and the process is energy-intensive,
making it suitable for large-scale processes [128]. This technology is considered developed,
with most current research on reducing losses from the processes and stored gases [129] or
improving efficiency. Improvements in process efficiency rely upon integration with other
processes such as oxy-fuel combustion [130-131] or recuperation of the heat added [132].
Combining cryogenic distillation with the vaporisation of liquified natural gas (LNG) [133] is
one integration method of much interest. LNG is typically stored at ambient pressure, at
temperatures of -162°C, and the energy required for refrigeration is often wasted when the gas
is vapourised. Combining cryogenic distillation with this vaporisation, recovers the energy,
and has been shown to give energy savings of 38% [134]. This is an area of much interest,
and work to optimise the combination of processes is ongoing [135]. Another novel idea is to
produce pure (>99%) and impure oxygen simultaneously in the system using a single column
dual purity plant [136]. This can be performed by drawing oxygen from a few plates above

the liquid oxygen and was found to improve oxygen recovery from 91.7 to 99% [137].

Another promising method of reducing losses is the use of a heat-integrated air separation
column. This unit has a high-pressure and low-pressure column, with intermediate heat
exchangers installed between them acting as side reboilers and condensers [138]. Many
fundamental studies on the equipment design of such a unit are ongoing, with significant
capital investment savings being found by re-evaluating the position of heat exchangers in the
columns [139].

Faheem et al modeled air separation units, separating 500 tons/h of air with 50% relative
humidity, to produce 99 mol.% of N2 and O2. Their results showed compression was the
greatest cause of exergy destruction, and up to 46% of the total exergy destruction occurred
here [140]. This conclusion is supported through the literature [141] and novel solutions to

improving efficiency are being researched. Waste heat from the compression is a major loss,
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and this is often unrecovered. Recovery of this heat is difficult for two main reasons [142].
Firstly, the heat is lost in the form of low-temperature outlet air (approx. 100°C,). With such
low-grade heat, finding appropriate ways to recover this is difficult. Some researchers suggest
using this energy for heating and other domestic tasks, however finding an appropriate
infrastructure to support this would be likely unfeasible in most cases. Secondly, any change
of the air compressor design for heat recovery may cause condensation to be generated which
can damage the compressor. One promising solution proposed is the use of an organic Rankin
vapour compression cycle to recover this low-grade heat as work [143], and the results look

promising — however, this does come with an increased initial capital cost for the units.

Compression of the gases is of course not the only area where savings can be achieved.
Chowdury et al. examined the impact of changing heat exchangers from a coiled to plate-fin
design and found that energy savings of approximately 6% could be theoretically achieved
[144]. It should be noted however the authors did clarify that plate-fin units were only
commercially available for medium-sized units more suitable to pipeline supply than small

plants for cylinder supply.

As cryogenic distillation has so many different simultaneously operating unit steps in the
process (i.e., compression, adsorption, cooling, condensation, liquefaction, evaporation, and
distillation), modeling and designing these units is difficult and papers examining ways to
model the process are still of scientific import today, despite the developed nature of the
technology [145]. One major issue with the technology is how small errors in the equations of
state, can have a significant impact on the design, with mistakes in calculating the properties
of gas mixtures causing significant problems with simulations or operational controls —

particularly at conditions near the critical point of gases [146].

1.2.2 Pressure swing absorption (PSA)

PSA was first conceived in the 1960s, by Skarstrom and de Montgareuil [147-148]. Air
separation by adsorption uses the natural affinity of materials (most commonly zeolites) to
preferentially adsorb nitrogen onto the material’s surface, increasing the purity of oxygen in
the air stream. This has proved an effective technique for the easy production of oxygen.
During this method, an airstream passes through a bed of sorbent material, which
preferentially removes nitrogen from the gas stream. The material is regenerated by reducing

the pressure or changing the temperature.

Several materials have been used for this process, such as carbon molecular sieves [149] or
different zeolites, such as NaX, 5A, Na- Mordenite, CaX, and CaLSX [150] which all have
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preferential adsorption of nitrogen over other gases. The main issue with these materials is
that the advantageous property that allows for rapid adsorption of nitrogen, prevents the rapid
desorption of nitrogen from the material. This means large volumes of material within
multiple beds are required for a continuous process, as the time taken for the regeneration of
the material, is longer than its operational time. These materials are also vulnerable to
contamination and water vapour can have significant detrimental effects on the performance
of zeolites [151]. PSA for oxygen production often produces a less pure oxygen stream
compared to cryogenic distillation (typically 90%), however, it is generally thought to be
cheaper and easier to make site-specific than cryogenic distillation [149]. Typically, PSA is
thought to be suitable for small operation units, however a recent study by Ditl et al. questions
this. In their study, they found producing oxygen onsite in Germany was 1.33 times more
expensive than ordering a liquid oxygen supply, for a small oxy-fuel combustion process
[152]. The reason given for this was significantly more expensive electricity prices for smaller
consumers. It was also shown in the Czech Republic, the prices for an imported liquid oxygen
supply, and operation of a PSA unit were approximately even.

Even with how advanced the technology is, work is still ongoing to optimise the design of
PSA systems. Chou et al have examined using two semi-circle-shaped units, with one side
desorbing, and the other absorbing at a given time. This was seen to give easier heat
compensation between the units, increasing the oxygen purity [153], as the temperature of the
gas of a PSA unit is known to have a significant impact on the purity of gases produced [154].
It is also seen higher pressures lead to higher purity of oxygen [155], but also require greater
energy requirements from compressors. Some investigators look to recover heat from the
compressors to improve efficiency, and one such study examined using this waste heat for
several processes and found that it was suitable for dewatering lignite and other biofuels.
[156]

1.2.3 Membrane separation of air

Membrane separation of air is an area with the potential to reduce energy costs significantly
compared to cryogenic distillation, as no liquefaction of gases is required. There are several
different methods of using membranes for this purpose.

Polymeric membranes typically operate by a solution diffusion, where the species to be
transported will dissolve into the polymer and be transported across the membrane. The major
issue with this technology is that they are not fully selective, and nitrogen can also be
transported through the membrane. This is described by the Robeson upper limit, which is an

empirical relationship between the selectivity of a membrane, and the permeability [157]. The
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membranes are therefore generally only used for oxygen enrichment of air, typically
achieving oxygen concentrations of 25 — 40% [158], or for nitrogen production. Some of the
more common polymeric membrane materials are polyimide and polysulfone [159]. These
membranes have been seen to be cost-effective at smaller scales [160], although suffer upon
scaling up. Studies have shown however that oxygen separation using polymeric membranes
IS not as efficient as other air separation methods, due to the low to moderate purity of the
permeate gas. To improve the oxygen concentration of the permeate gas, multiple membrane

modules are required in series [161], increasing capital and operating expenditure.

One method of interest for exceeding the Robeson upper limit is the use of pore-flow
membranes. These membranes separate based on the size of a molecule, but this is difficult
due to the similar size of oxygen and nitrogen (0.346 and 0.364 nm respectively) [162]. The
use of a metallic organic framework is one such example of overcoming the Robeson upper
limit [163]. These are organic—inorganic materials with specific pore sizes which allow size-
sieving. The two ways to use these materials are as a pure film, or as a filler in a polymer
matrix to create mixed-matrix membranes [164]. The addition of these materials to polymers
has additional impacts bar improving gas separation and has been noted to prevent
plasticization of glassy polymers, which lowers performance [165]. Similar results have been
found in producing carbon molecular sieve membranes, which have zeolites added to the
polymer, and Bae et al found this increased oxygen permeance by 20% [166] Other examples
of novel materials with promising results are graphene sheets with nano-windows introduced
into the structure, allowing for gas diffusion [167], or carbon membranes, which have been
shown to produce oxygen-enriched air with 78% purity, and a nitrogen stream with 99.5%

purity by Hagg et al [168].

lon transport membranes are typically made of inorganic non-stoichiometric materials which
can allow selective transport of oxygen ions across themselves by a pO: gradient or
sometimes an electrical voltage [169]. lon transport membranes typically transport oxygen at
rates, orders of magnitude greater than their polymeric counterparts. Perovskite materials are
still considered the best performing material for this, however further studies on other
materials such as Ruddlesden-Popper are ongoing [170]. These ion transport membranes also
operate at significantly higher temperatures than polymeric membranes, with operating
temperatures of approximately 800°C, compared to less than 200°C for polymeric
membranes. One material of interest is barium strontium cobalt copper oxide, which was
found to perform extremely well in a recent study. It was thought that this was due to the

segregation of copper, forming intergranular copper-rich oxide between perovskite grains
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[171]. It has been seen however that some of the materials thought to be most suitable for this

(i.e Lao.sSro4Coo.2Feog03-5) can degrade over time when not in use [172].

The ideal morphology of an ion transport membrane is as a hollow fiber, where multiple
ceramic tubes carry the gas to be separated within a sweep gas on the other side. The gas to be
removed can then permeate from one side of the fiber to the other. Hollow fiber membranes
give the largest surface area to volume ratio of ion transport membranes; however, this
morphology is prone to cracking which causes leaks in the membrane. Work is ongoing to
create self-healing membranes that can repair leaks; however, these are currently in early
development. Sealing is a major issue, with leaks reducing the efficiency of the separation
step [173]

Molten oxide membranes are another technology of interest. These rely upon intergranular
liquid channels which high ionic conductivity. They have also been found to have low risks of
leaking/breakage due to the molten liquid plugging any cracks. The molten component is

typically Bi>Os or V20s in these materials [174].

While currently not suitable, increasing natural gas prices or reduction in compressor costs

were found to make membrane separation viable for oxygen-enriched combustion [175].

1.2.4 Chemical separation of air through redox cycling

Chemical separation of air typically involves the use of an air-reactive chemical (such as
MOLTOX), which can absorb and desorb oxygen by changing the temperature or pO2. The
major advantage of this technique is that oxygen separation can occur at low operating
pressures, as only pressure drops through the system need to be accounted for [176].
However, this process has never been fully commercialized due to difficulty in working with

molten salts.

Solid metal oxides and non-stoichiometric materials are currently gathering interest for a
chemical looping air separation (CLAS) due to the ease and selectivity of the oxygen carriers
[177-178]. CLAS allows materials to undergo redox cycling to selectively incorporate oxygen
from an oxygen-rich gas stream, before releasing it through changes in the pO2 or temperature
of the system. CLAS using non-stoichiometric materials claims to improve the efficiency of
air separation processes by 74% compared to that of cryogenic distillation [179]. It has also
been reported that this process can reduce the energy costs for a working oxy-fuel combustion

plant by up to 50% [180]. Figure 1.1 shows a schematic of the process.

31



Chemical separation of air typically involves the use of an air reactive chemical (such as
MOLTOX), which can absorb and desorb oxygen by changing the temperature or pO2. The
major advantage of this technique is that oxygen separation can occur at low operating
pressures, as only pressure drops through the system need to be accounted for [176].
However, this process has never been fully commercialized due to difficulty in working with

molten salts.

Solid metal oxides and non-stoichiometric materials are currently gathering interest for a
chemical looping air separation (CLAS) due to the ease and selectivity of the oxygen carriers
[177-178]. CLAS allows the material to undergo redox cycling to selectively incorporate
oxygen from an oxygen-rich gas stream, before releasing it through changes in the pO2 or
temperature of the system. CLAS using non-stoichiometric materials claims to improve the
efficiency of air separation processes significantly compared to that of cryogenic distillation
[179]. It has also been reported that this process can reduce the energy costs for a working
oxy-fuel combustion plant by up to 50% [180]. Figure 1.1 shows a schematic of the process.
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Figure 1.1 -Schematic of the CLAS process

As seen in Figure 1.1, the oxygen carrier is cycled between two connected reactors. In the first
reactor, oxygen is incorporated into the material from an air stream, following the reaction

shown in Eqg.1.7, using copper as an example oxygen carrier.

2Cu+ 0, - 2Cu0 AH = -157 kJ/mol Eq.1.7
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The oxygen-rich material is then sent to a second reactor where the oxygen is released, due to

an increase in the temperature following the reaction shown in Eq. 1.8.

Heat
20u0 =5 2Cu+ 0, AH=157kJ/mol  Eq.L8

This released oxygen is carried from the reactor using a stream of high-temperature steam.
The steam in the steam/oxygen mixture is then condensed to leave a high purity oxygen

stream.

The energy required by the process should be balanced, as the energy of the forward and
reverse reaction should be recovered and recycled [181]. The major energy requirements
come from the pre-heating of the air stream for the oxidation reactor, or by the production of
the superheated steam. The energy for both processes can be recovered using a series of heat
exchangers, however, this adds to the capital costs and the complexities of the system.
Additionally, as oxygen carrier materials will release oxygen to a certain partial pressure of
oxygen at different temperatures, it is possible to thermodynamically tune the amount of
oxygen in the system by setting the temperature and pressure of the system correctly. This can
allow the production of ~30-40% mol fraction gases in-situ, making the process advantageous

for producing the mol fractions required for oxygen enrichment processes.

Aims to improve the process focus in two major directions. The first is looking to combine
the process with other steps in a power plant. Moghtaderi et al. found that replacing a
cryogenic-based air separation unit with a CLAS unit, integrated with heat recovery reduced
the average power by 47% [182]. In a more novel approach, Kuo et al. proposed co-
generating oxygen, nitrogen, and electricity simultaneously to reduce energy penalties [183].
Although more like a chemical looping combustion process, a method of significant interest
in combination with a supercritical CO. cycle to produce power [184], and from economic
assessments, this has been seen to have potential due to lower capital cost, and energy use
[185]

Combinations of CLAS and oxy-fuel combustion have been studied in detail [186-187], and
thermodynamic assessments have seen low energy penalties [188]. The integrated process can
be quite efficient, with an estimated 90% of CO. captured [188]. It was found that in the
economics of the process, a high carbon tax and electric price are two of the major factors that

impact whether the process is feasible [190].
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Currently, work is ongoing to find the most suitable oxygen carrier for the CLAS process, and
a range of traditional and novel materials are currently being investigated, which will be
discussed in Chapter 2.

1.3 Conclusion

From a review of major industrial processes, reducing the production cost of oxygen would
have a significant impact on production costs. Additionally, this reduction would make oxy-
fuel combustion, a technology with strong potential to lower greenhouse emissions,

significantly more attractive.

Oxygen separation technologies such as cryogenic distillation are well developed, but these
processes are often energy-intensive, which increases the cost of oxygen. Technologies such
as CLAS and ion transport membranes which have the potential for site-specific and cheaper
oxygen production are reaching competitive levels. Work is still ongoing to find the most
suitable oxygen carriers for the most promising process, redox cycling of oxygen carriers.

In this work, oxygen carriers for the CLAS process will be examined and reviewed, to enrich
an oxy-fuel combustion gas stream. The first step in this will be to find potentially useful
materials for further detailed studies. These studies will aim to provide a feasibility study of
the material, examining the kinetics, stability, and thermodynamics, and then compare these

to other oxygen carriers, to decide if the material has potential.
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Chapter 2 — Review of oxygen carriers for CLAS

There are two main materials examined for oxygen production by redox cycling, transition
metal oxides, and non-stoichiometric materials. In this Chapter, transition metal oxides and
non-stoichiometric materials with variable oxygen capacity will be reviewed, alongside the

techniques most often used to characterise them.

2.1 Metal oxide oxygen carriers

2.1.1 Oxygen capacity of metal oxides
A common example of a transition metal used to describe redox cycling is iron oxide. Iron
can exist in multiple oxidation states, allowing it to compensate for a change in its oxygen

content. Table 2.1 shows the various oxidation states of iron oxide [1].

Table 2.1 — Table showing the different forms of iron oxide found in nature and the oxidation state of the iron

Species Formula Average iron oxidation state
Hematite Fe203 +3
Magnetite Fe30s +8/3

Wiistite FeO +2

Transition metal oxides incorporate large weight percentages of oxygen. When iron is reduced
from hematite to wustite, a weight loss of up to 10% occurs. This weight loss increases to
30% if hematite is reduced to Fe [2]. This lost oxygen can be re-incorporated into the
material, with a decrease in the temperature or an increase in the pOa. It is this feature that

makes transition metal oxides attractive for redox cycling.

Redox cycling of non-stoichiometric materials is a relatively simple chemical process,
however, care must be taken in selecting the right oxygen carrier for the right pO2 range, as

the thermodynamics of different processes are more suitable for different materials.

One set of materials of interest are the transition metal oxides have sharp transitions between
their oxidation states. This behavior allows for the materials to undergo oxygen cycling over a
narrow temperature and range of pO.s, exchanging significant amounts of oxygen (=10% wt.)
over temperature swings of less than 50°C. For oxygen enrichment processes, the transition
metal oxides Mn20s, C0304, and CuO are of significant interest [3-5]. Mattison et al. [6]
identified CuO — CuO2, CoO — Co304, and Mn203 — Mn30O4 as potential cycling regimes useful
for oxygen enrichment or production processes, due to the temperature and pO2 range of the

phase changes.
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For the CuO — CuO2, CoO — C0304 and Mn,03 — Mn3O4 regimes, it is possible to oxidise the
material in air (pO2 of 0.21 bar) and release the oxygen into a higher pO2 stream of 0.31 bar
by a small temperature swing (<50°C). This small temperature swing causes the material to
change mass >5%. This large and easily removable oxygen capacity makes transition metal
oxides useful for oxygen enrichment processes, such as oxy-fuel combustion. Table 2.2 shows
the approximate temperature for oxygen incorporation in a pO. of 0.21 bar and the
approximate temperatures of oxygen release in a pO2 of 0.31 bar, alongside the amount of
oxygen released per potential cycle for the three metal oxides. The weight change calculated

is estimated from the most reduced of the metal oxide species in the cycle.

Table 2.2 — Operating temperatures and potential oxygen cycling capability of transition metal oxides

Material Approximate Oxygen
temperature released per
of cycling (°C)  cycle (% wt)

Cu-Cu20 1300-1350 10%
Co0304 — CoO 1150-1200 5%
Mn>O3 -Mnz04 650 - 700 9%

The small swings in temperature demonstrated make transition metals attractive for redox
cycling. However, high operating temperatures are required for use of the copper and cobalt
oxides, making the processes energy-intensive. Redox cycling of manganese is more

promising due to the large oxygen capacity and relatively lower.

Many metal oxide systems have been studied for the CLAS process. Qin et al. [7] found
CrO2/Cr203, PbO2/Pb30s, PbO2/PbO, Pb304/PbO, MnO2/Mn,03, and Ag.0O/Ag suitable for
the CLAS process at lower temperatures (300-500°C), while PdO2/PdO, PdO2/Pd, PdO/Pd,
MnO2/MnO, and MnO2/Mn30O4 were suitable for medium temperatures (500-800°C)
applications. The Co systems were found to be useful at higher temperatures (800-1100°C) A
thermodynamic study of different metal oxide materials by Wall et al. found that Mn, Co, and
Cu were likely to be the most efficient for oxy-fuel combustion [8]. Of these, Cu and Mn are
often the most studied [9-12]. Calcium looping has also been examined [13], however due to
the stability of calcium in the exhaust gases, it is difficult to use for a combined CLAS/oxy-

fuel combustion process.
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Using metal oxides, large volumes of oxygen can be produced over small temperature swings,
however, this is often not the most efficient process due to the kinetics. Studies have found
that while higher temperatures are favourable for reduction, lower temperatures are preferred

for oxidation [14-15], so many systems will have larger temperature swings.

2.1.2 Stability of metal oxide carriers over redox cycling

Despite transition metal oxides having large oxygen storage capacities per gram of material,
they are well documented to have low stability over redox cycling, and to date, no metal
system has the traits of an ideal storage material regarding storage capacity, costs, and cycling
stability [16].

Sintering is a significant issue with metal oxides. Sintering reduces oxygen transport capacity,
as a reduction in surface area is seen [17]. German et al [18] used the Brunauer, Emmett, and
Teller technique (B.E.T) to record the change in surface area of powdered iron oxide held
isothermally at 500°C in ambient air. German’s results showed that after only 90 minutes
there was a decrease in the measured surface area of 18% compared to the fresh sample. This
decrease in the surface area makes the use of these materials for multiple redox cycles
problematic. This is demonstrated in work performed by Dennis et al. [19] who investigated
the stability of untreated iron oxide and modified iron oxide with 1%, 10%, or 30% of a metal
additive added (namely Cr, Mg, Al, or Si). These iron oxide samples were then used to
produce hydrogen by a chemical looping process, with the iron oxide samples undergoing
redox cycling at 900°C between a 10% CO reducing gas feed flown for 10 minutes and a 25%
H>0O feed flown for 3 minutes [19]. It was seen that the redox performance of the iron oxide
samples tested decreased significantly over just 10 of these redox cycles, with the amount of
hydrogen produced decreasing by over 50% compared to the first cycle for most samples
tested. A similar study by Cai et al. found manganese ore agglomerated when undergoing
redox cycling at high temperature — although the authors believed this may be due to

impurities in the sample, as an ore, not pure metals, were used in the experiment [20].

Supports can be used to limit agglomeration [21], however, this is not always effective.
Moghdatheri et al [22] found in a test of supported Mn, Cu, and Co, silica-supported copper
oxides were the most stable over multiple redox cycles for the CLAS process, however,
oxygen transfer still dropped by 10.3% over 41 cycles. Further work was performed by the
authors using a bimetallic Cu—Mg-based oxygen carrier, which showed promising results—

however, a drop in performance of approximately 5% was noted over 41 cycles [23].
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2.2 Non-stoichiometric oxygen carriers

Alternative to the transition metal oxides, non-stoichiometric oxides, primarily perovskites,
are more resistant to sintering than the transition metal oxides. These materials, while more
stable, unfortunately, exchange much lower quantities of oxygen over redox cycling than the
transition metal oxides [24]. These non-stoichiometric materials are often in the form of
mixed metal oxide crystals, such as perovskite. Perovskites take the form ABOs, with B
representing a different transition metal ions and A often being from the lanthanide or rare-
earth ion. These materials allow either oxygen excesses or deficits within their structure,
depending on the A and B metals. This is due to the transition metal ion compensating for the
change in valence with the incorporation and release of the oxygen ions. Perovskites are often
represented with the chemical formula, ABOzs, where & is dependent upon the pO2 and
temperature of the environment (although perovskites with hyper stoichiometry do exist, such
as the rare earth manganates). This variability in the oxygen non-stoichiometry occurs with
often only small changes to the crystal structure, such as slight variations in the cell volume.
Due to this changeable oxygen non-stoichiometry, these materials can be used for many of the
potential applications of transition metal oxides, such as for chemical looping hydrogen

production [25].

2.2.1 Oxygen vacancies

A well-documented example of perovskites in literature is lanthanum strontium ferrite
(LaxSr1-xFe0s.s), where the &6 in the chemical formulae is related to the degree of change in
non-stoichiometry. Figure 2.1 (a) shows a ball and stick figure of a non-stoichiometric
material, with oxygen ions entering or leaving the structure filling or leaving an oxygen
vacancy, while still maintaining the overall crystal structure (though the loss of oxygen will

slightly change the geometry of a crystal cell, and increase the cell volume [26]).

This type of oxygen vacancy is referred to as a Schoktty vacancy, which is a site that oxygen
can leave and enter without overly disrupting the crystal lattice and keeping the material
relatively stable. A Schottky vacancy occurs when an ion is missing from a lattice. An atom
of similar valence and size may enter this space and bond, filling the gap [27]. An example of

this vacancy type can be seen in Figure 2.1 (a)

Another potential type of oxygen vacancy is an interstitial site. An interstitial defect occurs
when an atom enters a site that is normally empty in the lattice or a site already containing an
atom of the same type. It does not join the lattice in a normally occupied atom site, but rather

is trapped between ions by weak forces, and this can be seen in Figure 2.1 (b).
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Figure 2.1 — Diagram showing (a) Schottky vacancy and (b) an interstitial oxygen position in a perovskite
material, where the blue spheres represent the oxygen ions in the closest three planes, the white spheres in the

furthest three planes, and the red spheres the metallic cations.

Oxygen vacancies have the potential to be filled by either oxygen or a hydroxyl ion. This
property gives the materials many interesting potential applications such as fuel cells or as
mixed ionic conductors due to the ability to carry protons and oxygen ions simultaneously, as
both these ions can enter and leave these sites easily [28]. Most non-stoichiometric materials
undergo a gradual change in the degree of oxygen non-stoichiometry as the pO. and
temperature are altered, with increases in the sample temperature and reduction of the pO-
decreasing the oxygen content of the sample, such as with the LaxSrixFeOs.s family of

materials [29].

2.2.2 Perovskites versus metal oxides for redox cycling

One of the most commonly noted features of perovskites that make the materials attractive for
redox cycling is improved stability compared to the transition metal oxides. An example of
the improved stability that these materials can offer was shown by Metcalfe et al [15], who
compared the cycling performance of powdered iron oxide and the perovskite Lao7Sro3FeOs-
5. Metcalfe et al. showed a reduction in the amount of hydrogen produced during redox
cycling of iron oxide powders of 80 — 160 microns from approximately 160 to 50 pmol Ha per
50 milligrams of iron oxide powder per cycle when a sample underwent 25 redox cycles
between 5% CO and 5% H>O at 850°C [30]. This data was compared to a Lao.7Sro.3FeOs.s
sample which underwent the same redox cycling. It was shown that the perovskite sample
maintained good stability in its hydrogen production per redox cycle when tested over the

same timescale as the iron oxide, which showed significant degradation.
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This study, however, also showed the main drawback to the use of perovskites, the low
oxygen capacity. During this study, the amount of hydrogen produced by Lao7Sro3FeOs.s
during a redox cycle was approximately half of that produced by the iron oxide at the start of
the study. However, the amount of hydrogen produced per redox cycle stayed consistent
throughout the 25 cycles for the perovskite, and redox cycling using the perovskite sample
produced approximately twice the amount of hydrogen than the redox cycling with the iron
oxide sample did over the entirety of the 25 cycles [30]. This study highlights the compromise
between the use of a transition metal oxide, and a non-stoichiometric material such as
Lao.7Sro3Fe03, namely the large oxygen capacities but low cycling stability of the transition
metal oxides, versus the low oxygen capacities and high cycling stability shown by

perovskites and similar on-stoichiometric materials.

2.2.3 Studied perovskites for oxygen production processes

In literature, two perovskites have been identified by Vietena et al [31] as being promising for
oxygen cycling processes, SrFeOss and CaMnQOzs.s. This is due mainly to the materials
exchanging large amounts of oxygen per °C of a temperature swing, and incorporation of

large amounts of oxygen even at low pOzs.

Upon heating SrFeOs.5 in a pO2 of 0.21 bar, oxygen is released above 300°C, with the oxygen
content of the material constant below this temperature [32]. Further heating decreases the

oxygen content at a constant rate from a 6 of 0.1 to 0.3, between 300 and 750°C [32].

While the properties of the material look promising, work is ongoing to optimise
performance. The first method for this is by performing doping to the crystal structure. Muller
et al. [37] found that SrFeo.2C00.803-5 and SrosCao2FeOs-5 had larger oxygen capacities than
the undoped base material. The materials produced by Muller underwent redox cycling, and
no drop-in activity was noted after 100 cycles [37]. While cobalt addition has been shown to
give improved performance, there are many issues with obtaining ethical cobalt, so the lowest
possible cobalt addition is desirable. Examining this, Duan et al suggested that reducing the
cobalt doping to x= 0.25 for SrFe1xC0xOs.s would give good results, as the reduction in
oxygen formation energy from cobalt doping decreases upon doping past x=0.25 [38]. Co-
doping with calcium on the A site, and cobalt on the B site was found to greatly improve
performance by Li et al, and it was seen to lower the activation energy of oxygen diffusion to
26.6 kImol?, and the surface oxygen exchange by 137.9 kJ mol* [39]. The preferred ratio
found in this study was Sro.gCao.2Feo.4C00.603, and this composition delivered over 6 times the

oxygen capacity at 400°C using a pressure swing between pO2’s of 0.05 and 0.2 bar,
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compared to undoped SrFeOsor SrogCag2FeOsz [39]. To reduce the cobalt requirements
further, Lekse et al investigated co-doping further and claimed the best composition to be
Sro.7Ca03Fe09C00.103.5 [40]. Steinfeld et al agreed with this assessment, synthesizing
Sro.93Ca0.07F€0.9C00.103-5, Which had a 4 times greater oxidation rate than an undoped material
[33]. A recent study [41] showed barium doping improved redox capacities more than
calcium doping, which may give further improvements. Studies by Steinfeld et al. have shown
the limiting step for oxidation is bulk diffusion, while the limiting step for the reduction is the
surface reaction, so surface modification may give good results [33]. To improve upon the
oxygen capacity and operation temperatures of SrFeOs.5, for oxygen cycling, copper doping
has also been attempted. Replacing 15% of the strontium with copper was shown to increase
the maximum oxygen content by 20% in a pO. of 0.21 bar [42].

Satler et al demonstrated the potential efficiency of the oxygen use of SrFeOs., removing
oxygen at a purity of <1% from a nitrogen gas stream by using pressure and temperature
swings [43]. A similar study by Steinfeld et al. showed good stability of SrFeO3s over 250
redox cycles in a nitrogen purification system [44]. Sintering was seen by Kita et al [45] after
10 redox cycles between 100 and 1000°C in air, however, no loss in performance was noted
by the authors. After 1000 redox cycles for thermochemical air separation, a manganese
doped sample was shown by Li et al to have a small drop of performance of 3% [46].

Upon oxygen incorporation and release, SrFeOs.s undergoes significant changes to the crystal
structure. Upon heating in a pO2 of 0.21 bar, SrFeOs.s undergoes a phase change from
tetragonal to cubic at temperatures greater than 300°C. Four phases of SrFeOs.s have been
noted at high temperatures (approx 1400°C), and this has been linked to the oxygen content of
the material. The material transforms from cubic to tetragonal to orthorhombic and finally
brownmillerite when 6 ~ 0, 0.125, 0.25, and 0.5 respectively [47]. Calculation of the Gibbs
energies of formation for these different phases of SrFeOs-s;by Maier et al indicated that
greater amounts of oxygen vacancies gave a greater range of phase stability at changing
temperatures and pOz’s, and this was explained by the author due to attraction between the
vacancies, and spontaneous formation of vacancy clusters in the structure [48]. Scott et al.
have shown that further reduction of SrFeOs-sto SrO and Fe is reversible, and XRD images

showed a return to the cubic structure after a reoxidation step [49].

CaMnOz.s has also been investigated for oxygen cycling and was reported to release more
oxygen per °C of a temperature swing, compared to SrFeOss [31,50]. Even at low

temperatures, CaMnQOs.s incorporated oxygen quickly, reaching its maximum oxygen capacity
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at 400°C within 1 minute during isothermal oxygen incorporation [31]. The oxygen content is
linked to a phase transition, with samples changing from orthorhombic to tetragonal to cubic
upon reduction. The tetragonal phase change occurs at approximately 6 = 0.035 and is slightly
affected by temperature. The cubic transition ranges between 6 = 0.08 and 0.04 in the
temperature range of 700 to 950°C [52]. CaMnO3.; decomposes at high temperatures to form
CazMnOa.s and CaMn0a4. Norby et al showed the transition at T =1000°C and a log pO: of
—1.8 and 6 of 0.16 [53]. This decomposition was slow, however, taking a week to complete,
and reversible if the pO> is increased [53]. These phase changes have been linked to a
reduction in the cycling performance of the material, although interestingly the drop in
performance was more significant at 750 compared to 900°C [54]. The material has also
undergone redox cycling in potential reducing environments, being shown by Amini et al. to
perform well in a gas switching combustion of Hz and CHa — although less than 5 cycles were
demonstrated [55].

To improve the potential of the material, doping has been performed. Strontium doping was
found to reduce the required enthalpy of reduction, making the material more promising for
oxygen cycling [31, 56]. Tungsten doping of the B-site was found to improve the reduction
kinetics of CaMnOs-; [57]. Most interesting, Fe doping of the B-site by 10-30% decreased
the temperature of the beginning of oxygen release temperature from 700 to 400°C upon
heating [58]. Fe-doping of 5% was shown to give more efficient combustion at 600°C,
although after 15 cycles at 900°C, sintering was observed [59]. This was also seen to increase
the temperature at which decomposition to CaMn.O4 occurred, increasing the temperature
from 1100 to 1200°C at a pO2 of 0.008 atm. Conversely, lanthanum doping has been seen to
increase the temperature at which oxygen is released upon heating [60]. Co-doping was
studied by computer simulations performed by Chroneos et al. with Ni-Fe and Ga-Al
calculated to help improve vacancy diffusion [61]. Doping has also been seen to have the
potential to prevent cation segregation, which can lower performance [62].

2.2.4 Oxygen capacities of perovskites for oxygen cycling
From the literature studies of the two perovskites detailed above, CaMnO3.; was identified as
the more promising of the materials, due to a reported higher oxygen exchange per °C of a

temperature swing. For these reasons, this material will be examined in more detail.

Using thermodynamic data presented in ref [31], the amount of oxygen that could be cycled
from CaMnOs.s was calculated by use of a pressure swing or temperature swing of the

material. In Table 2.3, the amount of oxygen exchanged during a theoretical temperature
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swing was calculated, where the material was considered to have been oxidised in a pO2 of
0.21 bar at 800°C before the temperature was increased to release the incorporated oxygen
into a pO2 of 0.31 bar. In Table 2.4, data from a similar calculation is presented, however,
instead of a temperature swing used for Table 2.3, a pressure swing was considered, with the
material incorporating oxygen at a pO2 of 1 bar, before releasing it into a pO> stream of 0.31
bar at the noted temperatures. A pO of 0.31 bar was considered as this is the minimum pO>

for oxy-fuel combustion.

Table 2.3 - Calculated oxygen released from using CaMnOs.s in a temperature swing oxygen production

processes, with oxidation considered at 800°C in a pO of 0.21 bar (8 = 0.013)

The Temperature 6 at a pO2 of Ad from Change in
temperature of swing (°C) 0.31 bar reference of 0.21 weight %
oxygen release bar at 800°C

(°C)

900 100 0.03 0.0017 0.19

995 195 0.06 0.0047 0.53

1095 295 0.095 0.082 0.92

1193 393 0.145 0.132 1.48

Table 2.4 — Calculated oxygen released from using CaMnOs.s in a pressure swing oxygen production

processes,with oxidation considered at a pO2 of 1 bar, and reduction considered at a pO, of 0.31 bar

Temperature odatapOz20f1  datapO2of Ad Change in
(°C) bar 0.31 bar weight %
900 0.01 0.013 0.003 0.20
995 0.05 0.055 0.005 0.54
1095 0.13 0.145 0.015 0.96

From the values shown in Table 2.3 and 2.4, it is seen that only small amounts of oxygen can
be produced per redox cycle using these materials. A pure pressure swing process, alternating
between a pO2 of 1 bar at 1095°C produces less than a 1% weight change of the material,
while temperature swings of approximately 400°C between 800 and 1193°C were required to
allow the material to undergo a weight change greater than 1%. A combined temperature and

pressure swing from a pO. of 1 bar at 800°C to 1193°C in a pO2 of 0.31 bar produced a
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weight change of 1.53%. Comparing this performance to the weight changes of the transition
metal oxides shown in Table 2.2, the amount of oxygen exchanged per °C of a temperature
swing is at least two orders of magnitude lower using perovskites. To use these materials in
an industrial process, very fast cycling would be required to produce the necessary volume of
oxygen. This will likely require the use of fluidised beds which suffer from large pressure
drops and may cause possible damage to the particles as the material is fluidized through the

reactor.

2.2.5 Alternative non-stoichiometric materials with a gradual change in non-
stoichiometry

Much work has been performed in the literature surrounding the thermodynamics and
applications of the perovskites SrFeOs.s and CaMnOs.s, but other non-stoichiometric materials
such as SrsFe>O7.5 are gaining interest for oxygen cycling processes. SrsFe;O7.5 is a layered
perovskite recently investigated as an oxygen storage material. One of the major reasons for
this is that the material has shown improved stability against reduction compared to SrFeOs
[63]. Oxygen storage in the material is topotactic, however with the oxygen release the crystal
structure space group is the same, as oxygen ions at equatorial positions are released when the
material is reduced from 6 = 0.25 to 1. This is uncommon and allows the material to undergo
particularly small changes to the unit cell volume compared to other oxygen storage materials.
The belief is that small volume changes can help prevent warping or damage to particles,
maintaining their stability [64].

Doping of the material by 20%, in the form of Srz(Feo.sMo.2).07-5, where M was either Co, Ni,
or Mn, was seen to increase the oxygen storage capacity (OSC) of the material. The pmol-O2 /

g of the material was seen to increase as shown in Table 2.5 below [65].

Table 2.5 — OSC in uMol O2/g for doped Srs(Feo.sMo2)207-s reported in reference [65]

Sr3(FeosMo.2)207-5 OSC (uMol 02/ g)
M=Fe 520
M=Mn 610
M=Co 741
M=Ni 810
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As shown doping in all cases increased the oxygen capacity of the material, which may

improve the suitability of the material for redox cycling.

Other materials such as the lanthanide ferrites have been well studied in the literature for use
in solid oxide fuel cells and semiconductor applications. The most commonly discussed of the
family, LuFe2O4+5, has recently been of interest as an oxygen storage material, due to a large
oxygen capacity equivalent to a 6 = 0.5, or a weight change of approximately 2.2% by weight
[66]. The crystal structure of the compound alternates between layers of LuO, and Fe;Qg,
with the Fe layers forming as trigonal bipyramids [67]. A detailed study of the material was
performed in [66], and the authors showed a small amount of oxygen uptake at 200°C (=0.1%
wt. in approximately three hours), with more notable oxygen incorporated at 300°C and
500°C (1.1% and 2.2 % after three hours at each temperature) at low oxygen partial pressures
(0.2x1072 atm). Additionally, the authors claim that the mechanism for the oxygen
incorporation and release should allow for long lifetimes of the material, and in the
supplementary information of this work, five cycles between oxygen-containing environment
and 5%H2/Ar were performed, showing a modest increase in the amount of oxygen
incorporated over each cycle, suggesting that the full oxygen capacity of the material was not

being utilized.

The material was seen to incorporate large amounts of oxygen at low pOgzs, but this stored
oxygen also required hydrogen to remove. This would make it expensive and impractical to
remove the oxygen for an oxygen production process, as well as giving added losses from

side reactions between hydrogen and oxygen during the reduction step.

2.3 Oxygen carriers with hysteresis behaviour in the oxygen
capacity

Some non-stoichiometric materials do not undergo gradual changes in oxygen non-
stoichiometry with temperature or pO2, an example of which is the perovskite SrCoo.2Feo.g03-5
[68]. At high temperatures (approx. 700°C) the material stops gradually changing oxygen
content with increased pO., instead of staying at a steady non-stoichiometry as the pO>

increases, until a threshold pO: is reached, at which point the non-stoichiometry rapidly
changes.

This feature is a hysteresis, a phenomenon in which a physical property lags behind the

changes in the effect causing it. It was first, and is most commonly, referenced when
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discussing magnetic systems [69], however, this phenomenon can also affect the oxygen non-

stoichiometry, as well as phase transitions of non-stoichiometric materials.

Erying et.al [70] explained the effect using the Van der Waals function. Figure 2.2 describes
the transition between two states as a function of a physical property. The two stable paths of
this reaction are shown as solid blue lines, AEB and DFC, while an unstable and unrealisable
reaction path is shown by the dashed blue pathway, connecting points D to B. During a
reversible phase transition from state A to state B, the reaction follows the equilibrium
pathway AEFC. However, when a material exhibits hysteresis, an additional energy barrier is
present, preventing the transition from occurring along this equilibrium pathway. As such,
metastable regions must be used to facilitate state change. In this example, the material would
be metastable from point A to point B. As these are irreversible phase changes, it would be
impossible to move past point B while still in the original state, and as such there would be a
rapid change from the original state if the energy barrier preventing the transition was
overcome, following the ABC pathway. As such, a hysteresis loop is formed, cycling through

points ABCDA to undergo any changes, ignoring the equilibrium pathway, AEFC.

B 3 C
e
c Y State B
\\ F
@ 2 \
— \
- \
bt \
(1] \
—
@ !
a ‘\
£ \
K \
A
\\ D
\ [————1
1
State A

Mole fraction

Figure 2.2 - Van der Walls plot representing phase transition between a state A and B as a function of

temperature

It is hoped that non-stoichiometric materials with a hysteresis of the oxygen content could be

useful for oxygen cycling processes due to several reasons, such as:
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e Large changes in oxygen non-stoichiometry over narrow temperature or pO. ranges
should allow for the easier design of systems, as the materials should either be in their
oxygenated or reduced state.

e Potentially smaller temperature swings may be needed to incorporate and release large
quantities of oxygen.

e Potentially more stability when compared to metal oxide systems which often show
sintering quickly.

Three potential oxygen carrier materials with rapid loss of oxygen have been identified from
literature reviews, namely, the rare earth manganates [71-72], the rare earth cobaltite’s [73-
74], and Ca2AIMnOs-5 [75].

2.3.1 Hexagonal rare-earth manganites
Hexagonal rare-earth manganites, RMnOs+s in which R is a rare earth metal (europium (Eu),

yttrium (YY), holmium (Ho), and dysprosium (Dy)), are interesting non-stoichiometric

materials that have high oxygen capacities at temperatures below 300°C [76].

When RMnOs+s is heated to 500°C in a pO2 of 1 bar, at a rate of 0.1°C/min, the material
incorporates oxygen at approximately 180°C. Oxygen continues to be incorporated into the
upon further heating, with HoMnOzs+s shown to have the largest oxygen capacity with a
6=0.25 at 280°C [77]. Further heating causes the material to release excess oxygen, returning
to a low oxygen content, 6=0, at temperatures between 300 and 350°C depending on the R
metal used. Incorporated oxygen is shown to be weakly bound, and reducing the pO. by
switching from oxygen to argon removes the oxygen from the samples. The low-temperature
oxygen incorporation/release behaviour of RMnOs+sis due to the incorporated oxygen
occupying interstitial sites, instead of vacancy sites [78]. This allows use at low temperatures
since interstitial oxygen ion diffusion is often characterized by lower activation energies [79].
The size of the R ion has a significant impact on performance, with a larger radius giving
larger oxygen capacities [80-81].

Improvements in the oxygen capacity have been shown by several methods. Klimkowicz et al.
looked at improving the synthesis process and found material produced by the sol-gel route
exhibits oxygen storage capacity almost twice that of a solid-state synthesized material [82] —
although this is due to oxygen incorporation rates and surface area, not the thermodynamic

maximum.
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Doping has also been shown to improve oxygen capacity. A site doping has given
improvements. Commonly seen in the literature is Dyo.7Y0.3MnOs+5 which was found to have
a significantly larger oxygen capacity than undoped DyMnOs.s [83]. Th and Ce doping have
been shown to give some of the best performing materials, lowering operation temperatures to
below 200°C, as well as increasing the oxygen storage capacity [81]. Substitution of Tb into
YMnOs.+s increased the 6 in the oxidized phase to 0.44 compared to 0.27 in a pO2 of 1 bar
[84].

To investigate the structural changes caused by this incorporation and release of oxygen,
neutron diffraction work was carried out [77]. In this experiment, the material was seen to

undergo a phase change corresponding to the temperature of oxygen release.

Three phases were found in hexagonal RMnOs-; compounds, with the phase dependant on the
oxygen non-stoichiometry. P63cm, R3C and Pca2 were found for a 6 = 0, ~ 0.24-0.29 and 6 =
0.35-0.41 respectively [86]. The low oxygen content structure (3 = 0) consists of corner-
sharing MnOs trigonal bipyramids. These are separated by eight-fold coordinated R3* cations.
Increasing the oxygen content maintains a similar structure, but there is an increased

coordination number of cations due to the interstitial oxygen [83].

Dabrowski et al. performed redox cycling of Yo.95ProosMnQO;+s between 220 and 300°C and
saw a steady drop in oxygen incorporated over 20 cycles of 2.6%, although they did not
explain in the text this drop in performance [78]. In this study, the low oxidation rates of the
material were apparent. Upon heating to 400°C, the amount of oxygen incorporated using a

heating rate of 1°C/min, was 1/3 of that when a heating rate of 0.1°C/min was used.

While this material is thermodynamically interesting, both the low oxidation rates, as well as
the drop in performance over cycling shown in ref. [78] currently limit the application. Also
shown in ref.[78] was a dramatic decrease in oxygen incorporation at a pO2 of 0.21 bar
compared to 1 bar. For a truly efficient oxygen storage material, as much oxygen as possible
should be taken from the oxidising stream, to ensure the most efficient use of them. Low-
efficiency use of the stream will require extra heating and pumping, which at such low

operating temperatures, the energy will be difficult to recover well.

2.3.2 Ca2AIMnNOs+5

Ca,AlMnNOs.5 is a brownmillerite with similar oxygen incorporation and release properties to
RMnOs. Upon heating in a TGA at a rate of 1°C/min in a pO2 of 1 bar, oxygen incorporation
begins at 300°C, incorporating an oxygen excess of 3wt%. Further heating reduces the oxygen

content gradually until approximately 650°C where the oxygen excess is reduced to 2.5 wt%.
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Heating the material past this temperature causes the remaining oxygen to be released over a
narrow temperature range, with the material returning to its starting stoichiometry by 670°C.
Thermodynamic experiments show that the oxygen capacity of the material lies mainly in the
pO2 range of log 0.1 — 1 bar [87]. For this material, it has been shown that the synthesis
method has a significant impact on the oxygen storage capacity, with different sintering times
changing the oxygen capacity by up to 20% [88]. Redox cycling between a pO2 of 1 or 0.21
bar, and nitrogen between 450 and 550°C has been performed [89], and it was found that
while the greatest oxygen capacity was at 450°C, oxygen release was poor at this temperature.
For an isothermal redox cycle between a pO, of 1 bar and nitrogen, 500°C was found to give
the greatest change in oxygen content per cycle. It was also seen that during a dynamic
heating ramp at a rate of 1°C /min, significantly less oxygen was incorporated upon heating in
a pO2 of 0.21 bar (max weight change of approximately 0.6 wt% at 400°C) compared to in a
pO. of 1 bar (max weight change of approximately 2 wt% at 350°C). Interestingly, XRD
studies of the material have shown that during oxidation, AlO4 tetrahedra convert to AlOs
octahedra and the Mn oxidation state increases from +3 to +4 [90].

CaAlIMnOs+s has been studied for a combined chemical looping combustion and air
separation by Tobiesen et al. [91]. In this experiment, a bed of Ca2AIMnOs.5 was oxidised in
an airstream, producing oxygen-lean gas. This oxygen lean gas was then sent to abed of a
metal oxide (Cu) to recover the heat and take advantage of the lower pO2 requirements to
oxidise copper. The process was thought to be promising in the study, with potential
efficiency improvements of between 5 and 7% calculated. It was noted that the re-oxidation of
Ca2AlIMnOs.+s was slow, which is likely a major area for improvement.

Further work in optimizing this material has been performed, with Pt nanoparticles shown to
increase oxygen incorporation and release rates by approximately 38 and 26% respectively,
compared to an uncoated sample [92]. It should be noted that different average particle size
was found for the untreated and Pt treated sample (11.43 versus 10.04 um) which may have
accounted for some so this improvement. The samples in this study were shown to give
repeatable behaviour over 25 incorporation/release cycles, making this material promising for
future study. Strontium doping has also been examined and found to improve the efficiency of
the redox cycle, with Ca1.2SrosAlMnOs+s the best performing composition synthesized [93].
Fifty cycles redox cycles between a pO> of 1 bar and argon were performed in this study, and
a decrease in the amount of oxygen stored was noted. The authors attributed this to drift in the
analysis, and not degradation of the material and XRD patterns showed no additional phases

after cycling. Ga doping has also been examined, and while this decreased the oxygen storage
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capacity, it did low the operational temperature, which may provide benefits in its own right
[94].

2.3.3 Rare earth cobaltites

The RBaCo40O7+5 family has been well shown in the literature to have easily reversible oxygen
capacity, where each molecule of YBaCo0407-5 (the most commonly discussed of this group)
can uptake 1.5 oxygen atoms at 300 °C [95-96]. A maximum & of 1.56 was recorded by
Karpinien et al, requiring a pO2 of 2x10* atm, alongside additional KCIO3 to provide excess
oxygen [97]. The low temperature and reversible oxygen content make the material
interesting for many applications ranging from catalytic oxidations to ion transport
membranes [98-107]. Recently, studies using the material for NOx storage and oxidation were

performed, and it has been found suitable for these processes [108].

There have been various R metals explored of which yttrium (y) is the most common —
however metals such as dysprosium (Dy), holmium (Ho), ytterbium (Yb), europium (Eu) and
lutetium (Lu) have also been used [109]. Larger cations on the R site have been seen to
destabilize the structure, improving oxygen storage properties [110]. Additionally, a smaller
ionic radius of R ions lowers the temperature of oxygen release upon heating [111]. Hao et al
found that the materials gained weight in proportion to their atomic radius — i.e. oxygen
absorption followed the behaviour of Dy>Ho>Y>Er>Yb>Lu [112], although these
experiments were dynamic the samples may not have reached equilibrium. Podberezskaya
likewise found a correlation between the atomic radii of the A-site ion, and the cell volume at
room temperature [113] The pO: range that the material operates at is quite high, as the
material can be returned to the original oxygen non-stoichiometry by lowering the partial

pressures of oxygen using nitrogen [112].

Karpineen et al performed In-situ x-ray diffraction (XRD) studies of YBaCo04O7 showing
complex crystallographic changes in a pO2 of 1 bar, when heated from 300 to 500°C. Upon
oxygen incorporation the material transitions from a hexagonal to an orthorhombic space
group at 300°C. Heating to temperatures above 400°C returned the sample to the original
hexagonal structure, consistent with the rapid loss of oxygen [114]. The oxygen storage
capacity of this material is among the largest recorded non-stoichiometric materials in
literature. The operating temperature of the material is only ~400 °C [115-116], significantly
lower than its calcination temperature which begins at 1000°C [117-118], likely making

YBaCo407-5 less prone to thermal sintering during operation.
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The material is typically synthesized at high temperatures (1000 — 1300 °C), however, this
can be lowered by ball milling, which has been seen to reduce the synthesis temperature to
900°C [119]. Wu et al synthesised YBaCo40O7 at temperatures between 1050 and 1250°C, and
it was seen that there were no clear trends between performance and calcination temperature —
however, the duration of the calcination did appear to have an impact if the duration was too
long [120].

When RBaCo407+s5 is heated in an oxygen-containing environment, the material incorporates
oxygen at approximately 200°C and this continues until 400°C. Further heating causes the
material to release the incorporated oxygen, returning the material to the original non-
stoichiometry [121]. A second weight gain is seen upon heating above 650°C to
approximately 900°C but this is due to an oxidative decomposition, due to metastability of the
material. A third oxygen incorporation/release step was reported by Zhao et al between 900
and 1000°C, however, this was significantly smaller, and normally not discussed in other
literature [122]. Frade et al. studied this high-temperature behaviour and found that upon
heating, the material decomposed to BaCoOz2, Y203, and Co304 [123]. this stability has ruled
out the use of this family in many different high-temperature areas although there is much

interest in extending this temperature range of operation [124-125].

Multiple dopings have been tried to improve the high temperature stability of the material.
Aluminium and gallium doping have been shown to improve high-temperature stability;
however, this lowers the amount of oxygen incorporated into the sample [126-127]. Although
at low temperatures (<100°C) for magnetic properties, co-doping of Al and Ca was seen to
mitigate the effect of AI** on the cobalt oxidation state which is responsible for this drop in
performance [128], and a co-doping strategy may improve the oxygen capacity. Calcium and
iron doping have both been tried on this material, however, these did not increase the oxygen
capacity [53-54]. Calcium doping was also seen to reduce the high-temperature stability
[129]. Replacing the Co for 50% Fe gave an oxygen capacity of approximately 25% of the
undoped material [130]. Zn doping has also been tried, but this was seen to decrease the
oxygen content significantly, particularly at low temperatures [131]. This was explained by
Hou et al [132], who explained that during oxygen incorporation of one oxygen ion, two Co?*
ions convert to Co®" Zn cations could not alter their oxidation states from 2+ to 3+, so the
substitution decreased the oxygen incorporation. Ni doping was found to be possible up to
5% to form YBaCossNio207+5, although this was only studied at low temperatures (<100°C)
for magnetic properties [133]. Similarly, Cu doping is possible up to 17% of the Co [134].

Scandium doping has also been attempted and found to be possible to 30% - although the
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impact of this on the oxygen content has not been shown [135]. Bi doping was found to be
possible to 5%, however, this was seen to greatly diminish the oxygen incorporation ability
[136]. Manthiram et al investigated attempting to prevent the higher temperature
decomposition and found Zn improved high-temperature stability. They found better
improvements however with completely replacing the a-site metal with In for improved
stability at high temperatures further. They interestingly found a combination co-doping of the
a and b-sites gave the best results, with YoslnosBaCo3Zn107+s the most stable of all their
samples [137]. Further studies showed that less In was needed to give significantly improved
stability, with substitution of less than 20% of the Y for In seen to improve the high-
temperature stability [138]. It has however been noted that this partial substitution of Y for In
decreases the amount of oxygen that can be cycled at low temperatures [139]. Co-doping of
Fe was seen to slightly improve the reduction in low-temperature oxygen incorporation, but

not enough to make it attractive for the process [140].

Few metal dopants have been seen to improve the low-temperature oxygen incorporation of
the material. Terbium doping to 25% was seen to increase the oxygen capacity by
approximately 30% [141]. This was supported by data from Song et al, who found that Th
doping of 50% increased the amount of oxygen incorporated, as well as lowering the
temperature that oxygen incorporation began [142]. Zhang et al performed a more
comprehensive study of doping and found that 5-10% Ti, 50-75% Dy or 50-75% Pr gave
improved oxygen incorporation during 1°C/min heating ramps in a pO2 of 0.21 bar [143].
They also found potential benefit in co-doping of Ti and Pr to 5 and 75% ratios. Gd doping
was seen by Zhao et al to improve the oxygen incorporation of YbBaCo04O7+s, with doping of
60% approximately doubling the oxygen content reached during isothermal redox cycles
between a pO2 of 1 bar and nitrogen, at 340°C [144]. Potassium doping was seen to improve
the reduction kinetics of the oxygen release [145]. Na doping of the b-site has been seen to
increase the electrical conductivity, which has links to the oxygen content of the material —

however, no relationship in the oxygen incorporation or release was studied [146].

Yang et al. found that YosDyosBaCosO7+5 and YoosTioosBaCosO7+5 incorporated
approximately 10% more weight than the undoped species, however this result was a dynamic
heating ramp, and isothermal investigations did not show as significant a difference in oxygen
incorporation or release [147]. Further study into the activation energy of the oxidation and
reduction process saw that the addition of Dy, Ti and Zn increased the activation energy of the
oxidation step by between 6 and 10 kJ/mol, and the reduction step by between 10 and 30
kJ/mol [148].
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A simple method for improving the oxygen incorporation rate of YBaCo407+5 was found to be
ball milling to increase the surface area. Yin et al [149] demonstrated that increased surface
area gave good improvement. Increasing the surface area from 0.4 to 3.2 m?/g by ball milling,
increased the amount of oxygen incorporated during a dynamic heating ramp from 1.79 to
2.89 wt%.

Investigations into the oxygen incorporation and release have also been performed. Qin et al
investigated the reduction kinetics and found that the rate of oxygen release increased with
higher temperature, however, the difference between the time taken for oxygen release to
finish for 390 as opposed to 450°C differed by approximately 2 minutes [150]. Yang et al
conducted reactor studies using ceramic monoliths coated with Yo.95Tio.0sBaC0407+5 [151]. It
was found during this study that for good cycling performance, the oxygen concentration
during the incorporation step should be as high as feasible, and the temperature of the oxygen
release step as high as possible.

Whilst the potential of YBaCo4O7:5 for oxygen separation has been demonstrated
qualitatively, no detailed study of how the release of oxygen from the material changes in
different pO2s has been conducted. Concerns have been raised that cycling between the
orthorhombic and hexagonal phase may cause damage to particles [152], and this has been
reported in the literature, with S.E.M images from Smolentsev et al. of the surface of
YBaCo407+5 before and after oxygen saturation showing cracking [153]. To the author's
knowledge, no long-term cycling of the material has been performed, so the impact this may
have on performance stability has not been quantified. The largest number of cycles seen by
the author is approximately 5, and during this cycling, there was a drop in performance
between the first and fifth cycles. This drop in performance was small and inconsistent,
however, and in the fourth cycle, almost as much oxygen was incorporated as the first,
suggesting that this was not a drop in performance, but rather instability in the first few redox
cycles [154].

The lattice expansion upon heating was seen to be anisotropic, favouring an increase in the C-
axis of approximately 5-9% compared to the C-axis, and thermal expansions of approximately
10 x 10° C* have been reported, depending on the R ion of the material, with zinc doping
seen to lower this [155]. The low thermal expansion has been compared favourably to similar
materials such as Lao.sSro.1GaosMgo203-5 [156] and LageSrosCo0ss [155-156]. Thermal
expansion can be reduced by Fe or Co doping, due to suppression of change in the Co-O bond

length in CoO4 polyhedra in the structure [157].
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Deng et al investigated YBaCo04O7+s a thermochemical cycle and found the material was able
to remove significant quantities of oxygen, reducing the pO. of a vacuum chamber from
21kPa to 0.5 kPa. They also found that the particle size played a large impact on the rate of
oxygen incorporation, with almost 35% more oxygen incorporated upon heating to 300°C
when the surface area was increased from 0.48 to 2.42 m?/g [158]. Investigations by Wohlrab
et al. showed the material was suitable for removing trace amounts of oxygen (approx. 4000
ppm) from a methane/CO gas stream, showing the potential for efficient use of a heated
oxygen stream [159].

An investigation of the material was performed for oxy-fuel combustion, and the material was
seen to be able to incorporate oxygen from an air stream, and release oxygen into a CO>
stream isothermally [160]. A scheme was proposed to oxidise the material upon heating in air
to 345°C, before releasing the oxygen upon cooling into a CO stream to 200°C. In a practical
application, this would not be feasible. This is due to the required oxygen content of a CO>
stream for oxy-fuel combustion, where a pO. of 0.3-0.42 bar is required. Dynamic TGA
ramps from multiple sources show that YBaCo4O7 will not release its oxygen in a pO2 of 0.21
bar until approximately 370 — 400 °C. Oxygen release was planned to occur upon cooling
from 345°C in the scheme suggested in ref [160], lower than the reduction temperatures in a
pO of 0.21 bar, making the scheme unfeasible. Additionally, the oxygen incorporation rates
were seen to be fastest at 310°C - contrary to the proposed oxidation temperature of 200°C in
their scheme. CO stability tests at 400°C were also performed which are useful and show no
degradation of the material, however, this author would suggest stability studies including Ha,
CO, and H20 as other potential contaminants would be useful, particularly at slightly higher

temperatures as oxygen desorption has been shown to occur faster at higher temperatures.

2.3.4 Summary of material literature review

During this section, YBaCo40O7+s was identified as a potentially useful oxygen carrier, due to

several reasons, namely:

e Comparable oxygen capacity to metal oxide systems

e Temperature-induced redox behavior over a comparably narrow temperature range to
the metal oxide systems

e Low-temperature oxygen incorporation (<500°C) which is useful for economic
considerations for a process, and potentially improved stability

e A non-stoichiometric crystal structure should hopefully allow for repeatable oxygen

cycles over long-time scales
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The reason this material was selected versus the RMnOs-; family was favorable kinetics, as
TG experiments have shown oxygen incorporation occurs over much longer durations.
YBaCo407+5 was chosen versus Ca;AlIMnOss+s due to favourable thermodynamics, as the

operating temperature is lower and the temperature swing required lower.

2.4 Characterisation techniques for non-stoichiometric materials

There are two important characteristics to quantify the effectiveness of a non-stoichiometric
material — the oxygen content of the material as a function of temperature and pO, and the
rate of oxygen diffusion through the material. In this section, the current methods of
characterizing the oxygen non-stoichiometry and the diffusion rates of these materials will be
discussed.

2.4.1 Techniques to determine oxygen non-stoichiometry

Finding the oxygen non-stoichiometry of an oxygen carrier is important, as it is necessary to
know the amount of oxygen that can be exchanged per redox cycle for a reactor design. In
literature there are several techniques to quantify the non-stoichiometry of an oxygen carrier
and Table 2.6 reviews the most common of these techniques. Other methods such as optical
transmission spectroscopy do exist, however, these are less common in literature and as such

have been omitted.

Table 2.6 — Review of characterisation techniques to measure oxygen non-stoichiometry

Technique and description Benefits Limitations

Thermogravimetric (TGA)

analysis

A sample of a non-stoichiometric . . . .
P Allows for information | Requires an assumed starting

material equilibrates at a known

regarding rates of the stoichiometry to reference
temperature and pO2, with the weight . . .
0Xygen incorporation or against
change is measured. From this
release . .
change in weight, the non- Requires several different gas
stoichiometry is calculated from a compositions to get a large

reference point [161] Easy access range of pO2’s.

Susceptible to gas leaks

Neutron diffraction

A similar technique to x-ray
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diffraction, a sample is placed in a
focused beam of neutrons, and the
angle of incidence changed. From
the scattering, information regarding
lattice positions in the material can
be obtained [162]

Oxygen position in the

lattice can be seen

No reference points
needed

Difficult to get access to

lodometric titration

Several variations of iodometric
techniques exist, however these
methods involve dissolving the non-
stoichiometric material in acid in
the presence of a reducing ion such
as iodide. From the simple
calculation, the oxidation state of
the transition metal can be
calculated [163]

Easy to gain access to

and perform

Requires a manual
titration and destroys

the sample

Can only be performed at room

temperatures

Requires prepared sample and
cannot be performed in-line

with an experiment

Columetric titration

During this experiment, a sample is
sealed in a reactor with an
electrochemical sensor and pump.
As oxygen is pumped into the
chamber, the potential of the
electrode changes. From the Nerst
equation, the amount of oxygen in
the chamber can be calculated [164]

Very accurate

Allows very small
changes in the pOz to
be made giving

multiple points easily

Susceptible to oxygen leaks

TGA techniques are most commonly used, due to the ease of use and the difficulty of access

to neutron diffraction services. TGA analysis to obtain useful thermodynamic data requires

multiple gas compositions which can be expensive, particularly with the use of buffer gases

and ppm concentrations. A more ideal system would use one gas cylinder, and by changing

the pressure of the system, obtain the required pO..
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2.4.2 Techniques to determine oxygen diffusion co-efficients

The rate of diffusion of oxygen through and from the material is important for the design of

any reactor using the material and the evaluation of its effectiveness. Table 2.7 shows a brief

review of the more common diffusion characterisation techniques used in literature

Table 2.7 — Review of characterisation techniques to measure oxygen diffusion

Technique

Benefits

Limitations

Electrochemical relaxation

During electrochemical relaxation,
electrodes are attached to a dense non-
stoichiometric pellet, where a current is

passed through. A step change in the pO-
of the sample environment is performed,
causing the sample to change non-
stoichiometry. The change in the voltage
passing through the sample can be
measured and linked to the change in

oxygen non-stoichiometry [165-166]

TGA experiments

During thermogravimetric experiments, the
change in weight after a step change in pO:
is fitted to a solution of Fick’s law. This
technique has been often used in literature
for materials such as
Lao.6Sr0.4C00.8Fe0.203-5 [167]

Commonly used

technique in literature

Accurate results easy

to interpret

Allows the use of

powders

Easily understandable
data

Easy access to TGA

Requires wiring to be
added to the sample

Sample must be in the

form of a dense pellet

Questions about the
validity of the results due

to mass transfer limitations

If powders are used, a
general assumption must
be made on particle

geometry

Vulnerable to mass
transfer limitations and gas
leaks. Often researchers
perform additional runs at
different gas flow rates to
determine if any impact
[168]

Stagnant layers can form
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in TGA crucible,
preventing accurate

measurements [169]

Optical transmission spectrometry

Optical transmission spectrometry is a
technique where light is shone through a
sample and measured, with the change in

the amount of light being absorbed is

dependent on the degree of oxidation of the
sample. Some experiments have been
carried out using iron oxide and measuring
the colour change as the material changes
oxidation state. From the change in
absorbance, rates can be calculated [170]

Useful for testing a
coated sample where a
very thin covering is

desired

Requires difficult
preparation and very thin

samples

Hard to ensure that gas
flow is evenly spread
through the sample

Pulsed isotopic exchange

A powder sample is loaded into a packed
bed, and an oxygen-containing gas flows
through the bed. Intermittent pulses of
different isotopes of oxygen are sent
through the reactor, and from the delay and
the rate of their incorporation and release
through the material is measured by a mass
spectrometer at the end of the reactor [171-
172]

Partial pressure relaxation

During this technique, a non-
stoichiometric sample can equilibrate in a
packed bed reactor at a known pO>. The
pO: of the gas flow is then changed and the
outlet gas composition measured. From the

change in the gas concentration, diffusion

A large amount of
information about the
surface and bulk
kinetics, as well
reaction pathways can

be obtained

A cheap easy
technique to perform

Can give accurate data

Expensive isotopes needed

Susceptible to leaks

Susceptible to mass
transfer limitations and

leaks

Potential shifting of the
bed
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co-efficients can be obtained [173]

As discussed in Table 2.7, many of these techniques for calculating diffusion coefficients
suffer from mass transfer limitations, preventing accurate calculations of diffusion

coefficients of the material.

A new method to reduce the impact of mass transfer upon diffusion readings is the micro-
fluidized bed TGA (MFB-TGA) [174]. In a comparison of a traditional TGA and MFB-TGA,
Yao et al. found mas transfer limitations prevented high-temperature reaction measurements
in a traditional TGA but found no such issue with the MFB-TGA [175]. It was also found that
the activation energy and low-temperature reaction rates were similar with the TGA and
MFB-TGA, giving more credibility to the use of the technology. This technique has already
been demonstrated to give good measurement of the reaction rates of perovskite [176].
Additionally, pressure measurements in the system have been shown to give useful
information regarding agglomeration when redox cycling of manganese ores was conducted
[177]. Further improvements of the method are being developed, such as a combination of
mass spectroscopy, which is show very promising results [176], and this method has been

used in many recent studies [178-180].

Figure 2.3 below compares the oxygen diffusion between a traditional, and MFB TGA. As
shown, in a traditional TGA, gas flow typically goes across the surface of a pan, making gas

diffusion more difficult. For MFB-TGA, the gas flows through the bed, limiting mass transfer

possibilities.
a b
Powder bed
Powder bed _
Gas flow eating element
>
Gas flow

Figure 2.3 — Schematic of (a) — traditional TGA powder pan and gas flow, and (b) — MFB-TGA set up
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One major potential issue with this technique is that a fluidized bed must be created, requiring
large amounts of material. In Ref [171] and [181], a bed of 169 of silica sand, and 3 or 0.4g of
active material were used respectively for the studies. This blend is to ensures a good ratio of
oxygen to active material in the bed but gives rise to the possibility of mixing or measurement
errors having impacts on any results. Additionally, gas flows and gas mixing must be well
controlled, as this has a large potential to impact the measurement, or potentially remove the
sample if too high [174,182].

Mass transfer of gases to reactants has been shown repeatedly to be a significant factor in
determining oxidation and reduction kinetics. As part of this work, the use of pure gases, to

avoid multi-gas diffusion limitations is explored.
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Chapter 3  Aims and objectives

3.1 Aims and novelty

In chapter 1, it was shown oxygen demand has increased significantly over the past decades,
with uses in multiple applications [1]. One process of note is oxy-fuel combustion, which
offers a significant global impact [2]. The major issue preventing more widespread use of
oxy-fuel combustion is the high cost of oxygen, as this is most often produced by cryogenic
distillation which is energy-intensive [3]. Therefore, finding a cheaper way to add pure

oxygen to a CO; stream is of great import for the feasibility of oxy-fuel combustion.

One potential process identified to reduce the cost of oxygen production is the CLAS process.
[4]. Much work has been performed to find a suitable oxygen non-stoichiometric material for
the process, however, issues with material stability (for metal oxide materials) [5], or low

oxygen storage capacity (perovskites) are common [6].

In this work, a potentially useful material (YBaCo0407+3) has been selected for further detailed
studies for a chemical looping air separation for oxy-fuel combustion. The literature of this
material shows high oxygen capacity (approx. 3.5% by mass) and low operating temperatures
(300 — 500°C) [7]. An interesting oxygen release behaviour during heating is also seen, where
the incorporated oxygen is released over narrow temperature ranges upon heating. It is hoped
that the low operating temperatures and high oxygen content will provide a stable, high-
capacity material, which requires small temperature swings to incorporate and release the
stored oxygen. This work is primarily a feasibility study of this material, examining the
Kinetics, stability and thermodynamics and comparing to other oxygen carriers, to determine
if the material has potential for oxygen enrichment processes. It is the hypothesis of this work,
that redox cycling using YBaCo04O7+5 may offer significant advantages in terms of both
efficiency of oxygen incorporation and release, and stability over redox cycling, compared to

transition metal oxides and other non-stoichiometric materials.

The major novelty in this work surrounds the study of the oxygen incorporation and
determination of the best method of performing redox cycles with this material. To the best of
the authors knowledge, no significant number of redox cycles of this material are available in

literature.

The first step will require determining the amount of oxygen that can be incorporated and
released over redox cycling. Unfortunately, most papers that study the oxygen content of the

sample, do so using dynamic heating ramps, meaning the oxygen contents may be kinetically
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limited. Also in literature, the pO. of oxygen incorporation and release are not examined in
the pO:2 range for oxy-fuel combustion (0.31-0.4 bar), with results typically shown at 0.21 or
1 bar.

While this previous work is important, to determine the true feasibility of YBaCo04O7+s, the
oxygen incorporation and release should be studied in the pO2 range of 0.025 to 0.45. This is
important for two reasons. The first is the pO: of the gas phase is likely to vary significantly
depending upon what region of a reactor the material is in during the oxidation and reduction
steps, creating different oxygen gradients between the gas and solid phases through a bed.
Therefore, examining how YBaCo04O7+s will oxidise and reduce at different pO2’s and
temperatures will determine how efficient the material may be. Secondly, the desired oxygen
concentration of the oxygen-enriched flue gas for oxy-fuel combustion is between 0.31 and
0.42 bar. Therefore, any study relating to this material for this process must include data in
this region, which is currently missing from literature. To this end, a detailed study of
YBaCo407+5 in the pO. range of interest for oxy-fuel combustion is performed, which was
missing from literature. Multiple redox cycling schemes are tested, and the cycle design is
shown to be critical for maintaining performance and stability. Finally, a model is produced to

examine how packed beds of YBaCo407+5 may be used for this process.

To aid in this work, a novel method of determining oxygen content, and gas diffusion co-
efficients is developed. This method relies upon allowing a non-stoichiometric material to
equilibrate in a pure oxygen gas phase, before a sudden change in the pressure is applied,
forcing the material to re-equilibrate. From measuring the change in total pressure, the change

in oxygen non-stoichiometry can be determined.

This work is above all a feasibility study. Chapter 4, the development of a novel pressure
relaxation technique, was intended to improve some issues with oxygen diffusion
measurements, as well as make a novel technique that could help characterise the material.
Chapter 5 is intended to give thermodynamic data of YBaCo04O7+5, to help design redox
cycling schemes of the process. These schemes are then used in chapter 6, where the

thermodynamic data from chapter 5 is used to perform a feasibility study of the material.

3.2 Objectives

This work aims to attempt to find more suitable oxygen carriers for redox cycling. During this
work currently, non-stoichiometric materials with more sudden changes in oxygen non-

stoichiometry have been identified as promising materials for oxygen separation technologies,
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namely YBaCo4O7+s5. To quantify their potential four objectives will be fulfilled during this

thesis.

Creation of a useful technique to characterise oxygen non-stoichiometry and
diffusion coefficients — As discussed in chapter 2, there are issues with the current
methods of calculating diffusion coefficients. As part of this work, a new
characterisation technique known as pressure relaxation will be developed to help give
accurate kinetic information about the material.

Detailed investigation into the thermodynamics of the selected oxygen carrier —
Detailed study into both the oxygen content and phase changes of YBaCo04O7+5 as a
function of pO. and temperature will be performed to help design the best redox
cycles using the material.

Investigation into the stability of the non-stoichiometric material — If YBaC04O7+35
has suitable kinetics and thermodynamics, it would also be required to be stable over
redox cycling, resistant to both sintering and phase degradation. Additionally, the
chemical stability of YBaCo4O7+s in different reducing gases should be studied, to
ascertain which processes the material would be suitable for.

Investigation into the Kinetics of the selected oxygen carrier — Kinetics of
YBaCo407+5 will be gathered, so a working bed of the material can be modelled, to

help see the effectiveness of the material as a potential oxygen carrier.

Once these objectives have been fulfilled, the information will be collated and discussed to

determine if YBaCo4O7+5 has promise as an oxygen carrier, and if so, where improvements

must be made to make it viable.
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Chapter 4 — Methods of creating and characterising non-

stoichiometric materials

This chapter will describe the analytical methods used to characterise samples, as well as the

specific experiments performed in the experimental chapters.

4.1 X-ray diffraction

X-ray diffraction is a useful tool for identifying a crystal’s structure. The technique works by
directing a beam of incident x-rays into the crystalline structure. The electrons will eventually
get enough energy to dislodge inner shell electrons giving characteristic x-ray spectra. These
spectra consist of Ka and KB which can be broken down into further subgroups of
wavelengths, Kal and Ka2. Kal has a shorter wavelength, however, Ko2 has half the
intensity. Foils or crystal monochromators filter the waves and produce monochromatic X-
rays by leaving only Ka. A weighted average of Kaland Ko?2 is used for this method. Copper
is the most common source of x-rays for single-crystal diffraction, with Cu Ka radiation =
1.5418A.

During the test, a crystal is mounted on a goniometer which is used to orientate the crystal at
the required angles. A fine monochromatic beam of X-rays is directed into the crystals,
producing a diffraction pattern. When the x-ray angle satisfies the Bragg equation, the crystals
diffract x-rays in different directions. The different angles and intensities of the diffracted
beams can be used to quantify the density of electrons in a crystal and hence the chemical
bonds within the crystal. Figure 3.1 below demonstrates the operation of an XRD unit.

- -
-~
~

Scanning ™

direction A

Sample stage

Figure 4.1 — Diagram showing simplified workings of an XRD unit

86



An X-ray diffraction profile will often be compared against standards or other results in the
literature. Variations between reported spectra can be a clear indication of chemical impurities
(or a secondary phase) within a sample and there are two variables, peak location, and peak
intensity. The peak intensity is the amount of radiation diffracted to the detector, the greater
the number of counts will mean there is a greater amount of that corresponding crystal face
within the sample which diffracts at that angle. The peak location is given by the angle of
incidence that gives the peak. By a combination of the peak heights and the peak location, a
phase can be identified.

The major advantage of this technique is that it is a quick and non-destructive method of
analyzing the sample; the issues with it however come from the analysis, and a reference file
Is needed for the comparison.

Two types of XRD were used for this work, ex-situ (where the sample was tested at room
temperatures in an uncontrolled gas environment) and in-situ (where the temperature and gas
environment of the sample was controlled to determine how the material behaved as a
function of these properties). Ex-situ XRD was used to test a samples phase purity for this
thesis and these experiments were conducted using an X-pert pro-PANalytical machine.
In-situ XRD was used for more detailed experiments probing effects to a sample such as
phase changes or chemical expansion as an effect of temperature and pO2. An X-pert pro-
PANalytical machine was used with a heated stage to obtain the temperatures required for
analysis. Gas flows of 150 ml/min were used, with gases of a pO. of between 0 (inert) and 1

bar.

4.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis is a technique which measures a sample’s mass changes in a
controlled atmosphere. Both the temperature and gas environment can be controlled during
this process meaning that the technique can perform thermodynamic analysis for many
different types of processes, such as absorption in oxygen which currently is the main
characterisation technique used for this report. The method will be used to obtain changes in
delta for the materials in different gas environments. It is expected to see that in environments
of increased oxygen partial pressures, an increased equilibrium oxygen delta of the samples
will be achieved, or that oxygen uptake and saturation of a sample will occur faster.

TGA measurements often take place within a furnace where the sample’s temperature is
controlled. For these tests a Rubotherm unit was used, and a schematic of this system can be

seen in Figure 4.2.
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This unit uses a magnetic coupling to connect the sample to a precision balance within the

Figure 4.2 — Schematic of TGA used for experiments

furnace which will allow the mass to be monitored throughout testing while a purge gas
controls the environment. The balance hangs freely on a platinum wire, making it susceptible
to vibrations within the lab, giving a high level of noise.

The advantage of this unit is that the gas environment, that the sample is tested in, can be
better controlled and there are much lower pO: leaks in the system. This means accurate
thermodynamic measurements can be taken at very low pO.s. The magnetic suspension
allows for testing in high-pressure environments and drift is corrected using an auto-zero
function.

The TGA contains a 6 L chamber which will be filled with the reactant gas.

The noise from the magnetically suspended balance is noticeable and the most likely source
of error in this technique. All data presented in the TGA section of the results has been
filtered to try and remove the noise in the system, but there is still a large amount of
uncertainty that will become evident in this section of the report. The balance has an accuracy
of 1 pg, so samples in the range of 100s of mgs are used to ensure the weight change is

measured accurately.

Detail about each specific TGA experiment will be given during the experimental section for

each individual chapter.
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As previously discussed, the TGA used for these experiments was sensitive to vibrations in
the laboratory and so a simple filter was used to try limit this error. This filter used a simple
excel “if” statement to compare a given value to the previous and next value and determine if
the original value was significantly far from these values to be an outlier and this is shown

below in Eq.3.1.
IF(AND(((V1—=V0)"2)*0.5 > tf, (V2 -V1)"2)"0.5 > tf),"no", V1) Eq. 4.1

Where VO is the previous data point, V1 is the current data point being checked, V2 is the
next data point and tf is the tolerance factor allowable before a data point is considered an

outlier.

If the original value was too far from the neighboring values the original value was returned
as a “no” value which could be separated by the use of the in-built excel sort function,
otherwise the if statement returned the original value to be plotted. Figure 4.3 below shows a

set of data from this thesis before and after filtering to show the effect on the data quality.
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Figure 4.3— Examples of data (a) unfiltered, (b) filtered

In the original unfiltered data multiple noise points between 50 and 300°C can be seen,

however after filtering it is clear to see that the data quality has been significantly improved
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with these outliers removed. As such the data in this thesis underwent this filtering when
appropriate.

4.2.1 TGA heat pre-treatement

TGA investigations of the samples were conducted using a Rubotherm dynTHERM unit.
Brooks mass flow controllers (calibrated at 0°C and 1 bar) were used to control the gas flow
rates, and for each experiment sample masses between 200 and 400 mg of 80 — 160 micron
particles were used. Before each experiment, a helium pre-treatment was performed (BOC,
99.995% purity) by heating the sample to 500°C and then holding the sample at 500°C for at
least 3 hours until a stable final mass was achieved (6 change < 0.001 over 1 hour). It is this
point in every TGA experiment, that =0 is attributed to throughout this work, so all 8’s used
in this work are consistent. The low oxygen content sample was then cooled in helium to the
required starting temperature for each TGA experiment, unless otherwise stated.

Figure 4.4 below shows this weight loss during the heat treatment, which matches references
from literatures. As seen, the weight of the sample is steady for several hours, which is taken

as reference 6 = 0.
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Figure 4.4 — Plot of weight versus time showing the weight change of YBaCo04O7 during inert pre-treatment,

alongside the temperature of the sample

This reference point is taken as a 6 = 0 throughout this work, in agreement with reference,
although slight variation is possible [1]. It is also seen in work performed, that the difference

in oxygen content at 500°C in a pO2 of 0.05 bar, and helium is equal to a change in & of
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<0.01, making it unlikely that any trace oxygen in the inert gas stream will have a significant

impact on the oxygen content.

4.3 Synthesis of YBaCo04O7+5

The most common method for producing YBaCo4O7+s is a solid-state reaction involving a
two-stage sintering with grindings in between calcinations. For the first calcination,
stoichiometric amounts of Y,03, BaCOs and CosO4 were mixed, before being heated to
1000°C using a ramp rate of 10°C/minute. The sample was allowed to dwell at 1000°C for 12
hours. The sample was then cooled to room temperature at a rate of 10°C/min. The sample
was then removed and ground, before undergoing a second calcination. The ground material
was heated at a rate of 10°C/min to 1200 °C, where the sample was allowed to dwell for 12
hours. After this the sample was cooled to room temperature at a rate of 10°C/min. Both
stages were performed in a Nubotherm furnace with a 30 cm isothermal zone under air. The
batch sizes produced were between 10 and 20g of final product. Figure 4.5 below shows the

scheme used for the sample preparation.

G—

Figure 4.5 — Schematic of preparation of YBaCo40- powders undergoing, (A) grinding of precursors, (B) 1000
°C sintering for 12 hours, (C) intermittent grinding of intermediate phases, (D) final 1200 °C sintering for 12

hours

The reagents used for the production were 99.9% purity Y203, BaCO3 and Co0304 purchased
from Sigma Aldritch.
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4.4 Chapter 5 experiments

As discussed in Section 2.5, obtaining correct diffusion co-efficient of non-stoichiometric
materials with fast kinetics is difficult due to mass transfer limitations. In literature many
methods have been attempted to measure fast oxygen transfer co-efficient, with ECR being
the most common [2]. However, even with gas flows of up to a liter a minute, it has been
shown there is still some error for ECR and partial pressure relaxation techniques, due to mass
transfer limitations [3-5].

One of the major issues is that these techniques use multi-component gases. When a gas phase
is comprised of mixed species, it cannot be assumed that the diffusion coefficient is
independent of the gas phase composition, as the intermolecular forces become significant
[6]. To describe the change in diffusion coefficient in multi-gas systems, the Maxwell-Stefan
equation is used [7-8], shown below in Eq.4.2, where V is the vector differential operator, X is
the mole fraction, u is the chemical potential, a is the activity, n the number of components,

Djj the Maxwell-Stefan diffusion coefficient, v diffusion velocity, C the molar concentration,
and j; the flux
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A much simpler system would involve the use of pure gas. Figure 4.6 demonstrates how

diffusion differs in a system with multiple gas species versus a pure gas system.
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Figure 4.6 — Oxygen diffusion from the gas phase into a solid sample from (a) air, (b) oxygen

As shown in Figure 4.6 (a), when oxygen diffusion occurs in air, oxygen travels from the gas

mixture into the sample, leaving a lower oxygen concentration at the surface/gas interface for
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oxygen incorporation to occur. Oxygen from the bulk of the gas phase must travel to the
material’s surface, adding another diffusion barrier. This can reduce the rate of oxygen
incorporation, particularly when attempting to characterise non-stoichiometric materials with
fast kinetics.

To reduce mass transfer limitations, it is always advantageous to use pure gases for diffusion
measurements, changing the pressure of the system in a pure gas, rather than the gas
composition in a mixed gas. This is demonstrated in Figure 4.69b), which shows oxygen
diffusion from a pure oxygen environment into a sample. As seen, when oxygen is
incorporated from the surface/gas interface, more oxygen is already present at the surface to
be readily incorporated by the sample. This incorporated oxygen is then replaced by oxygen
from the bulk of the gas phase, which travels as a small pressure wave making it many times
faster than multi-gas diffusion.

In most diffusion measurement processes, a sample equilibrates in a mixed gas of a known
pO., before the pO- of the gas is changed suddenly at constant pressure, making gas transfer
dependent upon the Maxwell Stefan equation. In this work a simple system will be created,
relying upon a sudden change in the gas pressure rather than gas composition, hopefully

increasing the measured diffusion coefficients.

4.4.1 Preparation of LSCF pellet

LSCF powder purchased from Praxair was ground and sieved to achieve a particle size range
of 80-160 microns, before being pressed into a pellet with a load of three tonnes for three
minutes. Pellets were then sintered at 1000°C for 10 hours in air, with a heating and cooling

rate of 2°C/min. The pellet dimensions were 16.2 mm wide, and 1.16 mm thick

4.4.2 Pressure relaxation rig

The schematic of the pressure relaxation system is shown in Figure 4.7. The system comprises
of the alumina reactor vessel and attached pipework (112 ml) in which the pellet of non-
stoichiometric material to be tested is placed, and an attached reservoir vessel with pipework
(161 ml) maintained at room temperature. These measured volumes were confirmed by
performing room temperature blanks, to ensure that the ratio between the reactor and reservoir
was correct. These two vessels are separated by valve V1. The valves, V2 and V3, allow the
pressure of both the reactor and reservoir sides of V1 to be altered. The bottom of the reactor
is placed within a tubular furnace, which controls the temperature of the reactor, and the non-
stoichiometric material inside. The reactor temperature is measured by a thermocouple
attached to the bottom of the outside of the reactor tube, and it is assumed that the temperature

at the bottom of the reactor is the same as the nonstoichiometric sample inside. The reactor
93



temperature is not isothermal, so an average reactor vessel temperature will need to be
calculated. The temperature of the top of the reactor is controlled by the use of a cooling
jacket, circulating water from a water/ice mixture through copper piping attached to the
reactor. The pressure within the system is measured using pressure transducers on both the

reactor and reservoir side of V1.
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Figure 4.7 — Schematic of the pressure relaxation system

Recording of voltage from the pressure transducers was performed using either a Pico ADC-
20 high resolution (20-bit) data logger or a digital multimeter provided by Multilab. The
pressure transducers used in this work were supplied by SensorOne, namely the 33-x series

with an error of 0.1%.

4.4.3 Pressure relaxation experiments

During this work, two types of experiments were performed to highlight the potential of this
technique, calculations of oxygen non-stoichiometry and oxygen diffusion experiments.

In the experiment to calculate the oxygen non-stoichiometry of the sample, a pelletised disc of
LSCF was heated to the required starting temperature, and the pressure in the reactor
decreased to less than 100 Pa. The reactor was subsequently flushed with oxygen three times
to remove any absorbed species before the pressure was reduced to < 100 Pa. The pressure in
the reservoir vessel was set higher than the reactor vessel, and V1 opened to allow oxygen to
flow into the reactor. A mole balance of the reactor and reservoir vessels before V1 opened
and after V1 opened and the non-stoichiometric pellet equilibrated, with the new pO: of the

reactor vessel was performed using the ideal gas law. The difference in the moles of gas
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before and after the opening of V1 was attributed to a change in non-stoichiometry of the
LSCF pellet.

To calculate the D and k values of a material, a sintered pellet of LSCF was placed in the
reactor vessel and allowed to equilibrate at a known pressure. The reservoir vessel pressure
was then set at ¥4 of the reactor pressure vessel. V1 was then opened and closed to cause a
reduction in the reactor vessel pressure, allowing for oxygen to be released from the non-
stoichiometric material. The rate of the oxygen release was measured by the pressure change

in the system, allowing diffusion coefficients of the material to be found.

4.5 Chapter 6 experiments

4.5.1 Chapter 6 oxygen measurement experiments

In Chapter 5 of this work, three types of TGA experiments were conducted,

e temperature programmed oxidations (TPOs) in a constant atmosphere,

e isothermal oxygen incorporation/release experiments

e stepwise heating and cooling of the material.
For all experiments, unless stated, a helium pre-treatment described in section 4.2 was
performed.
To determine the effect on pO. on the oxygen release of YBaCo04O7+5, a set of dynamic
heating ramps were conducted, heating samples of YBaCo04O7+s after helium pre-treatment
from 50 to 500°C with a ramp rate of 1-10 °C/min, in a gas flow rate of 200 ml/min, and a

pO- of between 0 (inert) and 0.42 bar. This can be seen in Figure 6.1

In Figure 6.2, a similar experiment to Figure 6.1 was conducted. After a helium pre-treatment,
a sample was annealed in air (pO2 = 0.25 bar) at 320°C for various times, ranging between 30
and 120 minutes, to give the material a different starting 8. The material was then heated at a
rate of 10°C per minute to 500°C in a pO2 of 0.25 bar, and the results can be seen in Figure
6.2. A gas flow rate of 200 ml/min was used for this experiment.

In Figure 6.3, an isothermal oxygen incorporation experiment was performed. In this
experiment, after the helium pre-treatment at 500°C, a sample was cooled to a temperature of
between 300 and 400°C in helium. The gas environment was then changed to a pO> of either
0.05, 0.25 or 0.42 bar, where the sample dwelled for 3 hours. After the 3-hour dwell at a
temperature, the material underwent the helium pre-treatment, to reduce the oxygen content.

Once the oxygen content was reduced, the sample was once again cooled to the next
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temperature in helium, before the same experiment was conducted. Gas flows for this
experiment were 200 ml/min. Fresh samples were to investigate each pO..

In Figure 6.4, a sample underwent the helium pre-treatment previously described, before the
sample was cooled to 430°C in helium. The gas was then switched to obtain a pO, of 0.25
bar, where the sample was allowed to dwell for 4-hours. At the end of the four hours, the
sample was allowed to cool to a temperature 10°C lower, for another 4-hour dwell. These
cooling steps were performed from 430 to 300°C. The four-hour dwell includes the cooling
time of the experiment, and the temperature profile is marked on the figure. The gas flow for
this experiment was 200 ml/min.

In Figure 6.5, an isothermal oxygen incorporation experiment was performed. In this
experiment, after the helium pre-treatment at 500°C, a sample was cooled to a temperature of
340°C in helium. The gas environment was then switched, to obtain a pO. of between 0.05
and 0.42 bar, as marked on the figure, and the sample left for 2 hours to incorporate oxygen.
After the dwell, the sample underwent the helium pre-treatment again, before being once
again cooled to 340°C, prepared for the next pO.. The gas flow for this experiment was 200

ml/min.

In Figure 6.6, a stepwise isothermal oxygen incorporation experiment was performed. In this
experiment, after the helium pre-treatment at 500°C, a sample was cooled to a temperature of
430°C in helium. The gas environment was then switched from helium to a pO2 of between
0.05 and 0.42 bar. The sample was allowed to rest for 1 hour at this temperature. The sample
was then cooled in 5°C steps, in the same gas atmosphere. The sample was allowed to rest for
1 hour, minus the time taken to cool, at this temperature. Cooling was conducted in these 5°C

steps from 430 to 300°C. The gas flow for this experiment was 200 ml/min.

In Figure 6.7 (a), a stepwise isothermal oxygen incorporation experiment was performed. In
this experiment, after the helium pre-treatment at 500°C, a sample was cooled to a
temperature of 300°C in helium. The gas environment was then switched from helium to a
pO2 of 0.25 bar, and the sample allowed to rest for 10 hours to incorporate oxygen. The
sample was heated in 5°C steps, in the same gas atmosphere. The sample was allowed to rest
for 1 hour, minus the time taken to heat, at this temperature. Heating was conducted in these

5°C steps from 300 to 430°C. The gas flow for this experiment was 200 ml/min.

In Figure 6.7 (b), a stepwise isothermal oxygen incorporation experiment was performed. In
this experiment, after the helium pre-treatment at 500°C, a sample was cooled to a
temperature of 430°C in helium. The gas environment was then switched from helium to a

pO2 of 0.25 bar, and the sample allowed to rest for 2 hours to incorporate oxygen. The sample
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was cooled in 5°C steps, in the same gas atmosphere. The sample was allowed to rest for 1
hour, minus the time taken to cool, at this temperature. Cooling was conducted in these 5°C
steps from 300 to 430°C. The gas flow for this experiment was 200 ml/min.

In Figure 6.8, a stepwise isothermal oxygen incorporation experiment was performed. In this
experiment, after the helium pre-treatment at 500°C, a sample was cooled to a temperature of
200 or 430°C in helium. The gas environment was then switched to a pO: of either 0.25 or
0.42 bar. The samples were then either heated to 430°C or cooled to 200°C. At each marked
point, the sample was held for long enough to ensure that a stable mass was obtained (change
in 6<0.001 over 1 hour).

In Figure 6.9, a stepwise isothermal oxygen incorporation experiment was performed using
pressure relaxation equipment. A sample was heated to 500 °C under vacuum for 2 hours,
before being cooled to the starting temperature under vacuum. At this point it was assumed to
have a staring 6 = 0 from the data seen in Figure 6.1 — however, there is a chance of slight
error. Pure oxygen was added to the reaction chamber, and a mole balance across the
chambers was performed to calculate the non-stoichiometry, following the method described
in section 4.4. The value was taken after half an hour of no pressure change.

In Figures 6.17 and 6.18, oxygen annealed samples were produced by heating individual
crucibles filled with a thin bed of YBaCo4Oy in air at 310°C in a furnace for times between
30 - 720 minutes. The samples were then taken from the furnace and allowed to cool. Some of
the samples were sent to XRD, where the percentage of the orthorhombic phase was
calculated. The rest of the material was heated to 500°C in helium, to calculate the oxygen
content. Figure 6.16 shows a portion of this heating, where each sample was loaded into the
TGA, and heated at a rate of 10°C/min to 500°C. Gas flows for this experiment were
200ml/min. Before this oxygen annealing, the samples were pre-reduced by the helium pre-

treatment step using the TGA apparatus.

4.5.2 In-situ XRD studies
For all in-situ XRD studies, the samples underwent a similar pre-treatment to that described

previously, however nitrogen and not helium was used for this.

Unit cell parameters and phase fraction were determined by Rietveld refinement of the
hexagonal phase (P6_3mc, spacegroup 186) and orthorhombic phase (Cmc2_1, spacegroup
36) against the collected diffraction patterns. Unit cell parameters and phase fraction were

allowed to freely vary, while the atomic positions and isotropic displacement parameters of all
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crystallographic sites was fixed to the values in the reported structures. A separate function
was used to model the specimen displacement along the z-axis, and a 6-term Chebyshev
polynomial was used to fit the background. Peak broadening was modelled as a convolution
of instrumental and sample broadening and broadening from the sample was fit best by
models arising solely from crystallographic strain. Rietveld refinement was performed using
TOPAS Academic V5. Refinements were performed by M.Gaultious — experimental design,
sample preparation and data interpretation were performed by the author.

In Figure 6.10, a thermal expansion coefficient was calculated. The sample underwent a
nitrogen pre-treatment to remove the oxygen, before being cooled to 200°C in 50°C steps. At
each intermediate temperature, the sample was allowed to dwell for 1 hour to obtain a stable

reading.

In Figure 6.11, a stepwise isothermal oxygen incorporation experiment was performed. In this
experiment, after the nitrogen pre-treatment at 500°C, a sample was cooled to a temperature
of 200 or 430°C in helium. The gas environment was then switched to a pO. of between 0.05-
1 bar. The samples were then either heated to 430°C, or cooled to 200°C, with 10°C steps
between 300 and 430, and 50°C steps between 200 and 300°C. Each step lasted for 1 hour.
Figure 6.12 -6.13 the refined data from Figures 6.11. 6.15 shows the temperature that the
orthorhombic phase was shown to grow upon cooling or heating at different pOz’s. The data
for these experiments was refined from performing the same experiments as described for

Figure 6.11, however at different pO.’s.

In Figure 6.14, an in-situ XRD experiment was performed, where a sample of YBaCo407 was
heated to 310°C and allowed to dwell for 6 hours at this temperature in a pO2 of 0.21 bar,
with a gas flow rate of 150ml/min. In this experiment, it is worth noting the sample did not

undergo any pre-treatment, and the sample began with some oxygen in the structure.

4.5.3 Thermodynamic calculations

Thermodynamic calculations were performed, and the results are shown in Figures 6.20 to
6.25 using the data obtained through the rest of the work. A detailed description of the
calculation is available with each Figure.
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4.6 Chapter 7 experiments

In Chapter 7 of this work, three types of TGA experiments were conducted,

e Temperature programmed reductions (TPR’s) in a constant atmosphere (namely CO,
H or CO»),
e isothermal oxygen incorporation/release experiments
e Redox cycling experiments between an oxidising condition and reducing condition.
This oxidation and reduction were brought about by both changes in pO> and
temperature
For all experiments, unless stated, a helium pre-treatment described in section 4.2 was
performed.
In Figure 7.1, the stability of YBaCo04O7+s in CO, H2 and CO», was investigated using a TPR
method. In this experiment, after the helium pre-treatment at 500°C, a sample was cooled to a
temperature of 50°C in helium. The gas environment was switched from helium to one of 5
mol% CO, 5 mol% H> and 50 mol% CO; with helium balance, provided by BOC. During
these experiments, a sample was heated from 100 to 500°C (800°C in the case of CO2) with a
heating rate of 1°C/min. A fresh sample was used for each experiment. The material from the
TGA was then cooled in helium to remove any dangerous gases, and the sample was taken for
XRD analysis. XRD of the as synthesised and used material was performed at ambient
conditions to determine any new phases that had grown in the sample. Energy dispersive x-
ray spectroscopy (EDX) analysis of samples were conducted using a Rontec Quantax unit.

The stability of YBaCo04O7 in water vapour was examined by flowing water vapour (pH2O of
0.05 bar, balanced in Ar (99.995% purity)) over 1 g of YBaCo0sO7 in a packed bed (internal
diameter 5 mm) at 450°C for 3 hours, with a gas flow rate of 200ml/min.

In Figure 7.2, an isothermal oxygen incorporation/release experiment was performed. In this
experiment, after the helium pre-treatment at 500°C, a sample was cooled to a temperature of
between 270 and 330°C in helium. The gas environment was then changed to a pO2 of 0.21
bar, where the sample dwelled for 1 hour. After the hour dwell at temperature, the gas was
switched to inert, to show the oxygen release characteristics. After this hour dwell, the
material underwent the helium pre-treatment, to reduce the oxygen content back to its starting
position. Once the oxygen content was reduced, the sample was once again cooled to the next
temperature in helium, before the same experiment was conducted. Gas flows for this

experiment were 200ml/min.
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In Figure 7.3, a stepwise isothermal oxygen incorporation experiment was performed. In this
experiment, after the helium pre-treatment at 500°C, a sample was cooled to a temperature of
300°C in helium. The gas environment was then switched from helium to a pO2 of between
0.05 to 0.42 bar, and the sample allowed to rest for 10 hours to incorporate oxygen. The
sample was then heated in 5°C steps, in the same gas atmosphere. The sample was allowed to
rest for 1 hour, minus the time taken to cool, at this temperature. Cooling was conducted in
these 5°C steps from 300 to 430°C. The gas flow for this experiment was 200ml/min

In Figure 7.5, an isothermal oxygen incorporation experiment was performed. In this
experiment, after the helium pre-treatment at 500°C, a sample was cooled to a temperature of
between 340 and 370°C in helium. The gas environment was then changed to a pO2 of 0.21 or
0.42 bar, where the sample dwelled for 1 hour. After this hour dwell, the material was heated
to 500°C in helium, to reduce the oxygen content back to its starting content. Once the oxygen
content was reduced, the sample was once again cooled to the next temperature in helium,
before the same experiment was conducted. Gas flows for this experiment were 200ml/min.

In Figure 7.14 an oxygen release experiment was performed. In this experiment, after the
helium pre-treatment at 500°C, a sample was cooled to a temperature of 310°C in helium. The
gas environment was then changed to a pO2 of 0.21 bar, where the sample dwelled for 1 hour.
After the hour dwell at temperature, the temperature was ramped at a rate of 20°C/min to
between 370 and 430°C in a pO- of between 0 (inert) and 0.42 bar. When the temperature was
at the desired setpoint, a rate of oxygen release was measured from the TGA data. After each
measurement, the material underwent the pre-treatment, before the process started again.

To demonstrate the potential of YBaCo04O7+s for oxygen enrichment, a series of redox cycles
were performed. In all these experiments, the sample was pre-reduced by the helium pre-

treatment before the cycling. The gas flow rates for all gases used in all schemes 200ml/min.

In Figure 7.4, after the helium pre-treatment, a sample was cooled in Helium to 310°C. After
cooling, the gas was switched to a pO2 of 0.21 bar, and the temperature held for 2 to
incorporate oxygen. After the initial dwell, the temperature was ramped to 430°C at a rate of
20°C/min in a pO2 of 0.31 bar, to demonstrate the oxy-fuel combustion process. The total
time of the heating and dwell was 1 hour. After this hour was completed, the sample was
cooled in a pO2 of 0.21 bar to 310°C, at which temperature it was left to dwell. The cooling
was uncontrolled but took approximately 6 minutes. The total time of the cooling and dwell
was 2 hours. The cycle was then repeated for the required number of cycles. In this figure, 15

cycles were demonstrated.
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In Figure 7.7, after a pre-treatment, a sample was cooled in argon to 310 or 340°C. After
cooling, the gas was switched to a pO2 of 0.21 or 0.42 bar respectively, and the temperature
was held for 30 minutes to incorporate oxygen. After the dwell, the temperature was ramped
to 370°C at a rate of 20°C/min in inert. The total time of the heating and dwell was 30
minutes. After this higher temperature dwell, the gas environment was returned to its previous
state (either a pO of 0.21 or 0.42 bar), and the sample was cooled to the original temperature.
The cycle was then repeated for the required number of cycles. In this figure, 5 cycles of both

schemes were demonstrated.

In Figure 7.8, after the pre-treatment, a sample was cooled in argon to 310°C. After cooling,
the gas was switched to a pO. of 0.21 bar, and the temperature was held for 120 minutes to
incorporate oxygen. After the dwell, the temperature was ramped to 430°C at a rate of
20°C/min in inert. The total time of the heating and dwell was 60 minutes. After this higher
temperature dwell, the gas environment was returned to a pO> of 0.21 bar, and the sample was
cooled to the original temperature, taking approximately 15 minutes. The oxidative half of
this cycle lasted 120 minutes, including both the isothermal dwell and the cooling time. The
cycle was then repeated for the required number of cycles. In this figure, 30 cycles were

demonstrated.

In Figure 7.9, after the pre-treatment, a sample was cooled in argon to 310°C. After cooling,
the gas was switched to a pO2 of 0.21 bar, and the temperature was held for 120 minutes to
incorporate oxygen. After the dwell, the temperature was ramped to 430°C at a rate of
20°C/min in inert. The total time of the heating and dwell was 60 minutes. After this higher
temperature dwell, the sample was cooled to 310°C in inert. After the cooling step was
completed, the gas environment was switched to a pO2 of 0.21 bar for 120 minutes. The cycle
was then repeated for the required number of cycles. In this figure, 30 cycles were
demonstrated.

In Figure 7.10, after the pre-treatment, a sample was cooled in argon to 310°C. After cooling,
the gas was switched to a pO2 of 0.21 bar, and the temperature held for 120 minutes to
incorporate oxygen. After the dwell, the temperature was ramped to 430°C at a rate of
20°C/min in inert. The total time of the heating and dwell was 60 minutes. After this higher
temperature dwell, the sample was cooled to 310°C. For the first 10 cycles, this cooling was
performed in argon, and for the last ten cycles, this cooling was performed in a pO2 of 0.21
bar. After the cooling step was completed, the gas environment was switched or kept in a pO2

of 0.21 bar for 120 minutes, including both the isothermal dwell and the cooling time. .The
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cycle was then repeated for the required number of cycles. In this figure, ten cycles were

demonstrated cooling in argon, and ten cycles cooling in a pO2 of 0.21 bar.

In Figure 7.11, after the pre-treatment, a sample was cooled in argon to 310°C. After cooling,
the gas was switched to a pO. of 0.21 bar, and the temperature was held for 60 minutes to
incorporate oxygen. After the dwell, the temperature was ramped to 430°C at a rate of
20°C/min in inert. The total time of the heating and dwell was 60 minutes. After this higher
temperature dwell, the sample was cooled to 310°C in inert. After the cooling step was
completed, the gas environment was switched to a pO2 of 0.21 bar for 120 minutes. The cycle
was then repeated for the required number of cycles In this figure, 30 cycles were

demonstrated.

In Figure 7.12, after the pre-treatment, a sample was cooled in argon to 310°C. After cooling,
the gas was switched to a pO2 of 0.21 bar, and the temperature held for 120 minutes to
incorporate oxygen. After the dwell, the temperature was ramped to 430°C at a rate of
20°C/min in inert. The total time of the heating and dwell was 60 minutes. After this higher
temperature dwell, the sample was cooled to 310°C. For the first 10 cycles, this cycling was
uninterrupted, however, after cycle 10, the sample underwent a pre-treatment to reduce the
sample back to the original oxidation state. The cycle was then repeated for the required

number of cycles. The cycling then began again as described.

In Figure 7.13, after the pre-treatment, a sample was cooled in argon to 310°C. After cooling,
the gas was switched to a pO2 of 0.21 bar, and the temperature held for 120 minutes to
incorporate oxygen. The cycle was then repeated for the required number of cycles. For the
first 15 cycles shown in Figure 7.13, the temperature was ramped to 500°C at a rate of
20°C/min in inert. For the last 14 cycles, the sample was heated to 430°C in inert. The total
time of the heating and dwell was 60 minutes. After this higher temperature dwell, the gas
was switched to a pO2 of 0.21 bar, and the sample was cooled to 310°C. The time of both the
isothermal dwell and the cooling time was 120 minutes, with cooling taking approximately 15

minutes.
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Chapter 5 — Development of novel pressure relaxation
technique for characterisation of non-stoichiometric

materials

During this chapter, the development of a novel technique for collecting oxygen diffusion
data unimpeded by limitations imposed by multi-gas systems, along with the degree of non-
stoichiometry, of oxygen non-stoichiometric materials will be discussed. Techniques in
literature for measuring oxygen diffusion through non-stoichiometric materials are often mass
transfer limited due to gas mixing and too low gas flow rates. To avoid these limitations,
pressure relaxation allows for a non-stoichiometric sample to equilibrate at a known partial
pressure of oxygen created by varying the pressure of pure oxygen in a reactor. This pressure
inside the reactor is then changed by a step-wise lowering of the pressure, causing oxygen to
be released from the non-stoichiometric material. From measuring the pressure change, the
total amount of oxygen released and the rate at which this is released are calculated. From this
information, the degree of oxygen non-stoichiometry and the diffusion coefficients can be

calculated.
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5.1 Introduction

Non-stoichiometric oxide materials are of interest in a wide variety of applications, ranging
from ion transport membranes, oxygen carriers for chemical looping systems, solid oxide fuel
cells, and electrochemical sensors [1-4]. It is important accurate values of the chemical
diffusion coefficient (D) and the surface exchange coefficient (k) is known to allow the easier
design of processes.

Maier [5] described three different techniques of diffusion characterization, the use of a tracer
isotope, a chemical experiment where the non-stoichiometry of a sample is changed, and a
stationary conductivity experiment [6-10].

The most common techniques are relaxation experiments. After a system has observed a
sudden change of physical or chemical state, a system attempts to re-establish equilibrium.
For oxygen non-stoichiometric materials, oxygen is incorporated or released. The re-
equilibration is referred to as a relaxation, and any physical property which correlates with
this change can be used to measure this (i.e. weight, conductivity, etc) [11]. Examples of these
include thermogravimetric (TG) techniques [12-13] and optical transmission spectrometry
[14].

Currently, electrochemical conductivity relaxation (ECR) is most often in literature to
determine D and k values of materials [15-17]. The technique relies on a step-change in the
pO. of a sample's gas environment by alternating a sample between two gas flows of different
pO2s. The degree of oxygen non-stoichiometry (3) of the sample is calculated from the
change in the electrical conductivity of the samples before and after the gas change. The
change in 0 can then be used to calculate the D and k values of the sample, using Fick’s Law.
There are several issues with the use of ECR, namely:

e The sample must be in the form of a well-sintered pellet, as porous spaces in a pellet
make the calculation difficult

e Electrodes must be attached to the sample, preventing further testing of the sample.

e There are issues with the known partial pressure of oxygen in the sweep gas at the
solid sample/gas interface which can cause significant differences in the oxygen
release or incorporation (studies have shown higher oxygen concentrations at the
samples due to oxygen being released which can cause a variation in the k and D
values obtained by an order of magnitude).

Literature shows determining D and K at the same time may be misleading, and that two
separate experiments should be performed. To calculate K, a pellet thickness less than the
characteristic diffusion length (Lc) should be used, and for bulk diffusion, a larger thickness
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should be used [18]. This characteristic length provides an estimate of whether bulk or surface

exchange dominates the reaction, and can vary significantly among perovskite materials [19].

Several publications question the accuracy of k and D values obtained from ECR
experiments, particularly when the 6 change in the sample is large, or the pO- of the gas phase
is low [20-21]. This is due to a higher pO> at the gas/solid interface than the bulk gas phase if
the large volumes of oxygen are released by the sample, or simply not removed quickly
enough. This has been shown in experiments that measured the pO: close to a sample with an
oxygen sensor, and low gas flow rates were shown to have a significant effect on the k and D
values obtained. In these experiments, the calculated k and D values for the same sample
tested with 25 and 1000 ml/min flow rates varied by two orders of magnitude [22]. Numerical
modeling of the oxygen release showed significant gas phase diffusion limitations at low
oxygen partial pressures, giving k values that deviated by an order of magnitude from
expected values [23]. Large gas flow rates are required if the amount of oxygen released by
the sample is not negligible, and unless the flush time of the reactor is significantly faster than
the rate of oxygen release, mass transfer limitations can occur.
In several recent publications, efforts have been made to circumvent these issues using partial
pressure relaxation techniques [24-25]. These experiments typically use powder samples that
are equilibrated at a known pO>, after which a step-change in the pO> of the gas is performed
— similarly to ECR. This step-change allows the sample to re-equilibrate, releasing oxygen
into the gas phase. The amount of oxygen released by the sample is measured by an oxygen
sensor, which is used to calculate the rate of oxygen release. However, as this method still
requires the use of a gas flow, the same issues with mixed gas flows and too low flow rates
can occur.
In this work, a novel technique, pressure relaxation is developed, and the potential benefits are
explored. In this technique, a non-stoichiometric sample equilibrates at a known temperature
and pO:z in a sealed vessel. The gases used in this experiment are pure, so pO: is equal to the
pressure. The pressure is then quickly lowered by opening a valve to another chamber,
decreasing the pressure inside the chamber. As the pellet re-equilibrates to the new pressure,
the change in reactor pressure can be recorded and modelled using Fick's law, and the ideal
gas law.
The pressure relaxation system offers several advantages over other techniques to obtain
diffusion coefficients, namely:

e The samples are tested in pure oxygen, removing mixed gas mass transfer limitations.

¢ No electrical wiring of the sample is needed.
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e Powdered samples may be used, although the particle size distribution must be narrow
and well determined.
e The technique can be used to calculate oxygen non-stoichiometry by measuring
absolute pressure changes.

The fact that the experiments can be performed using powders is significant. Firstly, there are
often experimental and mechanical issues with forming and using pellets. Breaking of pellets
during sintering is a common problem, and for samples that have required difficult synthesis,
this may cause significant issues. To prevent this, a binder is often added to make the powder
more cohesive, which is removed during the sintering step. These binders add potential
impurities and unknown porosity into the sample, which can make measurement difficult.
Additionally, as a new high-temperature step is required to sinter the sample, this can lead to
chemical changes such as strontium segregation, impacting the behaviour of the material [26].
The use of powders allows more freedom to test the impact of particle synthesis methods,
without compressing and sintering them, changing the morphology. The downside however is
that calculation of D and K values becomes more difficult due to changing surface area and
size range of particles.
During this chapter, a new rig for this method is characterised before it is used to measure the
oxygen non-stoichiometry and relaxations of Lao.sSro.4Coo.2FeosOs-s (LSCF), to demonstrate
the potential of the technique. LSCF was chosen for the preliminary testing as there is
significant literature regarding the diffusion and non-stoichiometry of the system [27-28].
In this chapter, a pellet was used for all LSCF experiments, bar the equilibria plot in Figure
5.10. Powder was used in this experiment to prevent any unknown chemical changes in the

sample due to high-temperature sintering, which might impact the non-stoichiometry [26].

5.1.1 Method of calculating oxygen diffusion rates using pressure relaxation
Typically for modeling ECR, a combination of Wagners theory, and Ficks law is used to
relate the change in conductivity, to the change in oxygen content in the sample. Conversely,

modeling the pressure relaxation system is a combination of the perfect gas and Fick’s laws.

The perfect gas law is shown in equation 5.1, with P equal to pressure, n equal to the moles of

gas, V equal to volume, T equal to temperature, and R equal to the gas constant.
PV =nRT Eq.5.1

This can be used to relate the pressure change in the reactor to the number of moles of oxygen

absorbed or desorbed from the pellet as shown in Eq.5.2, where Ve is the reactor volume,
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which is constant, P> is the final pressure of the system, P is the starting pressure and Angas iS
the number of moles which leave or enter the gas phase during the time of the pressure
change.

PyVrea = PiVreq — AngasRT Eq.5.2

Rearranging this equation gives eq 5.3.

P1Vrea_P2Vrea
Mg = ———— Eqg. 5.3
gas RT q

This change in the number of moles of gas absorbed or desorbed from the pellet can be related
to the oxygen non-stoichiometry (8) change of a sample by equation 5.4 as the ¢ is defined as
the moles of additional oxygen per mole of sample and nsoia the moles of non-stoichiometric

materials.

2ngas _ A Eq. 5.4

Nsolid

The average concentration at a given time is the integral of the local concentrations within the

sample and can be shown as equation 5.5, where a is the half-thickness of the sample.
— 1
ct) =~ J2 cCxt) dx Eq.5.5

Once the pressure of the system changes suddenly the non-stoichiometric sample will release
oxygen. The change in pressure can be related to the change in the oxygen concentration of
the pellet, where Vsol is the volume of the pellet, and this is described by equations 5.6 — 5.8.
In the equations below AP is equal to P(t) minus P(0). Ac is the difference between oxygen

concentrations at P(0) and P(i) in the pellet.

Angqs = —2AcVgy, Eq.5.6
AP = et Eq.5.7
AP = — 20 Eq.5.8

Relating this change of pressure to time can be done by differentiating equations 5.7 and 5.8,
giving equation 5.9.

d_P _ _ 2VsolRTd_E Eq.5.9

dt Vrea dt

Equation 5.7 can be differentiated with regards to time to give a term for Z—f yielding equation

5.12 which can then be substituted into equation 5.11 to give 5.13.
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act) _ 1 ra de(xt)
ST af_a—dt dx Eq.5.10

dP _ —VsolRT 1 J-a de(x,t) dx

dt Vrea 2a“—a dt

Eq.5.11

These equations show how the stoichiometry of the pellet changes with pressure, and this
must be related to Fick’s law for one-dimensional mass transfer shown in equation 5.12 to get
the diffusion coefficient for the sample where D is the diffusion co-efficient.
2
%:D% Eq.5.12

The boundary conditions of equation twelve are equal to equations 5.15, which shows a one d
flux of molecules from the material dependant on both the surface diffusion and bulk
diffusion coefficients. A half-thickness is used as there are two sides to the pellet where
oxygen can leave from. In this equation, j is equal to the flux, D is the bulk diffusion

coefficient, k is the surface exchange rate, and cq is the oxygen concentration in the gas phase.

itan =-p 2Dk (ea )¢, )
dx

de(-a,t)
dx

i(-at)=-D =—k(c(-a,t) —c, (1)

Eq.5.13

The flux can then be modeled by solving a combination of equations 5.11 and 5.12, with the

boundary conditions defined in equation 5.16, giving equation 5.14.

dp _ _VSOLRTlfa Dd%c(x,t) do Eq.5.14

dt Vyeq a’—a  0x2

The values obtained can give an estimation of the pressure change over time which can be

compared with the experimental data.

Although this method was not used to calculate the diffusion coefficient in this work due to
experimental error, the calculation should still be correct and useful to others attempting to

reproduce the work.
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5.2 Results

In describing these results, there will often be reference to Figure 4.7 in Chapter 4. When V1,
V2 or V3 are mentioned in this text, this is in reference to the valves shown in Figure 4.7. For
a reminder, V1 is the valve between the reactor and reservoir chamber, V2 is the reactor feed

valve, and V3 is the reservoir feed valve.

5.2.1 Leak rates of the pressure relaxation system

The pressure relaxation method measures the absolute pressure of a sealed vessel, so leak
rates of the system must be negligible during experiments. To determine the leak rate of the
system, the reactor vessel was sealed by closing V1 at a starting pressure of approximately 1
mbar. The pressure of the reactor vessel was recorded with a sampling rate of one point per
second. Figure 5.1 shows the total pressure of the reactor vessel over 20 minutes with the
system at room temperature; and the reservoir vessel and surroundings at atmospheric

pressure.
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Figure 5.1 — Plot of pressure in the sealed pressure relaxation reactor vessel versus time at a starting pressure of

1 mbar and a room temperature of 22°C

Figure 5.1 shows no notable increase in pressure during the 20-minute experiment. Operation
of the unit would be performed at higher temperatures, so further leak rate tests were
performed between 300 and 800°C, to determine the impact of temperature on leak rates.

During these tests, the reactor vessel pressure was between 20 and 30 mbar. The pressure was
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measured over 20 minutes at each temperature, with a sampling rate of 1 data point per
second. The reservoir was left open to the atmosphere (V3 open) during this experiment to
ensure no possible leak through V1 at higher temperatures. Figure 5.2 shows the average leak

rate of the reactor vessel during these tests.
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Figure 5.2 — Scatter plot showing average leak rate in mbar/h as a function of temperature, with the starting

pressure of the reactor vessel between 20 and 30 mbar

Figure 5.2 shows the leak rate of the system increases with increasing temperature, with a
maximum leak rate of 0.26 mbar/h seen at 800°C.

To reduce the leak rate, a water jacket was installed, flowing approximately 100 ml/min of
water from an ice/water mixture (assumed to be constantly 0°C due to the use of ice), around
the top half of the reactor in contact with the seal between the alumina reactor tube and the
Swagelok piping. A leak test was performed on the system with this cooling jacket. The
reactor pressure was reduced to 5.8 mbar and sealed by closing V1 and V2, at 800°C. The
pressure inside the reactor was then recorded at a sample rate of 1 scan per second for 10

minutes, approximately twice the duration of an LSCF pressure relaxation experiment at this
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temperature. As before, the reservoir vessel was left open to the atmosphere. The results of

this leak test are shown in Figure 5.3.
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Figure 5.3 — A plot of recorded pressure versus time of a sealed reactor heated to 800°C, with the reservoir left

open to the atmosphere
Figure 5.3 shows no discernible increase in pressure during the experiment. It is assumed
from the data in Figure 5.2, that if no leak was detected at 800°C, there should be no

detectable leak at lower temperatures.

5.3.2 Thermal profiling of the reactor

To calculate the change in non-stoichiometry from a pressure change, it is necessary to
perform a mole balance using the ideal gas law. This requires the temperature of the system to
be known, to relate the pressure changes to moles of oxygen incorporated/released. As a
temperature gradient will be present in the reactor, an average temperature must be found for
the calculations. It was desired to calculate two potentially useful average temperatures.
These were the average temperature of only the reactor (V1 closed), and the average
temperature of the combined reactor/reservoir system (V1 open).

To calculate these average temperatures, the pressure of the reservoir and reactor vessels were

reduced to approximately 20 mbar, with V1 either open or closed. The bottom of the reactor
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was then heated to multiple temperatures between room temperature and 800°C. At each
recorded point in Figure 5.4, the temperature was held until a stable pressure was reached (no
change in pressure over 10 minutes), at which point the new vessel pressure was recorded.

The results of this experiment can be seen in Figure 5.4.
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Figure 5.4— Scatter plot of recorded pressure in the reactor versus temperature for the pressure relaxation

system heated from room temperature to 800°C with V1 either open (red) or closed (blue)

As expected, the pressure in the system increased upon heating in both cases, with greater
pressure changes with V1 closed and the reactor sealed. This would be expected, as a smaller
percentage of the volume of the system is held in the furnace when V1 is open. Using the
perfect gas law (shown in Eq.5.15), where P is equal to the pressure, V is equal to the volume,
n is equal to the number of moles of gas, R is equal to the universal gas constant and T is
equal to the average temperature of the system, it is possible to calculate the number of moles
of gas sealed in the system, by re-arranging the formula shown in Eq.5.15 to that shown in
Eq.5.16.

PV =nRT Eq.5.15.
n=2= Eq.5.16.
RT
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If the pressure relaxation system is considered well sealed, V and n can be considered
constant. As only part of the reactor vessel is heated, the average temperature of the system
will be used to determine the system’s pressure. Since the terms n, V and R are considered
constant, and the pressure in the system is recorded, the average temperature (T) can then be
calculated by re-arranging Eq.5.16 to Eq.5.17 below.

7= Eq.5.17.

Rn

Using this methodology, a plot of the reactor temperature (i.e., the temperature at the bottom
of the reactor, measured by a thermocouple) versus the average system temperature was
produced and can be seen in Figure 5.5.
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Figure 5.5 — Scatterplot showing average system temperature for the pressure relaxation system as a function of

reactor temperature

Figure 5.5 shows the relationship between the average temperature in the system and the
reactor temperature. As shown, the average temperature is significantly lower than the reactor
temperature for both cases, with the system remaining on average cooler, when V1 remained
open.
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5.2.3 Blank runs of the pressure relaxation system

Blank runs of the system were performed to see how quickly pressure equilibrated across the
two chambers during the opening of V1. To do this, the reactor vessel was heated to 800°C
and the pressure of the reactor vessel was reduced to 15, 30, or 60 mbar (£0.20 mbar). The
pressure of the reservoir vessel was set to be half the pressure of the reactor vessel for the
experiment (7.5, 15, 30 mbar for reactor vessel pressures of 15, 30, and 60 mbar respectively,
with the pressures obtained being £0.20 mbar of the desired setpoint). V1 was then opened

and closed, and the pressure change was recorded at a sampling rate of 10 samples a second.

Figure 5.6 shows the normalised pressure change in the system, where 0 is the pressure of the
system before the switch and -1 is the pressure of the system after the switch, when the

pressure has equilibrated through the system, versus time.
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Figure 5.6 — Plot of normalised pressure change of the reactor vessel, when V1 is opened, with the reactor
pressure between 15 and 60 mbar, and the reservoir pressure equal to half the reactor vessel pressure, versus time
at 800°C

Figure 5.6 shows that during each run of the experiment, the pressure equilibrated within 0.5

seconds, however, the length of time taken varied per run. The shortest equilibration time was
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0.3 seconds with a reactor vessel pressure of 60 mbar. The equilibration time increased

slightly at lower pressures.

The experiment was repeated, with the reactor vessel temperature set at 500°C, using the same
set pressures of the reactor vessel (15, 30, and 60 mbar) and the reservoir vessel pressure (7.5,
15, and 30 mbar) as used in Figure 5.7. V1 was then opened, and the pressure change of the

reactor vessel was recorded at a sampling rate of 10 samples per second.
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Figure 5.7 — Plot of normalised pressure change of the reactor vessel, when V1 is opened, with the reactor vessel
pressure between 15 and 60 mbar, and the reservoir pressure equal to half the reactor vessel pressure, versus time
at 500°C

As with Figure 5.6, the time taken for the pressure in the system to equilibrate in Figure 5.7
varied from 0.6 to 0.8 seconds. The time taken was approximately 0.3 seconds longer than the

data in Figure 5.6, potentially suggesting slower oxygen diffusion at lower temperatures.

From the results shown in Figures 5.6 and 5.7, it appears that the pressure switch is likely to
mask the pressure released from any sample for approximately one second after V1 is opened.
This may cause issues for the calculation of the surface exchange coefficient (k) which relies

more heavily upon earlier data from the gas switch.
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To ensure the pressure in the system after the pressure switch did not fluctuate due to
changing temperature of the gas in the reactor, a blank run at 800°C was repeated, with the
pressure recorded for 5 minutes after V1 was opened and closed. The pressure in the reactor
and reservoir vessel before V1 was opened and closed was 20 and 5 mbar respectively. The

data is shown in Figure 5.8.
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Figure 5.8— Plot of pressure in the reactor vessel versus time for a blank run after V1 was opened, with the
reactor vessel temperature at 800°C

Figure 5.8 shows stable pressure throughout the experiment. This suggests re-equilibration of

the temperature in the system occurs rapidly, and likely will not impact the measurement.

To determine the impact of leaving V1 open or closed during the re-equilibration of the
pressure, a series of blanks were performed at four different conditions, with one run at each
condition leaving V1 open, and the other closing V1, after V1’s initial actuation. The first set
of blanks were performed at room temperature and the second set at a reactor temperature of
800°C. Both sets of blanks had a starting reactor pressure of approximately 30 or 60 mbar.

The reservoir pressure was set to approximately half the starting pressure of the reactor during
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the run. The results of these experiments can be seen in Figures 5.9 (A-D). The sampling rate

for all experiments was set at 10 samples per second.
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Figure 5.9 — Plot of the reactor pressure versus time showing the pressure re-equilibration of the system after V1
vessel was opened (blue lines) or opened and quickly closed (red lines) with, (A) reactor at room temperature,
starting pressure of 30 mbar, (B) reactor at room temperature, starting pressure of 60 mbar, (C) reactor at 800 °C,
starting pressure of 30 mbar, (D) reactor at 800°C, starting pressure of 60 mbar. The reservoir pressure for each

run was half the starting pressure of the reactor and data sampling occurred at a rate of 10 samples a second.

In Figures 5.9 (A-D), the pressure in the system re-equilibrated within 0.8 seconds of V1
being opened. For all runs, bar Figure 5.9 (D), the blank run during which V1 was closed after
opening, re-equilibrated quicker than the blank with V1 left open. It appears that during the
blank run shown in Figure 5.9 (D), the valve may not have turned smoothly, causing a
pressure spike making the system take longer to re-equilibrate. From Figures 5.9 (A-D), it
appears that closing the valve does not add additional time to the pressure re-equilibration of
the system.

From the data shown in Figures 5.9 (A-D), the first second of data after V1 is opened should
be discounted, whether V1 is closed or opened, as there is no consistent behaviour in the
pressure re-equilibration. However, having the reactor sealed during the pellet re-equilibration

offers the advantage of a smaller volume in which the oxygen is released from the non-
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stoichiometric pellet. This will give a larger pressure change to record, reducing potential

error for modelling.

Due to the non-repeatability and noise at the time of the gas switch shown in Figures 5.7 and
5.9, it is likely that for this process to be used, an estimated pressure of the system after the
opening of V1should be used. This value should be calculated from a mole balance of the two
chambers, and the relaxation fitted through this estimated point. This will however require a

much more accurate recording of when the valve is opened for the data to be fitted accurately.

5.2.4 Determination of oxygen non-stoichiometry using pressure relaxation
To demonstrate the potential of the system for measuring the change of oxygen non-
stoichiometry, a powdered sample of LSCF was placed in the reactor and subsequently heated
to either 700, 800, or 900°C with V3 open, and the reactor vessel under vacuum. The sample
was allowed to equilibrate at 1 mbar at the set temperature. The reservoir vessel was
subsequently filled with oxygen to a higher pressure than the reactor vessel. V1 was then
opened and closed, injecting oxygen into the reactor. A mole balance of the oxygen in the gas
phase of the reactor and reservoir vessels before and after the re-equilibration was performed,
to calculate how the new non-stoichiometry of the sample. A reference point from literature
was then used as a starting 6, with the change in non-stoichiometry linked to the known point.

The results of this experiment are shown in Figure 5.10, compared to ref [29].
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Figure 5.10 — Plot showing oxygen non-stoichiometry versus pO. at temperatures between 700 and 900°C

obtained from the literature (open symbols) or experimentally using the pressure relaxation rig (closed symbols)
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Figure 5.10 shows good agreement between literature values and experimental results for 800
and 900°C, with some deviation at log pO2’s greater than -0.9 bar. A more significant
deviation from the literature values was found at 700°C, and a steeper gradient for the change
in d as a function of pO2 was recorded. The most likely cause of this variation is an issue with
the temperature measurement of the system.

To investigate the potential error in the system, the data presented in Figure 5.11 was re-
interpreted changing the average reactor temperature, the temperature of the reservoir, and the
volume of the reactor or reservoir vessels used in the calculation. Figures 5.11 show the

effects of changing the temperature by +10°C or the volumes of the chambers by £5ml.
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Figure 5.11 — Plot showing oxygen non-stoichiometry versus pO- at 900°C obtained experimentally using the
pressure relaxation rig (closed symbols) with different conditions to show the sensitivity of calculations. The
parameter changed in each graph was, (A) - reactor volume, (B) — reservoir volume, (C) — reactor temperature,

and (D) — reservoir temperature

As shown, there is good agreement between the calculated values for each condition below a
log pO- of -1. From this data, any reference 6 should be taken at a log pO2 lower than -1 to
ensure errors from changing temperatures and miscalculated volumes do not have a systemic
impact on the system. More notable changes were calculated above this value.
It was seen in the calculations that errors in expected reservoir volume and temperature had a
bigger impact than the reactor vessel, so these should be well controlled. One likely
explanation for the differences with literature for Figure 5.10 at 700°C was an error in the
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recorded temperature. Figure 5.11 D shows that if the average temperature of the reactor used
in the calculation was lower than expected, the change in non-stoichiometry would be greater.
This is due to the same pressure change relating to a greater number of moles of gas at lower
temperatures, as can be seen in Eq.5.15. Therefore, in Figure 5.10, if calculations were
performed at 700°C, but the true average temperature was higher, then such a shift as seen in
Figure 5.10 would be expected. One possibility was that the connection of the thermocouple
was poor, meaning the wrong temperature was used for the calculation. Also, variations in the
room temperatures, such as a radiator turning on, may have impacted the calculation.

The advantage of calculation of non-stoichiometry using this method is the ease at which
various pO.s can be accessed, allowing numerous pressures to be investigated. To perform
similar experiments using TG techniques, multiple gas cylinders, or the blending of gases
using mass flow controllers would be required, which would allow quite a large uncertainty of
the pO2 of the gases. The use of pure oxygen and different pressures eliminates this issue,
allowing multiple pO2s to be tested, using only one gas cylinder. An issue with this technique,
however, is that it requires a reference o to calculate the changes in non-stoichiometry. This
requires a different technique to be used in combination with pressure relaxation. From these
experiments, it appears that the technique is very useful as a guide for material screening —
however, some doubts over the accuracy of the technique for finding absolute values of & are

raised. A particular concern shown is the potential impact of small temperature variations.

5.2.5 Oxygen relaxation studies using pressure relaxation

The pressure relaxation technique allows the recording of the relaxation profiles during pO2
changes, which can be useful for calculating D and K values. This is demonstrated in Figure
5.12 (A-D), which shows the pressure in the reactor, when the equilibrium of the reactor and a
pellet of LSCF is disturbed by opening V1, with the reservoir at a different pressure. Since the
sample is no longer in equilibrium, oxygen is released. During these experiments shown in
Figure 5.12 (A-D), the reactor and reservoir vessel pressures were in the ratio of 4:1, and

sampling was performed at a rate of 10 data points per second.
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Figure 5.12 (A-D)- Plots showing pressure in the reactor vessel versus time, highlighting the pressure change as

the non-stoichiometric LSCF re-equilibrates to the new pO- after the opening of V1. The starting pressures of the

reactor vessel during the experiment were approximately, (A) — 210 mbar, (B) — 60 mbar, (C) — 30 mbar and (D)
— 15 mbar. The reservoir pressure was set at % of the starting reactor vessel pressure, and sampling was

performed at a rate of 10 points per second.

During this experiment, significant pressure change from the pellet was noted, with all
experiments giving a pressure change of at least 3 mbar. This large release of oxygen at these
conditions ensures a high signal-to-noise ratio in the system, which would improve the

accuracy of any calculation.

5.2.6 Upgrading the measurement system

In Figures 5.7 and 5.8, small steps in the pressure are noted during the opening of V1 when
the reservoir and reactor are at different pressures. These steps are unlikely to be real and are
likely due to the measurement technique. In the previous results, a Pico Logger was used to
measure the response from the pressure transducers. However, to improve this, a national
instrument DMM was tested to obtain faster sampling rates. This device was capable of
recording 1000 points per second, compared to that of the Pico logger, which could only
manage 10. Figures 5.13 below compares the opening and closing of V1 with a reactor and

reservoir pressure of 80 and 20 mbar respectively before the valve actuation.

122



100 -

80 —————— 1 :
. Picologger
5 « DMM
R .
o 60 4 N
S :
v a
> 40 A r
17y
o L——-ﬂﬂ
]
a
20
D v 1 v 1 ] v 1 v |
7.0 7.2 7.4 76 7.8 8.0

Time (seconds)

Figure 5.13 — Plot showing pressure in the reactor vessel versus time, showing the pressure change as the non-
stoichiometric LSCF re-equilibrates to the new pO- after the opening of V3. The starting pressures of the reactor
vessel during the experiment were approximately 80 mbar and the temperature 700°C. The reservoir pressure
was set at ¥4 of the starting reactor vessel pressure, and sampling was performed at a rate of 10 points per second

using the Picologger, and 100 points per second using the DMM.
As seen, measuring the data using the DMM gives more data points during the opening of V1

and a smoother relaxation. What is most important from this result, is that the actuation of V1
can be accurately seen in the data, allowing for accurate fittings to the data.

5.2.7 - Further investigations of the pressure change

Further investigation into the pressure change was conducted, and an LSCF pellet underwent
a relaxation at temperatures between 700 and 850°C. During these experiments, the ratio of
the pressure between the reactor and reservoir was 4:1, with the starting pressure of the
reactor approximately 60 mbar. The full relaxation profiles can be seen in Figure 5.14.
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Figure 5.14— Plot showing pressure in the reactor vessel versus time, highlighting the pressure change as the
non-stoichiometric LSCF re-equilibrates to the new pO; after the opening of V3. The starting pressures of the
reactor vessel during the experiment were approximately 60 mbar and the temperatures between 700 and 850°C.
The reservoir pressure was set at ¥ of the starting reactor vessel pressure, and sampling was performed at a rate

of 10 points per second.

While each experimental run had a good signal-to-noise ratio, the pressure change in the
reactor during these relaxations was smaller than expected. As previously performing mole
balances across the reactor and reservoir chambers gave good agreement to literature values,
as seen in Figure 5.11, further investigation was conducted. The change in the oxygen non-
stoichiometry was plotted against time for the experiments, with t=0 at the lowest recorded
pressure in the system after the valve was opened. From this point, the change in non-

stoichiometry was calculated. The data for these relaxations can be seen in Figure 5.15 (a)
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Figure 5.15 (a)- Plot showing the change in the non-stoichiometry of the dense LSCF pellet versus time,
calculated from the change in pressure of the reactor vessel. The starting pressures of the reactor vessel during
the experiment were approximately 60 mbar and the temperatures between 700 and 850°C. The reservoir
pressure was set at ¥ of the starting reactor vessel pressure, and sampling was performed at a rate of 10 points
per second. (b) — Plot showing the data shown in Figure 5.16 (a) for 700°C (blue line) compared to the estimated
change in oxygen non-stoichiometry from thermodynamic data. The blue star refers to the expected change in

non-stoichiometry from calculations

Figure 5.16 (a), shows the relaxation of all experimental runs, however, the actual change in
oxygen capacity was significantly lower than expected. This is highlighted in Figure 5.16 (b),
where the data for the relaxation at 700°C is plotted, with the blue star representing the
expected change in non-stoichiometry from thermodynamic data from ref [29]. As seen, the

change in non-stoichiometry measured solely using the reactor pressure transducer is
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approximately 1/3 of the expected change in non-stoichiometry, and this was the case with all
four runs. To ensure the material was performing as expected a mole balance across the

reactor and reservoir chambers was performed, and this can be seen in Table 5.1.

Table 5.1 — Mole balance across the reactor and reservoir before and after VV1 opening

Before valve opens After valve opening
Reactor Reservoir Reactor Reservoir
Pressure (mbar) 59.93 15.23 35.34 32.50
Temp (°C) 120 25 120 25
Volume (ml) 112 161 112 161
Moles O2 0.000205 0.0000990 0.000121 0.000211
Total moles 0.000304 0.000332

From the calculation, the number of moles of oxygen present in the gas phase across the
reactor and reservoir after the valve was opened, was 0.000028 greater than before the
opening of the valve. The difference in moles before and after the opening of the valve must
be due to the release of oxygen from the pellet into the gas phase. The change in o of the
LSCF pellet required to give this difference in moles seen in Table 5.1 was calculated, and

this is shown in Table 5.2, and compared to the expected literature result.

Table 5.2 — Calculated values from change in 8 of LSCF pellet

Calculated value Moles
Difference in moles in the gas phase 0.000028

Moles of LSCF 0.0086

Change in 0.0032

Estimated change in  (calculated 0.0030

from ref [29])
From this result, it is apparent that approximately the expected amount of oxygen is being
released by the sample during the experiment, with a difference of 10% in the calculated and
recorded non-stoichiometry. In Figure 5.16 (b), it is shown that most of the relaxation profile

Is missed, suggesting an issue with the technique.
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5.3 Discussion

It has been shown that pressure relaxation has the potential for calculating oxygen non-
stoichiometry in Figures 5.10, and this technique offers some advantages over the issues
shown with different methods of calculating oxygen non-stoichiometry discussed in Table 2.6
[30-31]. In this work, the method of characterising the apparatus has been shown, along with

the governing equations which would be of use to any who wish to create similar apparatus.

Literature data and the experimental data gathered using this technique agreed only partially,
with some errors found, particularly during the 700°C run. As a powder sample was used
which underwent no further treatment, it is clear that any error must be technique or
equipment. The most likely cause of this error is an issue with the temperature measurement.
As shown in Figure 5.11, if the average temperature used in the experiment was incorrect, the

calculated change in non-stoichiometry would be significant.

Despite this issue, the experiments do show the potential of the technique. One particular
benefit of the technique is the set-up is simple, requiring only two pressure transducers, a
small benchtop furnace, and a measurement device with the associated computer. It was also
seen to allow good control of pressure steps, allowing multiple pO2’s to be tested easily using
one gas cylinder. The major issue of the technique is the potential instability of the room

temperature, as well as the potential for errors in the average temperature.

It was found that calculating the oxygen diffusion rates from this technique was not possible
from the experimental data. This was due to the majority of the relaxation not being
measured, as discussed in Figure 5.16. It was shown that the oxygen was released, and
accounted for in the mole balance between each chamber. This means the missed oxygen
which is approximately 66% of the total oxygen released, must have been released within
approximately 1 second of the valve actuation, as this is the period of uncertainty when no

data was measured.

When comparing this data to relaxations in literature, it can be seen that the relaxation from
these techniques takes in the order of 100’s of seconds to complete at 800°C. In ref [32], ECR
was employed on a pellet of LSCF, and the relaxation between a pO2 of 18 and 21 mbar was
seen to take 4000 to 5000 seconds to complete. In ref [33], at 750°C, a similar result to ref
[32] was seen, and even with the addition of BaCoOs to the surface as a catalyst, the
relaxation still took 500 seconds. Other examples of similar time constants are seen in ref [34-
36]. In these examples, the work is compared to other literature, with a good correlation
between results, and with similar durations. The closest example of similar relaxation profiles
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in literature required surface coating with pt nanoparticles, however, this behaviour was still
significantly slower than seen in this work [35]. One possibility to explain the extremely rapid
kinetics is that strontium segregation may have an impact. In ref [36], SrCoOz on the surface
was seen to reduce the time taken for the relaxation from approximately 2000 to 500 seconds.
Strontium segregation is a known issue with LSCF, and a strontium oxide monolayer has
been shown to form by low energy ion scattering by Kilner et al. [26] and Druce et.al [37], act
as a catalyst. It was also seen in ref [38] that the performance of a LSCF membrane stored in
air was significantly lower than expected, showing the potential for unwanted reactions. The
author does not believe this is likely a feasible explanation however to explain the magnitude

of the difference.

The use of pure gases are likely to improve oxygen diffusion rates, however the times taken in
these experiments are unfeasible. Additionally, unpublished work performed by Wei Chen
using this same technique, showed more reasonable times (approximately 500 seconds at
800°C). In this work, the relaxation was completed in 50 seconds using the same conditions.

The easiest explanation for the difference would be an incorrect temperature measurement of
the system. Oxygen release would be faster at a higher temperature as oxygen diffusion rates
will increase [39-40]. Additionally, a higher temperature would mean fewer moles than
currently calculated would be released. Incorrect measurement of the system is feasible, as the
temperature was measured by thermocouple connected to the bottom of the outside of the
reactor. It is possible that this slipped, meaning the temperature measured was wrong.
Regardless, the diffusion profiles of the relaxation are visible, showing the technique has
merit. The data produced in this chapter however likely does not show the full potential of the

technique due to an unknown issue with the system.

128



5.4 Conclusions and future work

During this chapter, a new technique for measuring oxygen diffusion and non-stoichiometry
has been developed. The process has been shown to have the potential for measurements in
the change of oxygen non-stoichiometry, allowing multiple pO2s to be tested with no need for
multiple gas cylinders. Disagreement with literature values occurs at higher pO2’s, suggesting

more work is required in fine-tuning the set-up.

When the technique was employed to measure the relaxation of oxygen release from LSCF, it
was seen that the majority of the relaxation was missed, and the relaxation was unfeasibly

fast. Several methods are discussed below for potential to improve the system, namely:

e Removal of a temperature gradient — a fully sealed system at one temperature may
improve the confidence in the temperature which is thought likely to be the issue with
this work

e Improvement of temperature measurement — a system with an internal
thermocouple could improve accuracy, and reduce the chance of errors.

e Oxygen injection — Currently the change in the equilibrium of the reactor vessel is
performed by the opening of a valve between the reactor and reservoir vessel,
lowering the pressure. It may be that using a micro-pump and injecting small volumes
of pure oxygen into the reactor may give a more stable change in the system pressure.
This would have the additional benefit of reducing the system to one reactor and one

valve, reducing potential for leaks.
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Chapter 6 -An investigation into the thermodynamic and

structural changes of YBaC04O7+5

Here we report the investigation of the non-stoichiometric material YBaCo4O7+5 with
promising thermodynamics for oxygen enrichment. In-depth studies of the crystal structure
and the oxygen content of the material were performed using a combination of techniques,
including TGA, ex and in-situ XRD, and the novel pressure relaxation technique discussed in
Chapter 4. From this information, the interesting oxygen incorporation and release behaviour
of the material are probed more deeply, before the thermodynamics of the material are

directly compared to other oxygen carrier materials for reference.

I acknowledge that Michael Gaultious performed the XRD work shown in Figures 6.10 —

6.14, as part of collaboration with myself.

6.1 Introduction

The low temperature and reversible oxygen content of YBaCo4O7:5 make the material
interesting for many applications ranging from catalytic oxidations to ion transport
membranes [1-4]. This material was selected as an oxygen carrier of interest for oxygen
enrichment processes due to its large and easily reversible oxygen capacity, accessible at low
temperatures (approx. 400°C). A common figure in the literature of the material is a dynamic
heating curve, where a sample is heated at a constant heating rate from room temperature to
500°C, typically at rates from 1-5°C/min. Most of the literature involving this material has
such a figure [5-17], and from this data researchers often estimate the oxygen capacity. This is
particularly evident when researchers use these dynamic heating ramps to quantify changes to
the oxygen capacity of the material when doping or substitution of the cations is performed
[18-21]. There are three major issues with using these literature experiments for examining
material for oxygen enrichment processes. The first is that these processes are dynamic and
hence vulnerable to kinetic limitations. Secondly, the data is often discussed as if it is
thermodynamic, which is problematic. And finally, these experiments are normally performed
at only two oxygen partial pressures: pOzs of 0.21 bar and 1 bar, and no data for 0.31 — 0.42
bar is collected because of practical limitations. However, as this is the pO range of interest
oxygen enrichment processes, thermodynamic data in this region is essential. In this work, a
detailed study of the thermodynamics of the material for oxygen enrichment was performed to
investigate this critical region. To begin, the current literature experiments, namely dynamic

heating curves and isothermal oxygen incorporation experiments were performed in a pO2
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range of 0.05 — 0.42 bar to compare to the current literature, and to examine the effect that
pO2 has upon the oxygen incorporation/release behaviour of the material. With these
preliminary studies performed, more detailed equilibria experiments were performed to
examine the oxygen content as a function of temperature and pO: in the region from pO, =
0.05 bar to pO2 = 0.42 bar. Changes to the crystal structure as a function of oxygen content
and the effect this has upon the oxygen release behaviour of the material were examined.
Finally, the thermodynamic properties of the material were examined to explain the complex
oxygen release behaviour. Using this information, the amount of oxygen the material can
produce per °C of a temperature swing, and how efficient the material is at removing oxygen

from an oxidising stream, will be compared directly to other oxygen carriers.

6.2 Results

From the literature review, three important pieces of information are required for a detailed

comparison of the material to others for oxygen enrichment processes are missing, namely:

e Useful thermodynamic data, namely the temperature of oxygen release and
incorporation as a function of pO2, and the maximum oxygen content, in the pO> range
of 0 — 0.42 bar, which is useful for many oxygen enrichment processes,

e The effect of & on the crystal structure of the material, namely the & at which the
recorded phase transition from hexagonal to orthorhombic occurs [15], alongside
information of how this transition affects the oxygen release of the material

e The effect of 5 on the oxygen release of the material

This chapter presents the work done here to address these shortcomings and demonstrate the
performance of YBaCo04O7:s for oxygen cycling processes, compared to other oxygen

carriers.

6.2.1 Oxygen release of YBaC04O7+5

As a starting point to understand the oxygen incorporation and release of the material,
dynamic heating ramps of YBaCo04O7+5 were performed from room temperature to 500°C in
pOzs ranging from 0.05 to 0.42 bar, with a heating rate of 1°C/min, following the helium pre-

treatment. The results of these dynamic heating ramps are shown in Figure 6.1.
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Figure 6.1 — Plot showing & versus temperature of YBaCo4O7.+; heated between 50°C to 500°C, with a heating
rate of 1°C/min, in pO2s between 0.05 and 0.42 bar with gas flow rates of 200. ml/min (S.T.P).
Small amounts of oxygen were slowly incorporated into the sample at temperatures below
100°C, in agreement with literature for pre-treated samples [21]. Further heating of the
sample to between 100 and 300°C, increased the rate of oxygen incorporation. At 300°C for a
pO2 of 0.21 and 0.42 bar, the rate of oxygen incorporation decreased, until a maximum & of
1.15 and 1.21 was reached at 310°C and 330°C respectively. Typically, literature values peak
at approximately this temperature, and recorded d’s in air are between 1.1 to 1.2 for a pO2 of
0.21 bar. The curves for the change in 6 during experiments at lower pO2s showed the sample
continued to incorporate oxygen until 350°C, at which temperature the maximum 6 recorded
was 0.65 and 0.98 for a pO2 of 0.05 and 0.1 bar, respectively. This is likely as the rate of
oxygen incorporation is lower at these pO2’s and the maximum oxygen content has not been

achieved.

Importantly, the temperature of oxygen release increases with pOa, clearly shown in Figure
6.1. The onset temperature of rapid oxygen loss (6 change >0.02/°C) in a pO2 of 0.42 bar was
approximately 400°C. Reduction of the pO2 was shown to decrease the temperature at which
the oxygen was released, with the lowest pO2, 0.05 bar, showing rapid oxygen loss occurring
at 350°C. This onset of oxygen loss agrees with the literature for a pO2 of 0.21 bar [22].
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The oxygen loss of YBaCo4O7+5 occurs over significantly shorter temperature ranges than
most non-stoichiometric materials, behaving more like the oxygen loss from transition metal
oxides — although with a much smaller oxygen capacity. These characteristics have the
potential to allow oxygen separation using smaller temperature swings than most non-
stoichiometric materials, whilst operating at much lower temperatures than transition metal

oxides.

The experiment shown in Figure 6.1, demonstrated that the pO of the gas phase during the
dynamic heating ramps had a significant impact on the temperature of oxygen loss from the
sample. As the oxygen content increased with increased pOz’s, it is necessary to determine
whether the increasing temperature of oxygen loss was due to larger oxygen content in the
material, a higher pO2 in the gas phase, or a combination of the two.

To quantify the effect of & on the temperature of the oxygen release, a controlled dynamic
heating ramp was performed. A sample was annealed in air (pO2 = 0.25 bar) at 320°C for
between 30 and 120 minutes, to give the material a different starting 6. The material was then
heated at a rate of 10°C per minute to 500°C in a pO2 of 0.25 bar, and the results can be seen

in Figure 6.2.
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Figure 6.2 — Dynamic TG curves showing § versus temperature for YBaCo0407+5 When heated from 380°C to
500°C with a heating rate of 10°C/min with various starting §’s in a pO2 of 0.25 bar with gas flow rates of 200.
ml/min (S.T.P).

From Figure 6.2 it is clear the temperature of oxygen release from YBaCo04O7+s remained

independent of the starting os within the range of 1 — 1.2. Both the temperatures at which the
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oxygen loss began (A), and the rate of oxygen loss was linear (B) had the same onset
temperature, independent of starting non-stoichiometry. In Figure 6.1, the temperature of
oxygen release for the TPOs performed at 0.25 and 0.42 bar differed by approximately 20°C,
with a difference in non-stoichiometry of 6=0.1. As the material incorporated oxygen of
between 0.8 and 1.1 during the dynamic heating ramps shown in Figure 6.3, it is clear the
main cause of the shifting temperature of oxygen release is the pO2 of the gas environment, if
6>0.8. This agrees with literature, where Lin et al [23] produced dynamic heating ramps of
YBaCo407-5, where samples with different surface areas were heated between 50 and 500°C
in a pO2 of 0.21 bar. During the oxygen incorporation step of the experiments, the oxygen
content differed by approximately 30% between the samples, but the temperature of oxygen
loss remained the same.

In literature, the material was noted to undergo a phase change between hexagonal and
orthorhombic structures at 350°C in a pO2 of 1 bar. Further heating of the sample to 500°C
caused the material to revert to the original hexagonal form [15], which is likely responsible
for this oxygen release, with the stored oxygen secure in the orthorhombic phase, until the

increased temperature causes the crystal structure to revert to the hexagonal phase.

6.2.2 Isothermal oxygen incorporation of YBaCo0sO7+5

To investigate the impact of pO. and temperature on the oxygen capacity and rate of oxygen
incorporation of YBaCo04O7+5, isothermal oxygen incorporation experiments were conducted.
A helium pre-treated sample was left for 3 hours in a pO. of 0.05, 0.25 or 0.42 bar, at
temperatures ranging from 300 to 430°C. Figure 6.3 shows the amount of oxygen

incorporated versus temperature after different lengths of time for each pO: investigated.
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Figures 6.3 — Plotted data points showing the amount of oxygen incorporated (3) into a sample of YBaC04O7+s

after different lengths of time for samples held isothermally in a pO- of (A) 0.05 bar, (B) 0.25 bar, (C) 0.42 bar

versus temperature, after the helium pre-treatment. Figure 6.3 (D) compares the & achieved upon heating during
the dynamic heating ramp in Figure 6.1 and isothermally in Figure 6.3, for a pO, of 0.21 bar (B) in a pO2 of 0.25

bar after 180 minutes. The data points for the oxygen content of the material gained isothermally after 120 and

180 minutes are rendered onto a 3-d graph in Figure 6.3 (E)

At a pO2 of 0.05 bar, the highest oxygen incorporation rates occurred at 300°C, with
increasing temperatures reducing the rate of oxygen incorporated. Negligible oxygen for
redox cycling processes (6<0.2) was incorporated at temperatures above 350°C at this pOo.
An increase in the pO2 to 0.25 bar increased the temperature at which there was negligible
oxygen incorporation to 370°C. Further increase of the pO. to 0.42 bar increased the

temperature of negligible oxygen incorporation to 390°C.

For all pO2s investigated, oxygen incorporation rates were seen to decrease with increased
temperatures. The magnitude of this decrease was reduced at higher pO.s. Heating a sample
in a pO2 of 0.05 bar by as little as 20°C above the optimum temperature range for oxygen
incorporation (300 to 320°C) halved the amount of oxygen gained over the experiment, while

in a pO2 of 0.25 bar, the amount of oxygen incorporated decreased by less than 10% over the
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same 20°C range. The recorded decrease in the affinity of the material to incorporate oxygen
with temperature increases at a pO. of 0.21 bar, agrees with the literature [24], however, no
data at a pO2 of 0.42 or 0.05 bar could be found for comparison.

Oxygen incorporation with this material has been shown in the literature to have the potential
for both oxygen removal and oxygen enrichment processes [25-26]. Typically, oxygen
incorporation for enrichment processes would occur in a higher pO2 range (e.g. 0.21bar for
air) as opposed to oxygen removal processes, such as the cleaning of oxygen from methane
from coal mines (e.g. gob gases), which will occur at a pO2 < 0.05 bar. It is therefore
important to note that for lower pO2 applications, a temperature of approximately 300°C is
desirable. For higher pO.s the temperature of incorporation can be increased, potentially
decreasing the required temperature swing to regenerate the material, at the expense of

lowering the efficiency of the use of the oxidising gas.

When the data presented in Figures 6.1 and 6.3 (B) are compared as shown in Figure 6.3(D),
the temperature at which oxygen is released from the material in Figure 6.1, is significantly
higher than the temperature at which little oxygen (6<0.2) is incorporated in Figure 6.3(B).
This is particularly evident when comparing the 8’s at 400°C in a pO2 of 0.42 bar in both
figures. This behaviour suggests a hysteresis of the oxygen content, where if the oxygen is
incorporated in the material at lower temperatures, it can remain stored in the material upon
heating to a higher temperature, where it would not have been incorporated.

To demonstrate the repeatability of this oxygen incorporation behaviour, a sample was cooled
in a pO2 of 0.21 bar from 430 to 280°C in 10°C increments (dwelling for four hours at each

increment) and the weight change recorded, and the results can be seen in Figure 6.4.

139



450 : : : . : . : 1.5
Temperature
—l—5
400
. 1.0
@)
E
o
3
"@ 350 ' “©
o | - 0.5
=
]
= =
300 F
- 0.0
|
250 T T T T T T T T
0 1000 2000 3000 4000

Time (mins)

Figure 6.4 — A plot of § versus time for a sample of YBaCo040O- cooled stepwise between 430 and 280°C in four

hour long, 10 °C increments in a pO2 of 0.25 bar.

Figure 6.4 shows the oxygen content of the material quickly equilibrated at higher
temperatures, with the weight of the material remaining stable within 10 minutes at
temperatures of 380°C or higher. At 360°C the material did not stabilize, and a slow, but
constant weight gain was recorded during the four-hour hold. During this step, a much greater
amount of oxygen was incorporated into the sample, in agreement with the data shown in
Figure 6.3(B).

As the experiments shown in Figures 6.3 were conducted with different fresh samples, to
appropriately compare the effect of pO2 on the rate of oxygen incorporation at a given
temperature, another set of isothermal oxygen incorporation experiments at different pO.’s
were conducted to remove any effects of particle morphology on the oxygen incorporation, so
that rates between pO:2’s could fairly be compared. The sample was held at 340°C for 2 hours
at pO2's ranging from 0.05 to 0.42 bar after a helium pre-treatment, with the data presented in
Figure 6.6. Once an isotherm at a given pO> was completed, the material underwent the

helium pre-treatment, and was cooled in helium to 340°C, after which the gas was switched to
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the next pO2. The marked points on Figure 6.5, show the & obtained at that pO. after the
duration noted in the legend in each isotherm, at each pO2, and should be read vertically.
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Figures 6.5 — Plotted data points showing the amount of oxygen incorporated (3) into a sample of YBaC0407
after different lengths of time for samples held isothermally in a gas flow rate of 200 ml/min at a temperature of
340°C, with the pO2 changing between 0.05 and 0.42 bar.

Figure 6.5 shows similar rates of oxygen incorporation at pO2s between 0.21 and 0.42 bar,
with an increase in the rate of oxygen incorporation of approximately 10% at a pO2 of 0.42
bar compared to 0.21 bar. As expected, pO.s lower than 0.21 bar incorporated relatively small
amounts of oxygen when compared to 0.21 bar, with the two-hour isotherm at a pO of 0.1
bar only incorporating 30% of the oxygen capacity of 0.21 bar. It is clear therefore that for
favourable oxygen incorporation, the pO- should be kept above 0.21 bar.

To examine how the pO, affects the temperature at which significant oxygen incorporation
occurs, a sample was heated to 500°C in helium for four hours, before being cooled to 430°C.
The gas environment was then switched from helium to an oxygen-containing environment of
a pO2 between 0.05 and 0.42 bar. The temperature of the sample was then reduced in 5°C
steps from 430 to 300 °C, with each 5°C-increment lasting 1 hour. The results of this

experiment can be seen in Figure 6.6
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Figure 6.6 — Stepwise cooling curve showing & of YBaCo4O7+s after being held at 430°C under He for four
hours, followed by stepwise cooling in hour-long 5°C steps to 300°C in pO; of between 0.05 and 0.42 bar.

Figure 6.6 shows that at 430°C, when the gas environment is switched from inert to an
oxygen-containing environment, the material rapidly incorporates oxygen, with a o6 of
between 0.16 and 0.21 achieved for a pO. of 0.05 and 0.42 bar respectively. Upon cooling,
there was a gradual increase in the oxygen capacity of the material for all pOzs, with the
oxygen content of the samples at higher pO>s increasing at a faster rate. At a threshold
temperature, the amount of oxygen incorporated increased significantly. This threshold
temperature was seen to increase with increasing pO2s, and it appears that shifting the pO2 by
0.1bar, in the pO2 range of 0.21 to 0.42 bar, causes a change in the temperature of oxygen

incorporation by 10°C.
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6.2.3 Stepwise heating and cooling of YBaC04O7+5

To examine the differences in the oxygen capacities measured in Figure 6.1 (dynamic
heating) and Figure 6.3 (isothermal incorporation), a sample of YBaCo040O7+s was cooled and
heated in a stepwise manner in a pO2 of 0.25 bar between 300°C and 430°C in 5°C steps. For
the heating curve (Figure 6.7 (a), the material was held for 10 hours at 300°C before being
heated in 5 °C steps where the material dwelled isothermally for one hour at each step. For the
cooling curves (Figure 6.7 (b)) the material was held for four hours at 430°C before being

cooled in 5°C steps where the material was held isothermally for one hour.
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Figure 6.7 (a) - Stepwise heating curve showing & of YBaCo04Oy after being held at 300°C for ten hours in a pO-
of 0.21 bar, before being heated in hour long 5°C steps to 430°C at the same pO,. (b) Stepwise cooling curve
showing & of YBaCo4O7+s after being held at 430°C in a pO; of 0.25 bar for two hours before being cooled in

hour long 5°C steps to 300°C at the same pO2. The red line shows the change in temperature, while the blue line

shows the change in 3. The marked lines A, B and C display areas of interest discussed in the text.

Figure 6.7 (a) shows that oxygen is stored in the material upon heating until 380°C, (marked
line A) at which point the oxygen begins to be released from the material. The temperature at
which oxygen begins to be readily incorporated upon cooling, shown by marked line B in

Figure 6.7 (b), is approximately 370°C, in agreement with the data shown in Figure 6.4 for a
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pO. of 0.25 bar. Oxygen incorporation does occur at higher temperatures; however, this is
small stepwise increases and not the significant gain seen at 365°C. It appears that the
temperature of oxygen incorporation and release differ by approximately 15°C, and this is

seen when examining the data at 365°C upon heating, (shown by line C), where the weight
change is stable.

To clarify the oxygen incorporation and release behaviour seen previously, an equilibria plot
of the material upon heating and cooling was needed. A sample was pre-reduced in helium at
500°C before being cooled in helium to either 200 or 430°C. The gas environment was
switched from helium to either a pO2 of 0.25 or 0.42 bar. The sample cooled to 200°C was
held at this temperature until the mass was stable before undergoing stepwise heating to

430°C, allowing the sample to dwell until stable at each of the marked points. Likewise, the
sample cooled to 430°C was cooled stepwise until 200°C, holding until stable at each of the
marked points. The results of this equilibria plot can be seen in Figure 6.8. It should be noted
that these points may not be at true equilibrium, and if left long enough, the samples oxygen

content may change. For this plot, equilibrium is defined as no notable mass change (6=0.01)
over 2 hours.
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Figure 6.8 - Hysteresis equilibria plot of YBaC0407+5in a pO2 of 0.42 and 0.25 bar upon different directions of

heating and cooling.
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Figure 6.8 shows a significant difference in the oxygen content of the sample, depending upon
whether the sample was heated or cooled. This is evident when comparing the oxygen content
of the material at a pO. of 0.42 bar at 390°C, where the heated sample was shown to
incorporate a significant amount of oxygen (60=1.14), while during cooling at this temperature
the material incorporated little oxygen (6=0.18). This behaviour extends to a pO. of 0.25 bar,
seen clearly at 380°C, where a 6 equal to 1.10 and 0.20 was achieved upon heating and
cooling respectively, again agreeing with the results shown in Figures 6.2 and 6.4.

Figure 6.8 shows a difference of approximately 20°C between the temperature oxygen is
released upon heating or incorporated upon cooling for both pOgzs, slightly larger than that
seen in Figures 6.7, however, this is likely due to a step size of 10°C here, as opposed to 5°C
in Figure 6.7. Additionally, it can be shown that changing the pO. from 0.25 to 0.42 bar,

increased the oxygen incorporation release and incorporation temperature by 10°C.

This behaviour of the material suggests that for an oxygen looping process, such as oxy-fuel
combustion, a 30°C cycle is possible, with oxygen incorporation occurring at 370°C in a pO2
of 0.25 bar, and release occurring at 400°C to enrich a pO. of at least 0.3 bar, required for
oxy-fuel combustion. These 30°C cycles would give a change in & of over 0.8, approximately

2% by weight.
6.2.4 Equilibria plot of YBaC04O7+5

One of the most important factors for a non-stoichiometric material for oxygen enrichment
processes is the efficiency of oxygen removal from an oxidising stream. Low efficiency of
oxygen use will require more oxygen to be added during the oxidation step in a process. This
extra gas will require to be heated and pumped through the system, increasing costs, so an
ideal material will remove almost all the oxygen, to reduce the amount of hot gas needed for
the process.

To quantify the amount of oxygen that can be removed from a gas stream, a & versus pOz plot
was created using the pressure relaxation rig described in Chapter 5. A sample of YBaC04O7+5
was heated to 500°C and reduced under vacuum in pure oxygen to a pO2 of 0.001 bar for one
hour. For each experiment, this point was assumed to be a 6 = 0, as this step mimicked the
inert pre-treatment used for each TGA treatment. In Figure 6.1, d = < 0.01 at 500°C at a pO2
of 0.05 bar, so assuming a negligible 9 in the sample after a longer reduction at 500°C and a
lower pO- is reasonable. The sample was then cooled to the starting temperature of either
320°C, 350°C or 380°C. The pO. of the gas phase was then increased in stages, and the
sample was allowed to equilibrate to the new reactor pO2. A mole balance was then carried

out over the reactor and reservoir, converting the pressure change to a change in the moles of
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oxygen, and the difference in the number of moles of oxygen before and after the pressure
change was assumed to be due to oxygen incorporation of the sample. The results of this
experiment can be seen in Figure 6.9. It should be noted that these points may not be at true
equilibrium, and if left long enough, the sample's oxygen content may change. For this plot,
equilibrium is defined as no notable mass change (6=0.01) over 30 minutes. The author
recognizes there may be errors in the values reported here from the issues with the technique
described in chapter 5 — however, the data matched well with the previous TGA results and in

this work will be treated as true.
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Figure 6.9—Equilibria plot showing & versus log pO2 for YBaC0407+s equilibrated at 320, 350, and 380°C.

At 320°C, the 6 of the material increases slowly with increasing pO2, with a 6 of less than 0.1
achieved below a pO. of approximately 0.02 bar (log pO2 = -1.69). Above 0.02 bar, the
amount of oxygen incorporated significantly increases, with a linear increase of & until a value
of 0.4 is achieved at a pO2 of 0.035 bar (log pO2 = -1.46). Further increases of the pO> caused
a step in the oxygen content, with an increase in & to approximately 1.02 at 0.042 bar (log pO2
= -1.38). The amount of oxygen incorporated further increases with pO until a 6 = 1.12 was
achieved at a pO of 0.19 bar (log pO2 = -0.7).

This behaviour was seen at all temperatures investigated, however, the pO> at which the step-
in oxygen content of the sample was noted increases with increased temperature. This is

evident comparing a & = 0.4, which occurs at log pO2 of -1.4 at 320°C, and -0.9 at 350°C, a
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difference in pO2 of approximately 0.07 bar. This required increase in pO. agrees with the
relationship between temperature and pO> shown in Figure 6.8, and Ref [28] showed similar
results, however, the experiments were only conducted between 6=0 and 0.3. From the data it
appears that small temperature swings can be used to cycle oxygen from low to higher pO2s,

however, this may not make efficient use of the oxidising stream.

This stepwise behaviour in the oxygen content would be familiar with a phase change
occurring. A good example of this behaviour in literature can be found in YBaMn2Os+s, where
both the YBaMn.Oes and YBaMn,Os phases had oxygen non-stoichiometry. The materials
underwent a gradual increase in oxygen content with pO2 before a more sudden step in & was
seen [29-31]. The authors attributed this stepwise behaviour to the existence of two
thermodynamically stable phases at the transition pO2 range. They believed that a structural
transformation of the material was occurring, and an activation barrier was preventing the
phase transition. Similar behaviour is likely occurring in the YBaCo04O7+5 system, between the
hexagonal and orthorhombic phases, and structural investigations will be performed to

confirm this transition is at 6=0.4.

6.2.5 In-situ XRD study of YBaCo0:07+5

To quantify the effect of the change of pO. on the crystal structure a base line thermal
expansion co-efficient was required so that the chemical and temperature changes could be
separated. This co-efficient was obtained by heating the material to 500°C in nitrogen to bring
the material to a reference 6 of 0, before the material was cooled in 50°C steps in nitrogen.
The cell volume and the changes to the A and C lengths were then calculated using a Rietveld
refinement, and the results can be seen in Figure 6.10. The material was seen to maintain a
hexagonal structure, so the length of the A axis is equal to the length of the B axis. The
equation for the linear fit of the thermal expansion can be seen in Figure 6.10.
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Figure 6.10 — Scatter plot showing the change in cell parameters of YBaCo04O7+5 Vversus temperature, used to

calculate the thermal expansion co-efficient

It can be seen that a linear increase of the cell dimensions of the hexagonal phase can be seen.
To investigate the differences in heating and cooling as shown in Figure 6.8, in-situ XRD
scans were performed on the material in pO2s ranging from 0.05 to 1 bar. The material was
heated to 500°C in N2 before being cooled to either 430°C or 200°C in N2. The material was
then scanned over an hour at each temperature. Previous 20-minute scans had shown no
noticeable changes in structure when performed over 4 hours, leading to the longer scan times
used. The sample was then cooled or heated in hour-long steps at the recorded temperatures in
each pO..

Figure 6.11 shows the first of these results with heating and cooling XRD plots, shown

between 27 and 37 ° in a pO; of 1 bar.
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Figure 6.11 — XRD waterfall plot of YBaCo407 upon (a) heating and (b) cooling between 430 and 200°C with a
rest of two hour at each recorded temperature at a pO, of 1 bar with flow rated of 150 ml/min (S.T.P.) The green

line marks the peaks of the orthorhombic phase growing in

During both heating and cooling of the sample in a pO2 of 1 bar a new orthorhombic phase is
detected. Over time, the hexagonal phase of YBaCo04O7+s shown at the beginning of each
experiment is converted to a mixed orthorhombic and hexagonal phase upon heating and
cooling. During heating from 200°C, shown in Figure 6.11 (a), the growth of the
orthorhombic phase is noted at 300°C, with new peaks forming at approximately 31°, 33.7°
and 36.3°, and the relative intensity of the original hexagonal peaks decreasing. This new
phase continues to grow with heating until 390°C, after which the orthorhombic phase rapidly
decomposes, returning the sample to the original hexagonal phase.

A similar experiment performed by Karpininen [15], took in-situ XRD scans during heating
of YBaCo4O7+ in a pO2 of 1 bar, performing 3-minute scans every 50°C and a phase
transition from hexagonal to orthorhombic was detected. The temperature of the growth of the
orthorhombic phase, however, was noted at 350°C in Karpininens’s study, while the data in
this study shows the transition at 300°C. The difference is likely due to the time durations

being too small in the previous literature. The experiment conducted here allowed the sample
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to dwell for four hours at this temperature in the pO2 and the slow growth of the new phase
was therefore detected at a lower temperature. Unfortunately, while many XRD studies have
been performed on the material, most focus on lower than room temperature [31-33] due to
the interest of the material for superconducting applications.

The changes seen in Figure 6.11 are quantified in Figure 6.12, showing the percentage of
YBaCo0407+5 in the orthorhombic (Pbc2:) and hexagonal (P63mc) structure as a function of

temperature, and whether the sample was heated or cooled.
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Figure 6.12 — Scatterplot showing the weight percentage of YBaCo.Oy in the hexagonal or orthorhombic phase

in a pO; of 1 bar upon heating and cooling.

At temperatures greater than 400°C, no detectable traces of the orthorhombic phase exist.
When the sample was heated from 200°C the material began to transition to a mixed
orthorhombic/hexagonal phase at 300°C from the purely hexagonal phase seen at lower
temperatures. Further heating of the sample increased the conversion of the material to the
orthorhombic phase where a maximum value of 35% of the material in the orthorhombic
phase was reached at 370°C. The material maintained this percentage in the orthorhombic
phase for a further 10°C, after which the material began reverting to the fully hexagonal phase
at 390°C. While the data from Figure 6.12 does not appear to be in equilibria, it clearly shows
the hysteresis behaviour with different temperatures of growth and dissolution of the
orthorhombic phase. The sudden dissolution and growth of the orthorhombic phase support
the theory that the sudden changes in oxygen capacity of the material with pO- are due to a

phase change. The changes in cell dimension from the experiment performed in Figure 6.12
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were calculated and are the data from the cooling run presented in Figure 6.13. It is worth

noting that the graph is best read from right to left, when comparing with changes in Figure

6.12.
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Figure 6.13 — Crystal expansion upon oxygen incorporation in a pO, of 1 bar with flow rate of 150 ml/min.
Figures 6.13(a -b) show the ¢ and a axis changes for both the hexagonal and orthorhombic phases. Figures 6.14

(c) show the volume change of the orthorhombic. and (d) the hexagonal cell upon cooling

It is clear from these Figures, that little change is occurring in the hexagonal phase throughout
the oxygen incorporation, and the significant changes are happening in the orthorhombic
phase. When the orthorhombic phase begins to grow at 360°C, there are significant changes in
the cell volume and the C and A axis in the cell, which agrees with the literature [34].
However, once this initial growth occurs, the volume and axis length appear relatively steady
in comparison. This does however warrant more investigation. It is also important to note the
significant change in cell volume between the orthorhombic and hexagonal phases.

A further experiment was conducted to do this. Here, a sample of YBaCo407 was heated to
cooled to 310°C, where it was allowed to rest for approximately 6 hours in a pO2 of 0.21 bar.
The advantage of this experiment was that oxygen incorporation was isothermal, so thermal

expansion was not a concern. The changes in the crystal structure are presented in Figure 6.14
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Figure 6.14 — Crystal expansion upon oxygen incorporation in a pO» of 0.21 bar with flow rated of 150 ml/min.

Figures (a-d) show the orthorhombic changes, and (e-f) the hexagonal. The aand e, b and f, c and g and d and h

show the phase wt.%, cell volume, c-axis length, and the a-axis length respectively

It is seen clearly, that during the oxygen incorporation, there is little change in the hexagonal

structures, most likely due to the oxygen incorporating into orthorhombic sites. It is seen that
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upon oxygen incorporation, the cell volume decreases in the orthorhombic phase, which is to
be expected, as larger oxygen contents, generally reduce cell volume due to the internal
attractions. Significant distortion to the cell during this transition can be seen, as the
hexagonal cell is approximately half the volume of the orthorhombic, which will likely cause

significant strain on the crystals.

To show the relationship between the growth and dissolution of the orthorhombic phase and
the pO., the temperature at which the phase change began to grow upon cooling or disappear

at upon heating was plotted and this information is displayed in Figure 6.15.
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Figure 6.15 — Scatterplot showing temperature at which a sample of YBaCo04Oy lost its orthorhombic phase upon
heating (red) or grew it upon cooling (blue). A strong correlation between the growth and dissolution of the
orthorhombic phase as a function of pO, was found, with a notable shift in the temperature of growth and
dissolution of 30°C, between 0.05 and 1 bar

There is a strong correlation between the temperatures of growth and dissolution of the
orthorhombic phase as a function of pO- in the in-situ XRD data, with a consistent shift of
approximately 30°C in the temperature of growth and dissolution between 0.05 to 1 bar. This
result also shows that a difference in pO2 of 0.95 bar shifts the temperature of the growth and
dissolution of the orthorhombic phase by approximately 40°C. This is slightly larger than that
seen in Figure 6.8, however, this is likely as this is not an equilibrium experiment, but rather

Kinetically limited.

6.2.6 Ex-situ XRD study of YBaC0sO7+s

To determine the relationship between the growth of the orthorhombic phase and the value of
d in YBaCo407+5, 200 mg samples of YBaCo4O7 were reduced at 500°C in helium and cooled

in a helium environment, before being annealed for durations ranging from 30 to 720 minutes
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in air. The ratio of orthorhombic to hexagonal phases was then determined by XRD analysis
for each sample, and the degree of non-stoichiometry of each sample was found by heating
the sample to 500°C in helium to create a reference state of 6=0 using the TGA. Figure 6.16
shows the percentage of the material in the orthorhombic phase, versus the non-stoichiometry

calculated.
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Figure 6.16— Scatterplot showing wt.% orthorhombic versus & for YBaCo0407+5 annealed at 310°C. It can be
seen, that the orthorhombic phase was seen to grow in at a d of 0.3-0.4
Figure 6.15 shows that for values of 6<0.3, no amount of the orthorhombic phase was
detected in the sample. Between 6=0.3 and 6=0.45, the orthorhombic phase begins to form,
and the orthorhombic phase fraction increases with 8. This value is consistent with the
approximate 6 in Figure 6.9 (the & versus. pO2 plot of YBaCo.0-:), at which a step in the
amount of oxygen is incorporated occurred, which would be consistent with a phase change as

predicted.

To examine the effect of this orthorhombic phase on the temperature of the oxygen release,
samples of different oxygen contents were heated in a TGA from room temperature to 500°C
at a rate of 1°C/min in an argon atmosphere to examine at what temperature the stored oxygen

would be released. The TPOs of this are shown in Figure 6.17
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Figure 6.17 - Plot showing 6 versus temperature from TPOs of samples of YBaC0407:5, annealed at 310°C in a
pO- of 0.21 bar, heated between 50 to 500°C in argon at a heating rate of 1°C/min. Different temperatures of
oxygen release is apparent for the different oxygen contents
Figure 6.17 shows that the onset temperature of oxygen loss increased with higher oxygen
contents. The weight loss curves shift to higher temperatures with higher values of 3. Also
apparent is the change in slope of the weight change, with the oxygen being removed from
lower oxygen content samples over longer durations, unlike the previously noted constant
rates of oxygen loss. It is likely therefore, that the orthorhombic phase is responsible for the
hysteresis seen in the material, as when the amount of the material in the orthorhombic phase

increases, the hysteresis behaviour become more apparent.

This is summarised more clearly in Figure 6.18 which shows the temperature at which rapid

oxygen loss occurs, versus the orthorhombic phase fraction for each material.
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Figure 6.18 - Plot showing temperature of oxygen loss versus wt.% of the material in the orthorhombic phase,

for the data shown in Figure 6.17
The temperature of oxygen release increases with the orthorhombic phase fraction up until
~50% orthorhombic phase fraction, above which no change in temperature is seen. This
supports the previous findings in Figure 6.3, which found that the material maintained a
constant temperature of oxygen loss when 6 > 0.8 in YBaCo0407+35. This temperature effect is
likely due to the orthorhombic phase, as it has already been theorized that this caused the
stepwise oxygen incorporation behaviour with increasing pO2’s, as seen previously in Figure
6.9. Therefore, if the oxygen content is kept lower than 6=0.6, the reduction temperature
during redox cycling can be decreased, however, this would reduce the efficiency of the
cycles.

6.2.7 Thermodynamic study of YBaCo04O7+5

In this section of the work, the thermodynamic properties of the material will be calculated
from the data gathered, namely the activation energy of oxygen incorporation, the chemical
potential, and the change in entropy and enthalpy. A good reference that will be referred to
throughout is ref [28]. This work shows in detail a useful method for performing this analysis.
Unfortunately, the experiments were stopped at a d = 0.3, limiting the comparison to higher
0Xxygen contents.
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Activation energy is an important parameter for reactor design and is often thought of the
amount of energy required to start a reaction. In literature the activation energy of
YBaCo407+5 has been estimated [13], however, the authors mistakenly identified no phase

change over the oxygen incorporation.

To confirm the reliability of the data in this work, the Arrhenius equation (Eq 6.1.) was used
to estimate the activation energy of the overall reaction, to compare to ref [13]. In Eq.6.1, K is
the rate constant, A is the pre-exponential factor, Ea is the activation energy, R is the gas

constant and T is the temperature
K = A e Fa/RT Eq6.1

The K value for the equation was calculated from TG data collected, assuming a first-order
reaction, shown in Eq.6.2. This was assumed as the change in the rate of oxygen incorporation
was seen to change approximately linearly between 0.05 and 0.42 bar in the isothermal
oxygen incorporation data, seen in Figure 6.3. To test this, a plot of Ln K versus temperature

was created which gave a linear fit, supporting this conclusion.
Rate = K [0,] Eq 6.2

Using these equations, an Arrhenius plot was created and shown in Figure 6.19
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Figure 6.19 — Arrhenius plot for TG data collected at a pO, of 0.21 bar
From the gradient of Figure 6.19, an Ea value of 39.4 kJ/mol was calculated, which is within

15 kJ of the 43 kJ/mol value obtained in ref [15], supporting the data quality to be used in this
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calculation. However, examining the data points used for the fit, it is seen that there are large
changes in the gradient, particularly at a value of 1/T of 0.0022. This point corresponds to a &
of approximately 0.1, a region in the equilibria plot in Figure 6.9 at which the gradient of &
v.S. pO2 changed.

To examine the change in the activation energy of oxygen incorporation as the oxygen
content changes in the material, the K value over consistent steps of & = 0.2 (i.e. between 0
and 0.2, etc.) was calculated. This data was then placed into an Arrhenius plot displayed in

Figure 6.20(a), with the activation calculated and displayed in Figure 6.20(b).
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Figure 6.20 (A) - Arrhenius plot of the data shown in Figure 6.1, taking steps of 6=0.2, (B) plot of activation

energy versus o
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Figure 6.20 clearly shows that there is a difference in the activation energy depending upon
the 6. Generally, the enthalpy increases slightly with oxygen non-stoichiometry, however, at a
6 > than 0.3 and 0.6 significant step changes were seen. The change at 6 = 0.3, matches the
results seen in Ref [28] at this & range, however, no comparative data was found for 6=0.6.
The stoichiometries that these sudden changes in activation energy occurred correspond to
two important structural transitions, seen in Figure 6.14. At a 6 = 0.2 - 0.4, a phase change
began from hexagonal to orthorhombic, and at 3 = 0.6-0.8, the linear relationship between the
percentage of the material in the orthorhombic phase and the delta changed, suggesting that

these changes are caused by the orthorhombic phase transition.

As the calculation of the activation energy relies upon kinetic data, it is not the most accurate
property to make assumptions on the materials from, so ideally more reliable thermodynamic

properties require investigation. For YBaCo4Oy, the oxisation equation is shown in Eq 6.3.
YBaCo0,0; + 0.560, - YBaC0,07,4 E6.3

The exchange of oxygen between the solid and gas phase in this case is best described using
equation 6.4 below with Kroger-Vink notation. Coz,and Cof, relates to Co®* and Co?*, V' is

the empty oxygen vacancy, and Of is the filled oxygen vacancy.

2Co%, +V; +0.50, = 2Co;, + OF Eq.6.4
An equilibrium between the amount of cobalt in the different valence states at a certain pO>
will be reached, following equation 6.5, where Kox is the equilibrium constant and agx ,
20cop,, 2acox, and ay, are the activity of 0F, Co¢,, Cog,and V; respectively, and pO; is the

partial pressure of oxygen.

x20co"
2057%C%0 1y, 05 Eq.6.5

aV-l-) ZaCO;éO

Kox =

It is clear the oxygen content of the sample can be linked to the partial pressure of oxygen in
the system. If the partial pressure of oxygen increases, the equilibrium content of oxygen will

increase if there is still cobalt in the 2+ state.

The calculation of the Gibbs energy of oxidation is shown in Eq.6.6, where AG,,,; is the Gibbs
energy of oxidation of YBaCo4Oy7, AG; is the Gibbs energy of formation, and po is the

chemical potential of the oxygen.
AGOXi = AGfYBaCO407+5 - AGfYBaCO407 - Ho(Oz) Eq 66
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If it is assumed to be the unity behaviour of the solid phases, and the oxygen behaves as an

ideal gas, the energy changed can be linked solely to the oxygen chemical potential [35]

The chemical potential of the gas phase can be calculated from the equilibrium data shown in
Figure 6.9, using Eq.610.where o is the chemical potential of the experimental point, Apo is
the change of the chemical potential of oxygen, T is the temperature, R is the gas constant,

and et is the chemical potential at a reference pOa, in this example 0.5 bar.
o RT
Aﬂo = 'u,O - O'S“Tef = ?Ln pOZ Eq610

The chemical potential was then calculated for the equilibria data presented in Figure 6.9 and

is displayed in Figure 6.21.
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Figure 6.21 — Plot of Chemical potential of oxygen relative to a pO2 0.21 mol oxygen in YBaCo040:5 versus 0 at

temperatures between 320 and 380°C

The chemical potential of oxygen was seen to decrease with increased temperatures,
explaining the significantly lower amount of oxygen incorporated at higher temperatures. The
rate of this decrease slows as the temperature increases, with a reduction from -17 to -12
kJ/mol between 320 and 350°C, decreasing to a reduction of approximately -12 to -10 from
350 to 380°C, at a & of approximately 0.04. At 320°C, it was seen the chemical potential
decreased steadily until a 3=0.4, where the chemical potential stayed the same. In ref. [28], at
350°C and a 6 = 0.1, a chemical potential of approximately -7 kJ/mol was seen,

approximately matching values seen in Figure 6.21. To calculate the change in standard
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partial molar entropy (AS6) and enthalpy (AHO), Eq. 6.6 can be used, where the pO2 ref IS

equal to a reference partial pressure of oxygen, in this case 0.5 bar.

Auy = AHO — TASH Eq.6.11
Combining Eq.6.10 with Eq. 6.11, gives Eq. 6.12

Apg = =-Ln p0, = AH6 — TASb Eq.6.12

From this Eq.6.13 may be found

2AH,  2AS,
—Ln(-B2) =220 20 Eq.6.13
PO, ref RT R

Therefore plotting —Ln( P22 ) versus 1/T can be used to find the change in standard partial

02 ref

molar entropy (AS6) and enthalpy (AHO6) for a constant ¢ [28, 35-37

Figure 6.22(a) below shows the plot of —Ln (&) versus 1/T, for &’s between 0.1 and 0.6,

PO,
with the data taken from Figure 6.9, and Figure 6.22(b) shows the calculated standard partial
molar entropy (AS6) and enthalpy (AHO) from Figure 6.22.
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Figure 6.22 (a) - plot of —Ln (%) versus 1/T for §’s of between 0.1 and 0.6, (b) — Plot of the standard partial
molar entropy (AS6) and enthalpy (AH®) versus &
In Figure 6.21 (b), the AS6 and AHO of the material increases from a & of 0.1 to 0.3,
increasing by four and 0.25 times their intital value at 6 = 0.1 respectively. Upon further
incorporation of oxygen, the AS6 and AHO stay, consistent with the 6 of the previously noted
phase transition between the hexagonal and orthorhombic phases. This suggests that oxygen
incorporation begins easily into the hexagonal phase, however, as oxygen sites become more
filled, more resistance to incorporation is found. When the threshold 6 for the orthorhombic
transition is reached (6 = 0.4), the AS6 and AHO for oxygen incorporation increases to account

for the extra energy required for the phase transition.

To understand the differences in heating and cooling of the sample, and the effect of the

hysteresis on the oxygen content of the materials, a plot of —Ln (%) versus 1/T was
2
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produced for the data shown in the Figure 6.8, the hysteresis plot of & versus temperature
upon heating and cooling in a pO2 of 0.25 and 0.42 bar. A & of 1.1 was chosen for the
calculation, and values of the temperature of oxygen release or incorporation were estimated
from reading off the experimental curves. The data for the cooling and heating curves were

then plotted independently, and this can be seen in Figure 6.23.
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Figure 6.23 — plot of —Ln (%) versus 1/T for a § = 1.1, comparing the data obtained in Figure 6.6? upon

02
heating and cooling in a pO of 0.25 and 0.42 bar
It is evident from Figure 6.22, that the AS6 and AHO6 of the material upon cooling or heating is

very different. From the gradient and intercept of the graph, the AS6 and AHO upon heating
and cooling were found and these can be found in Table 6.1. To explain the lack of the
oxygen uptake at 380°C upon cooling in a pO2 of 0.42 bar, and the storage of the oxygen upon
heating at 380°C, Ap was calculated at 380°C, using equation 6.5, using the AS6 and AHO
calculated from Figure 6.22 for heating and cooling. These calculated values can be found in
Table 6.1.
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Table 6.1 - Values of AS6 and AHO calculated from Figure 5, and Ap0 calculated at 380°C for both heating and

cooling
Direction Temperature AHO AS6 Apo
(°C) 1 1 molt 1
(kJ mol™) (kJ Kt mol?) (kJ mol™)
Heating 380 -93.37 -0.14 -1.89
Cooling 380 -43.20 -0.07 0.20

This calculation showed that the chemical potential of the material was negative at 380°C
upon heating, and positive at 380°C upon cooling. The negative value of Auo upon heating
and the positive value upon cooling explains why the material had a large and small & value
respectively, as oxygen uptake was not thermodynamically feasible. The major difference in
the materials state at each of these points was the crystal structure, as upon cooling, the
material was completely hexagonal, and upon heating the material was found to have a
significant proportion in the orthorhombic phase. Therefore, it is apparent that for oxygen
storage, the material must be able to transform into the orthorhombic phase, which is not

thermodynamically feasible if the temperature is too high.

To estimate the exact temperatures of the boundary of the hysteresis, the calculation was
repeated, varying the temperature for both the heating and cooling directions. This can be
seen in Figure 6.24, where the chemical potential versus the temperature is plotted. When the
chemical potential is equal to zero, this should be the transition temperature between the
oxygenated and de-oxygenated phase in a pO2 of 0.42 bar.
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Figure 6.24 — Plot of Ap versus temperature for YBaCo4O7:5 calculated using Eq.6.13, using the values of AS6
and AHO shown in Table 6.1

As seen in Figure 6.24, upon cooling the transition appears at 376°C, and upon heating 393°C.
These values agree with the previous results from Figure 6.8, where a 6 > 1 was recorded at
370°C, but not at 380°C upon cooling, and a & > 1 was recorded at 390 but not 400 °C upon
heating. This narrow transition between thermodynamically favourable and unfavourable over
such a small temperature range appears to be what is responsible for the rapid oxygen loss and
gain of the material, with the change in transition temperature upon heating or cooling most

likely caused by the transition of the orthorhombic phase.
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6.4 Oxygen release and incorporation of YBaCo04O7 compared to

other oxygen carriers

For oxygen enrichment processes, there are two major thermodynamic features for a useful
oxygen carrier. The first major thermodynamic feature is the amount of oxygen produced per
degree of a temperature swing. Oxygen release over smaller temperature swings is beneficial
for multiple reasons, namely lower energy costs and potentially less mechanical degradation
due to thermal expansion. The second major thermodynamic feature is the oxygen content of
the material as a function of pO2, which can be used to calculate the amount of oxygen
removed from an inlet stream. Low-efficiency removal of oxygen from an air stream requires
more air to be heated, increasing heating and pumping costs of a process. In this section,
using the data provided earlier in this chapter, the thermodynamic potential of the use for

oxygen enrichment will be compared to various other potential oxygen carriers.
6.4.1 Amount of oxygen released per °C of a temperature swing compared

to other oxygen carriers

To examine the efficiency of the temperature swing, a detailed literature review was
conducted examining the amount of oxygen transferable from an oxygen carrier per °C of a
temperature swing. This was then compared to the data collected in this work (Figure 6.5) to
give reasonable assumptions of the oxygen transfer. For this analysis, the oxygen non-
stoichiometry or content at a pO2 of 0.25 bar was compared to an oxygen non-stoichiometry
at 0.42 bar at different temperatures to mimic a temperature swing process. The temperatures
selected for each material were chosen to give the greatest change in oxygen non-
stoichiometry per °C. This data is shown below in Table 6.2, where oxygen carriers are
ordered from greatest to least change in oxygen capacity per °C, with data from references 38-
51.
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Table 6.2 — Calculated amount of oxygen released over cycling for multiple oxygen carriers

Temperature  Temperature Change
Change
of oxygen of oxygen in
in
Material incorporation release (°C) at A°C weight
weight
(°C)atapO2 apO20f0.42 % per
%
of 0.25 bar bar °C
Cu-Cu20 [38] 1300 1350 50 10 0.2
MnO2— Mn203[39] 650 700 50 9 0.18
Co304 — CoO [40] 1150 1200 50 5 0.1
YBaCo407 360 400 40 2.8 0.07
YBaxCus07-5 [41] 773 973 200 0.8 0.004
YBaMn20s+5 [42] 650 750 100 0.37 0.0037
SrCoo.9Nbo.103-5 [43] 500 650 150 0.42 0.0028
SrFeOs.s [44] 800 950 150 0.3 0.002
CaMnOs.; [45] 800 900 100 0.19 0.0019
ProgYo0.1BaC0206-5 [46] 650 950 300 0.5 0.0017
LaMnOs-; [47] 600 800 200 0.32 0.0016
Lao.oSro.1Fe0.1C00.903-5 [48] 800 900 100 0.14 0.0014
Cao.255r0.75F€0.75M00.2503-5 [49] 750 950 200 0028 400014
LasNiz.7Feo 30105 [50] 750 950 200 0.021  0.00011
BaTiO;+5[51] 800 1000 200 0.0007  3.5E-06

From the values shown in Table 6.2, YBaCo04O7-; has the potential to exchange large amounts
of oxygen over narrow temperature ranges, with the % weight change per °C at least an order
of magnitude greater than any of non-transition metal oxides, and approximately one-third of
the copper oxide systems which operate at temperatures ~900°C higher. As an air inlet stream
would require to be heated to these temperatures for the oxidation step, this comparable

capacity at such low temperatures may be advantageous in industry.
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6.6.2 The use of oxygen from an air stream

For oxygen cycling processes, the highest efficiency process removes as much oxygen from
the oxidising stream as possible. If a material only uses a small fraction of the oxygen
available, then more air needs to be heated and pumped through the system, increasing the
compresion and heating costs of a process. The data shown in Table 6.2, shows that oxygen
cycling for oxy-fuel combustion can occur with a temperature swing of as little as 40°C;
however, the oxidation cycle may be inefficient if the active pO2 range of the material is close

to 0.21 bar, meaning the material will use little of the inlet gas stream.

Using the data from Figure 6.10 the amount of oxygen that could theoretically be removed
from a gas stream was examined. From the data shown in this figure, it can be seen that at a
log pO2 of -3 (0.001 bar), small amounts of oxygen (6~0.05) can be incorporated at 310°C,
suggesting that in theory 99.5% of oxygen could be removed from an air stream of 0.21 bar at
this temperature in a long enough reactor bed. However, removing oxygen to this degree
would likely be extremely impractical, and such a low oxygen content is unreasonable for
oxygen enrichment. A more reasonable scheme is that the material should be allowed to
incorporate a 6=1 for oxygen cycling. This ensures the material has a large enough oxygen
content to give a hysteresis of the oxygen capacity, as this effect occurs at §’s greater than 0.6.
From Figure 6.9, and the temperature of oxygen release for a pO2 of 0.42 bar (400°C), Table
6.3 was produced, showing for different temperatures of oxygen incorporation, the pO; at
which a 6=1 was achieved, along with the required temperature swing. From this pO., the
theoretical efficiency of oxygen use from the gas stream was calculated.

Table 6.3 — Table of calculated efficiencies of oxygen use of inlet gas stream using YBaCo040~

Temperature of pO:2 at Temperature swing Theoretical amount of

oxygen incorporation which 8 =1 assuming oxygen released at  oxygen removable from

(°O) 400°C air inlet stream to achieve
3 =1 (%)

310 -1.5 90 84.5

330 -1.2 70 70.0

350 -0.9 50 40.1

370 -0.6 30 19.6
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As seen in Table 6.3, the smaller the temperature swing of the process, the less efficient the
potential use of oxygen during the oxygen incorporation step. At 350°C this oxygen content
occurs at log pO2 -0.9, which would only use 40% of the inlet oxygen. Decreasing the
temperature of oxygen incorporation to 310°C would allow 6=1 to be reached at log pO> -1.5,
which would use over 80% of the oxygen in the inlet gas stream, but with an increased
temperature swing of 40°C. For each process, depending upon the efficiency of the heat
exchangers for heat recovery and the pumps, an individual decision about the size of the

temperature swing can be made.

6.5 Discussion

Initially in this work, the oxygen incorporation and release of YBaCo04O7+s was studied by
dynamic heating ramps (Figure 6.1), to mimic results seen in literature. Good agreement can
be seen between the literature data and results presented for both temperatures of oxygen
incorporation, temperatures of the oxygen release, and oxygen capacities measured [5-11],
although variation in the total oxygen content is found in literature due to the dynamic nature
of most experiments is seen [52-53]. The novelty of these results relies upon the multiple
pO2’s, and the pO- range tested. To the authors’ knowledge, in literature heating ramps, such
as seen in Figure 6.1, are only performed at 1 or 0.21 bar, and studies in range for oxy-fuel

combustion have not been performed.

From these experiments. it was seen that increasing the pO: increased the temperature of
oxygen release. The reason for this is likely due to the higher equilibrium oxygen content
typically expected at higher pO2’s. This behaviour was seen by Karpinnien [6] when

comparing a 1 bar and 0.21 bar experiment.

Oxygen incorporation at temperatures between 300 and 400°C, at a pO. of 0.05, 0.25, and
0.42 were studied. It was noted that at higher temperatures, oxygen incorporation slowed, and
at high temperatures, wherein in Figure 6.1 a sample had a 6>1, minimal oxygen was
incorporated isothermally. Secondly, the range of temperatures for useful oxygen
incorporation decreased at lower pOz’s. The results agree with literature, where at

approximately 310°C the fastest rates of oxygen incorporation were found [54].

From the results it is apparent, oxygen storage is preferable at lower temperatures and higher
pO.. This behaviour is characteristic of many non-stoichiometric systems [27, 55-57]. This is
to be expected, particularly when one considers that metal achieves higher oxidation states at

lower temperatures [58]. Equations 6.11 and 6.12, show that increasing the temperature at the
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same pO2 will lower the chemical potential of a system, which would decrease the oxygen

content.

Upon investigating the differences between oxygen content measured in Figures 6.1 and 6.3,
hysteresis in the oxygen content was found, with a dramatic step-change in oxygen content
upon heating and cooling. In Figure 6.5, the step change was mapped upon cooling in the pO>
range of 0.05 to 0.42 bar. Here it was demonstrated that this step was shifted to higher
temperatures at higher pO2’s. The oxygen content of the hysteresis was mapped clearly in
Figure 6.8 for a pO2 of 0.21 and 0.42 bar. The difference in oxygen release and incorporation
upon heating and cooling was seen to be approximately 20°C at both pO>’s. The temperature
of the hysteresis increased by 10°C when increasing the pO2 from 0.21 to 0.42 bar. From this
information, the following can be determined. Firstly for oxy-fuel combustion, the oxygen
release step must be performed at 390°C or higher, otherwise, enough oxygen will not be
released. For oxygen incorporation, the temperature must be cooled to a maximum

temperature of 360°C to allow oxygen incorporation in a pO2 of 0.21 bar.

A & versus pOz plot was also produced as part of this work. The data here matches with
literature, however, literature data was limited to a 6=0.3 [28]. The oxygen contents achieved
agree with other TGA results in this work. In agreement with other data from this work, it was
seen that oxygen incorporation was higher at lower temperatures and greater pO2’s. A step-
change in oxygen non-stoichiometry was seen in these plots, indicative of a phase transition.
At 320°C this step was seen at a & = 0.4, and a log pO2 of -1.5 bar. A 30°C increase in
temperature shifted this step change to log pO2 of -1 bar. The oxygen efficiency of the

material is surprisingly high, in agreement with its use for oxygen removal processes [26]

From these plots, the efficiency of redox cycling was examined. The results are compared to
literature in Tables 6.2 and 6.3. The amount of oxygen released per °C of a temperature swing
of YBaCo407+5 was found to be at least one order of magnitude greater than the closest non-
stoichiometry material. The amount of oxygen released per °C of a temperature swing was
between % and ¥ of Cu, Mn, and Co systems, which are of significant interest for oxygen
cycling [59], showing strong thermodynamic potential. While redox cycling is possible over a
narrow temperature range, more efficient use of oxygen occurs with increased temperature
swings. This is as a lower percentage of the oxygen stream will be incorporated at higher
temperatures. Lower efficiencies of oxygen use will require more gas to be heated and fed to a
reactor. Additionally, in a reactor scheme, oxygen will be removed from the gas stream along
the bed, so only material at the start of the reactor will see the highest entry pO: of the

oxidising stream.
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These results are contrary to the work performed in reference [60], who suggested oxidation

upon heating, and reduction upon cooling — which with this data seems unfeasible.

The changes to crystal structure upon oxygen incorporation were then investigated. It is
known that the oxygen content is related to the orthorhombic phase [61-62], however to the
author knowledge, a plot showing the relationship as a function of oxygen non-stoichiometry
is not available in literature. A relationship between the orthorhombic phase and the oxygen
content is presented in this work. It was seen that the orthorhombic phase grew at
approximately 6=0.4. This matches the ¢ at which a change in gradient was seen in the dv.s.

pO2 plot, explaining the behaviour.

The chemical expansion was examined during oxygen incorporation and release, and a
significant distortion in the C-axis was seen at the approximate temperature of oxygen
incorporation and release [34]. The growth of the orthorhombic phase during isothermal
oxygen incorporation was studied, and it was seen upon oxygen incorporation the cell volume

decreases, typical with most non-stoichiometric materials.

Interestingly, the temperature of oxygen release was linked to the percentage of the material
that was orthorhombic. It was seen that until a wt.% of approximately 50% orthorhombic, the
temperature of oxygen release varied. After 50% of the phase was orthorhombic, no

difference in the oxygen release temperature upon heating was seen.
The thermodynamics of the system were explored to explain the behaviours seen.

The first significant finding was shown in Figure 6.19 (b). It was seen that there was a non-
linear relationship between the oxygen content and the activation energy of oxygen
incorporation. Oxygen content having an impact on activation energies is often seen in
literature [63-64], with a decrease in vacancies seen to increase the activation energy. In this
work, two interesting features were seen when mapping the activation energy. Firstly, a drop
in activation energy at delta = 0.4, and a significant jump at delta = 0.7.

The first of these decreases corresponded to the delta at which the orthorhombic phase was
found to grow. It can be assumed that the phase change allows for easier oxygen

incorporation.

The second increase occurs at the & equivalent to a wt% of 50% of the orthorhombic phase.
This links the wt.% of the orthorhombic phase, after which oxygen release temperature

became fixed in a given pO». The extra energy required here likely explains why the release
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temperature becomes fixed, as this energy barrier must be overcome to allow oxygen release

from the sample.

The reason for this is unclear. Jia et al [65] determined three slightly different modulations to
the structure for oxygenated YBaCo04O7+5 by T.E.M. investigations. It was seen, that with the
heat produced by the T.E.M., oxygen could be removed from the first two modulations, A and
B. For modulation C, it was seen the oxygen incorporated was stable. | would suggest,
therefore, that the link to this energy barrier involves this slightly modulated form of

YBaCo0407 — however, this is purely speculative and the behaviour remains unexplained.

In Table 5.1, the partial molar enthalpy and entropy of YBaCo4O7+5 upon heating and cooling
at 380°C were calculated. It was shown that at 380°C, the enthalpy of oxidation upon heating
and cooling was -93 and -43 kJ mol™ respectively, and the entropy of oxidation upon heating
and cooling is -0.14 and -0.07 kJmol*K™. Using these values to calculate the chemical
potential, it was seen that the chemical potential turned positive to negative. This explains
why at the same temperature upon heating and cooling, different oxygen contents are
achieved. The reason for this is likely due to the orthorhombic/hexagonal phase change that
would occur upon oxygen incorporation. Similar results are seen in literature when examining
oxygen incorporation of CaMnOs.s, where a phase change from cubic to orthorhombic occurs
upon oxygen incorporation. In ref [66] a difference in the oxidation enthalpy and entropy of
the cubic and orthorhombic phases differed by approximately 100 kJ mol™ and 90 kimol K
respectively. Values reported here for the enthalpy of oxidation are between 100 and 300 kJ
mol? lower than CaMnOs [66], Ceria [67], and manganese oxide [27]. The entropy of
oxidation for YBaCo4O7 is between 0.09 and 0.75 kJ K mol? lower than the same

references. These values suggest easier oxygen incorporation and release from YBaCo04O7-s.
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6.6 Conclusions and future work

During this work, the oxygen incorporation and release of YBaCo04O7 were investigated by
TGA and XRD. The degree of oxygen non-stoichiometry as a function of pO, was shown at a
temperature between 330 and 370°C. Additionally, the oxygen release of the material was
investigated, and the temperature of the rapid oxygen release was seen to shift to higher
temperatures in higher pOzs. The oxygen content and degree of the material in the
orthorhombic phase were also seen to impact the temperature of the oxygen release until an
oxygen content of 0.6 or a % orthorhombic of 50%.

TG and XRD investigations showed a hysteresis in the oxygen capacity, with different
oxygen contents at the same temperature and pO> achieved by cooling and heating. The
difference in temperature of the oxygen uptake and release was seen to be approximately
20°C, with temperatures shifting 10°C higher between 0.21 and 0.42 bar. This makes the
material very promising for oxygen enrichment processes, as large amounts of oxygen can be

exchanged over small temperature swings.

From the data gathered, thermodynamic properties such as the chemical potential and
activation energy of the material were calculated. The chemical potential of the material was
calculated to change from negative to positive at the temperatures of oxygen release or low
oxygen incorporation, consistent with experimental data — going some way to explaining the
rapid oxygen loss behaviour.

With the results obtained, it is clear that thermodynamically, YBaCo4O7 is an attractive
oxygen carrier for oxygen enrichment processes and compares well against other alternative
redox materials. It can be seen however that the oxygen incorporation rates are quite low in
this work, and while similar materials such as Ca2AIMnOs.s and YMnOs have shown similar
thermodynamic benefits (although at not as low a temperature or with such capacity
respectively), the issues with these materials are the slow oxygen incorporation kinetics [68-
69] which may prove a stumbling block, although work such as doping [70] or ball milling
[71-72] may be useful for improving this further. The kinetics and redox cycling of this

material are investigated further in Chapter 7.
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Chapter 7 — An investigation into the stability and use of
non-stoichiometric YBaCo4O7+;5 for oxygen enrichment
processes

During this chapter, the use of YBaCo04O7+s for engineering processes is studied. This work
builds upon the thermodynamic and structural investigations shown in Chapter 6, which
showed useful oxygen capacity accessible on practical timescales by both temperature and
pressure swings below 400°C. One promising application for this reversible oxygen capacity
is for oxygen enrichment of process gas streams. This chapter aims to investigate the use of
the rapid oxygen release features of YBaCo4O7 previously studied to use this as a process

stream oxygen enricher.

During this work, the stability, kinetics, and cycling regimes were investigated. Initially, the
stability of the material in both CO, and other reducing gases (CO and H>) was investigated
by the use of temperature-programmed reductions (TPRs). To obtain the most effective way
to cycle the material, oxygen uptake and release were studied by changing oxygen partial
pressures (pO2) and temperatures. To demonstrate the potential for employing this reversible
oxygen capacity, the material was successfully used to supply oxygen into a gas stream with a
pO2 of 0.31 bar after oxidation in an airstream (pO2 = 0.21 bar). Finally, the material stability
over multiple cycles in a variety of cycling schemes was performed to determine the most

effective way to cycle the material for long lifetimes.

A paper from the work in this chapter has been published by the author and supervisors in
Solid State lonics. The title of the paper is “An investigation into the stability and use of non-

stoichiometric YBaCo0407+; for oxygen enrichment processes”, by - S.R.W.Johnston, B.Ray,
W.Hu, I.S.Metcalfe, published in SSI, in 2018.
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7.1 Introduction

Many chemical processes benefit from oxygen enrichment. Examples of these are,

the oxygen-enhanced water gas shift reaction (OWGS) [1-2]
e auto-thermal reforming of methane (ATR) [3]

e the removal of H,S from a gas stream (Claus reaction) [4-5]
e ammonia synthesis [6]

o oxy-fuel combustion [7]

From the literature review performed in Chapter 1, the CLAS process for producing oxygen
was selected for further study, to enrich CO. gas streams for oxy-fuel combustion. The
potential benefit of reducing the cost of oxygen production is significant in making this
process cost-effective [8-9], as oxy-fuel combustion has been demonstrated to have

significant potential as a CO. capture technology [10-12].

The major advantages of YBaCo4O- for oxygen enrichment were seen in chapter 5, namely, a
low temperature of operation, high efficiency of oxygen use, and a large amount of oxygen

released per °C temperature swing compared to other oxygen carriers.

This chapter aims to determine the feasibility of using the interesting thermodynamic
properties highlighted in Chapter 6 for oxygen enrichment. Firstly, the stability of the material
will be investigated by TPR studies. After this analysis, cycling schemes to take advantage of
the thermodynamics of YBaCo4O7 will be explored over multiple redox cycles. Finally, the
kinetics of the system will be examined. Through all this work, it is important to note that a
pO. of between 0.31 and 0.42 bar is essential for oxyfuel combustion, otherwise, the flame
will be snuffed [13-14].

7.2 Results and discussion

7.2.1 Material stability

During oxygen enrichment processes, high concentrations of different reducing gases may be
present, and it is important to ensure any materials that may be in contact with them are stable
enough to prevent degradation. Of interest is CO2> and CO which are produced in large
quantities from any carbon-based combustion. However, combustion often produces water
vapour, which in several important processes such as steel production using blast furnaces,

can be reduced to H> due to the water having its oxygen stripped by the iron [15]. Stability in
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water vapour will also be examined, as several oxy-fuel combustion systems see a benefit in

having high moisture content [16-17]

The results of several TPRs of YBaCo4O7+s in these reactive gases potentially found in an

exhaust stream from potential oxy-fuel combustion processes are shown in Figure 7.1.
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Figure 7.1 — Dynamic TG curves showing the mass change versus temperature of YBaCo040O7:; heated at a ramp
rate of 1 °C/min in (a), pCO = 0.05 bar, (b), pH2= 0.05 bar, (c), pCO2= 0.5 bar (balance He). Inserts show XRD
results of fresh powder and powder after each treatment. Peaks corresponding to barium carbonate are identified
by a X
Figure 7.1(a) shows that upon heating in a pCO = 0.05 bar, the sample mass of YBaC040O7+s
was constant until approximately 250°C. Upon further heating, a small weight gain of
approximately 0.1% was observed. This weight gain was attributed to the deposition of
carbon on the surface of the material via the Boudouard reaction [18] which was confirmed by
EDX measurements which showed increased carbon loading on the treated sample when
compared to fresh powder. Further heating of the sample between 350°C and 500°C caused
the sample mass to decrease slightly to 99.6% of the initial mass, likely due to the reduction
of the material by CO. The insert in Figure 7.1(a) compares the XRD patterns of a sample

treated in helium only and the sample after the treatment in CO with no new phases detected.
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This suggests that the material has good stability in relatively high concentrations of CO,

although longer-term testing may be needed.

Figure 7.1 (b) shows the weight change of YBaCo4O7 upon heating in a pH2 = 0.05 bar, the
sample mass of YBaCo04O7+5 was stable until approximately 300 °C. Upon heating the sample
above 300°C, a decrease in the sample mass at a constant rate was observed, until the sample
mass stabilised at approximately 480°C. At this point, approximately 10% of the sample mass
was lost. The insert in Figure 7.1(b) shows multiple new phases forming, along with the loss
of the initial peaks associated with YBaCo04O7+s, indicating significant phase changes have
occurred upon reduction. The full phase fitting can be found in Appendix A, however, all
peaks were not identifiable. It is believed this is due to a reduced complex phase and thus has
lattice parameters significantly different from those in known structural databases, and
therefore isn't easily matched. From those that were found a mixture of reduced cobalt,

barium and yttria phases were found.

In Figure 7.1(c), the weight change of YBaCo040O7+s heated at a rate of 1 °C/min in a pCO> of
0.5 bar is shown. It can be seen, that the sample mass was stable upon heating until
approximately 650°C, 250°C higher than the likely operating temperature of the material.
Further heating caused the sample mass to increase by 2%, due to the formation of barium

carbonate shown by the XRD patterns in the insert in Figure 7.1(c).

Additionally, the material’s stability in water vapour was tested by exposing approximately 1
g of the material in a packed bed (internal diameter 5 mm) to a pH2O of 0.05 bar, balanced in
Ar (99.995% purity) at 450°C for 3 hours, with a flow rate of 2 x 10 mol/min. Post-
treatment, the sample was cooled in argon and underwent XRD analysis, where no new
phases were detected. For many oxygen production processes, high-temperature steam is used
as a sweep gas for a process, as it is easy to separate later, so stability in water to these

temperatures is important.

7.2.2 Isothermal oxygen incorporation/release experiments
The rate of oxygen incorporation and release for YBaCo0sO7+s was investigated by gas
switching experiments. Isothermal gas switching experiments were conducted in a TGA at
temperatures between 270 to 330°C. After a helium pre-treatment described in Chapter 4, a
sample was allowed to dwell for 1 hour in an air flow of 200ml/min (pO2 = 0.21 bar) to allow
oxygen incorporation, before the pO> was lowered by switching the gas environment to
helium to release this oxygen. The results of this gas switching experiment can be seen in
Figure 7.2, with Figure 7.2(a) showing the mass change during the oxidising isotherm, and
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Figure 7.2 (b) showing the oxygen loss after this oxidising step when the gas environment

was switched to helium.
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Figure 7.2 (a) - TG curves showing & versus time for isothermal holds of YBaCo0407:; held in a pO; of 0.21 bar
between 270 and 330 °C, (b) — TG curves showing & change versus time for isothermal holds of YBaC0407:5

held in helium at temperatures between 270 and 330 °C after oxygen incorporation shown in Figure 7.2(a)

Figure 7.2 (a) shows how the rate of oxygen incorporation of YBaC04O7-5 in a pO2 of 0.21 bar
changes with temperature. The fastest oxygen incorporation rate occurred at temperatures
between 290 and 310°C, with the § increasing to between 0.96 and 0.98 after 1 hour. An
increase of the temperature by 20°C to 330°C decreased the rate of oxygen incorporation
significantly, with 40% less oxygen incorporated during the hour dwell. Likewise, with

temperatures below 290°C, the rate of oxygen incorporation slowed with a decrease of 20°C
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reducing the incorporation rate by 25%. Figure 7.2 (b) shows how the rate of oxygen release
from YBaCo4O7+5 changes with temperature. The rate of oxygen release appeared linear
during each temperature. The rate of oxygen loss was slow at temperatures below 280°C, with
an equivalent change in 6 less than 0.02 over 1 hour. The amount of oxygen released
increased upon heating, with the rate of oxygen release at 330°C being significantly faster
than lower temperatures. The faster oxygen incorporation rates at 310°C are likely due to a
mixture of Kkinetics and thermodynamics. From chapter 6, it was seen that at lower
temperatures, the material has a greater chemical potential driving oxygen incorporation,
likely speeding up diffusion. Conversely, at higher temperatures, there will be more energy,
so chemical changes generally occur faster. Therefore, this intermediate temperature
incorporating oxygen more quickly is likely a combination of the two effects. Conversely, the
faster oxygen release rates at higher temperatures are likely a mixture of both thermodynamic
and kinetics. Higher temperatures will provide more energy for oxygen release and create a
greater driving force to release oxygen from the material. Similar behaviour is seen in metal
oxide systems, where oxidation is favoured at lower temperatures, and reduction at higher

temperatures [19-20].

7.2.3 Investigation into the effect of pO2 on the useful oxygen release of
YBaCo0407+5

Due to the hysteresis of the oxygen content, it will be necessary to use the rapid oxygen
feature of YBaCo40O7+5 to obtain the high pO.s required to allow oxy-fuel combustion and
isothermal oxygen. It is therefore important to know the lower temperature limit to obtain the
pO2s required. To determine the effect of pO2 on the temperature of the material’s oxygen
release, a sample of YBaCo04O7+5 was held at 300°C for 10 hours in pO2s ranging from 0.05 to
0.42 bar, before being heated in the same pO: in 5°C steps, each lasting 1 hour. The results of
this experiment can be seen in Figure 7.3 and shows how the temperature of rapid oxygen
release changes with pO,. Heating the sample above this oxygen release temperature for a
given pO- causes the material to release oxygen into the gas environment, increasing the pO-

of the gas stream.
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Figure 7.3 —TG curves showing & versus time for YBaCo04O7:;5 heated in hour-long 5 °C steps from 300°C to
430°C with pO2s ranging from 0.05 to 0.42 bar after an initial 10 hour oxygen annealing in the same pO;

The oxygen incorporation and release behaviour of the sample in each pO2 behaves similarly.
In each pO», large amounts of O2 were incorporated at low temperatures (between 300 and
320°C). The sample maintains this 6 upon heating until the rapid oxygen loss temperature is
reached. From this experiment, it appears that this temperature is 370°C in a pO2 of 0.21 bar,
and 380°C for 0.3 bar (the minimum for oxy-fuel combustion). These temperatures of oxygen
release match those seen in Chapter 6. Oxygen release temperatures increase with increased
pO., again matching what was seen in Chapter 6. This figure clearly shows that oxygen
release into the higher pO2s required for oxy-fuel combustion are accessible by use of a
temperature swing in practical timescales if the material is heated above approximately 390°C

during the oxygen release step.

7.2.4 Method of using YBaCo4O- for oxygen enrichment processes

The effects of pO2 and temperature on the oxygen incorporation/release behaviour of
YBaCo407+5 have been investigated and show clear potential for YBaCo040O7+5 to be used for
oxy-fuel combustion. From the data shown in Figure 7.2 and 7.3, a temperature swing,
incorporating oxygen at 310°C and releasing this incorporated oxygen above 380°C would be

able to inject oxygen not a gas stream with pO2 = 0.31 bar, however, faster rates of oxygen
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release would be found at higher reduction temperatures. To demonstrate a working cycle, a
sample was cycled between an oxidising step at 310 °C in a pO2 of 0.21 bar before heating to
430°C in a pO2 of 0.31 bar to release this incorporated oxygen, shown in Figure 7.4.
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Figure 7.4 - TG curves showing & versus time for YBaC0407:; cycling between 120 minutes long holds in a pO;
of 0.21 bar at 310 °C (pale green rectangles) before being heated at a rate of 20°C/min to 430°C in a pO; of 0.31

bar (pale blue rectangles)

During this cycling, the sample was oxidised to a & of approximately 0.6 in a pO2 of 0.21 bar,
before releasing the oxygen during the heating phase in a pO2 of 0.31 bar to give a final 6 of
0.17. This change in mass is equal to approximately 1.5%, clearly demonstrating YBaC040O7+s

is suitable for use for oxygen enrichment processes such as oxy-fuel combustion.

Figure 7.4 shows a drop in the amount of oxygen incorporated and released, and the amount
of oxygen cycled decreasing over the 15 cycles (45 operational hours). Table 7.3 compares the
maximum and minimum & values obtained during the 3" and 11™ cycles. These cycles were
chosen as the 3™ cycle incorporated and released the most oxygen during the experiment and
the 11" cycle showed the greatest drop in capacity compared to the previous cycles. The 11"
cycle also appears representative of the subsequent cycles which do not show further loss of

performance.
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Table 7.3 — List of §’s obtained during the 3™ and 11" incorporation and release cycles shown in Figure 7.4

Parameter Cycle 3 Cycle 11
& Max 0.64 0.57
& Min 0.12 0.15
Change in 6 0.52 0.42

The decrease in the amount of oxygen transferred during the first 10 cycles suggests there
may be potential issues with the long-term stability of the material which required further
investigation. This loss of activity was unexpected due to the low operating temperatures of

the material and further investigations into the cause are required.

7.2.5 Reducing the temperature swing required for redox cycling

Figure 7.4 of this work showed clearly a potential operational scheme for the use of
YBaCo407 for oxygen enrichment processes. This method however requires a temperature
swing of approximately 100°C, reducing the efficiency of this material for oxygen enrichment
processes. From Chapter 6, it was shown that thermodynamically a cycle of approximately
30°C could give a change in oxygen capacity equivalent to over 2%w/w. Unfortunately, due
to low rates of oxygen incorporations at 350°C, this has seemed unfeasible. Figure 6.3
demonstrated that at higher pOz’s, the rate of oxygen incorporation increased at higher
temperatures, and this is investigated further in Figure 7.5 by isothermal oxygen incorporation

experiments.

A sample was held isothermally at temperatures ranging between 330 and 370°C in a pO2 of

either 0.21 or 0.42 bar, after helium pre-treatment to allow oxygen incorporation.
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bar between 340 and 370°C

As seen previously in Figure 7.2, oxygen incorporation in a pO; of 0.21 at these temperatures

was seen to be slow. An increase of the pO2 to 0.42 was seen to double the oxygen

incorporation rate of the material at each temperature, giving equivalent 4’s to those seen at

310°C at 0.21 bar in Figure 7.2, with a minimal increase in the operating pressure.
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Figure 7.6 — Schematic show idealised methods for oxygen cycling using YBaC04O7

As shown, a narrower temperature swing can be afforded if a higher oxygen incorporation
pO2 is used. The possible advantages of this reduced temperature swing are multiple,
including lower energy costs and potential increased material stability, due to smaller
temperature changes. This will however reduce the efficiency of the oxygen incorporation,
and a higher pO2 gas will exit the reactor, which will impact efficiency [21]. To demonstrate,
two redox cycling methods were performed with YBaCo407, and these are shown in Figure
7.7. The first method incorporated oxygen at 0.21 bar at 310°C, the second allowed
incorporation to occur at 0.42 bar at 350°C. The incorporated oxygen was then released by a

temperature swing in inert, heating the sample at 20°C/min to 370°C.
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Figure 7.7 (a) - TG curves showing 6 versus time for YBaCo40O7:5 cycling between 30 minutes long holds in a
pO; of 0.21 bar at 310°C (pale green rectangles) before being heated at a rate of 20°C/min to 370°C in an inert
(pale blue rectangles), (b) TG curves showing 4 versus time for YBaCo0407+5 cycling between 30 minute long
holds in a pO; of 0.42 bar at 350°C (pale green rectangles) before being heated at a rate of 20°C/min to 370°C in

inert (pale blue rectangles)

Figure 7.7 (a) and (b) shows similar oxygen uptake and release behaviour over cycling, with
the oxidative cycles of 350°C and 0.42 bar incorporating slightly more oxygen. With a
combined pressure/temperature swing as shown, the required temperature swing can be

significantly reduced.
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7.2.6 Stability of YBaCo4O7+5 over multiple redox cycles

Figure 7.4 showed a drop in the amount of oxygen incorporated and released over 15 redox
cycles, between a pO. of 0.21 bar at 310°C, and 430°C in a pO2 of 0.31 bar, simulating the

oxy-fuel combustion process conditions.

To investigate this loss of performance, 30 redox cycles were performed using helium pre-
treated YBaCo04O7+5. A sample was heated from 310 to 430°C in argon, after which it was
allowed to dwell isothermally for 54 minutes to release oxygen. The sample was subsequently
cooled from 430 to 310°C, after which the sample was allowed to dwell isothermally for 105
minutes in a pO2 of 0.21 bar, to re-incorporate the oxygen. The results of this cycling are

shown in Figure 7.8.
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Figure 7.8 — Change in the oxygen non-stoichiometry (AS) per cycle versus the cycle number, for YBaC0407:5
cycling between a pO; of 0.21 bar at 310°C and argon at 430°C The sample was heated from 310°C at a rate of
20°C /min in argon until 430°C, at which point the sample was held isothermally for 54 minutes to remove the
incorporated oxygen. The sample was subsequently cooled in a pO, of 0.21 bar to 310°C taking approximately

15 minutes, at which point the sample was held isothermally for 105 minutes

Figure 7.8 shows a decrease in oxygen cycled over the experiment. During the initial cycle,
the sample incorporated oxygen equal to a change of 6 = 0.92. This amount decreased rapidly
over further cycling, with the material achieving a change in ¢ of 0.69 after 30 cycles, a drop
of 29%.
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To investigate whether isothermal oxygen incorporation could prevent this performance loss,
30 redox cycles were performed using pre-treated YBaCo04O7+5, heating a sample from 310 to
430°C in argon after which it was allowed to dwell for 54 minutes to release oxygen. The
sample was then cooled in argon to 310°C, different from that shown in Figure 7.8, where the
sample was cooled in a pO2 of 0.21 bar. The gas environment was subsequently switched to a
pO2 of 0.21 bar at 310°C where the sample was allowed to incorporate oxygen isothermally

for 120 minutes. The results of this cycling can be seen in Figure 7.9.
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Figure 7.9 — Change in the oxygen non-stoichiometry (Ad) per cycle versus the cycle number, for YBaC04O7+s
cycling between a pO; of 0.21 bar at 310°C and argon at 430°C. The sample was heated from 310°C at a rate of
20°C/min in argon until 430°C, at which point the sample was held isothermally for 54 minutes to remove the
incorporated oxygen. The sample was subsequently cooled in argon for 60 minutes until it reached 310°C. The
gas environment was then switched from argon to a pO- of 0.21 bar where the sample was held isothermally for
120 minutes
The cycling scheme shown in Figure 7.9 shows improved cycling stability relative to Figure
7.8, however, a 9% decrease in performance over the 30 cycles was still. To show the
repeatability of this behaviour, 20 redox cycles were performed. The first ten of these cycles
were performed using the cycling scheme seen in Figure 7.9, where oxygen incorporation
occurred isothermally and cooling was performed in inert. The final ten cycles were
performed using the cycling scheme shown in Figure 7.8, where the material was cooled in

oxygen.
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Figure 7.10 - Change in the oxygen non-stoichiometry (A8) per cycle versus the cycle number, for YBaC0407+5
cycling between a pO; of 0.21 bar at 310°C and argon at 430°C. For the first ten cycles, the sample was heated
from 310°C at a rate of 20°C/min in argon until 430°C, at which point the sample was held isothermally for 54

minutes to remove the incorporated oxygen. The sample was subsequently cooled in argon for 60 minutes until it
reached 310°C. The gas environment was then switched from argon to a pO; of 0.21 bar where the sample was
held isothermally for 120 minutes. For the final ten cycles the sample was heated from 310°C at a rate of 20°C

/min in argon until 430°C, at which point the sample was held isothermally for 54 minutes to remove the

incorporated oxygen. The sample was subsequently cooled in a pO2 of 0.21 bar to 310°C taking approximately

15 minutes, at which point the sample was held isothermally for 105 minutes.

During the first ten cycles of Figure 7.10, there was a steady decrease in the amount of
oxygen cycled, with a change in the oxygen content of 0.02, consistent with the data shown in
Figure 7.9. When the cycling method was changed to cool the material in a pO2 of 0.21 bar,
the rate of degradation increased, and the amount of oxygen cycled dropped by a 6 of over 0.1
during the subsequent 10 cycles, five times faster than previously. This result supports the
results shown in Figures 7.8 and 7.9 that a difference between the cycling schemes was

responsible for this increased rate of degradation.

A large driver for the use of YBaCo40- is the potential improvement to stability due to the
low operating temperature. The current results to this point do not show this desired
behaviour. Additionally, if an inert gas is required for steady cycling, there will be significant
additional costs and complications of the process scheme. It is therefore necessary to examine
the differences between Figures 7.8 and 7.9 to determine the cause of this drop-in

performance. From the experiments there are several key differences, namely:
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1. Oxygen incorporation occurred isothermally in Figure 7.8, rather than partially during
cooling in Figure 7.9.

2. The length of time the material stayed isothermally at 310°C was shorter in Figure 7.8
compared to Figure 7.9.

3. The length of time the material stayed in an argon environment was longer during the
experiment shown in Figure 7.8, compared to Figure 7.9

4. The maximum 6 achieved during cycling was 0.92 and 1.04 for Figures 7.8 and 7.9

respectively.

These 4 factors will be examined, to find a more suitable cycling scheme.
7.2.7 Effect of reducing the oxygen incorporation time during cycling upon

sample stability

To examine whether the length of time the material remained at 310°C in a pO2 of 0.21 bar or
the oxygen content had an impact on the cycling stability of the material, a sample was heated
from 310 to 430°C in argon after which it was allowed to dwell for 54 minutes to release
oxygen. The sample was then cooled in argon to 310°C. The gas environment was then
changed to a pO2 of 0.21 bar, and oxygen incorporation was allowed for 60 minutes. This is
similar to Figure 7.9, bar a decrease in the time the material was held isothermally for oxygen
incorporation from 120 minutes to 60 minutes. The results of this cycling can be seen in
Figure 7.11.
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Figure 7.11 — Change in the oxygen non-stoichiometry (Ad) per cycle versus the cycle number, for YBaC0407+5
cycling between a pO; of 0.21 bar at 310°C and argon at 430°C. The sample was heated from 310°C at a rate of
20°C/min in argon until 430°C, at which point the sample was held isothermally for 54 minutes to remove the
incorporated oxygen. The sample was subsequently cooled in argon for 60 minutes until it reached 310°C. The
gas environment was then switched from argon to a pO- of 0.21 bar where the sample was held isothermally for

60 minutes

Figure 7.11 shows that the amount of oxygen incorporated and released over the cycles stayed
consistent throughout the experiment, with a fluctuation in the amount of oxygen exchanged
of 0.02 through the cycles. During this cycling, there is no steady loss in the amount of
oxygen incorporated and released like in Figure 7.9. This result makes it unlikely that the
length of time the material was held isothermally at 310°C in a pO2 of 0.21 bar, or the oxygen

content had an impact on the stability.

7.2.8 The effect of increasing the duration of the argon reduction step during redox

cycling upon sample stability

To examine whether the duration of the argon treatment step had an impact on the stability of
the material over cycling, 20 redox cycles similar to the method used for Figure 7.8 were
performed, using pre-treated YBaCo4O7+5. A sample was heated from 310 to 430°C in argon
after which it was allowed to dwell for 116 minutes to release oxygen. The sample was then
cooled to 310°C in a pO2 of 0.21 bar (taking approximately 15 minutes), after which

isothermal oxygen incorporation was allowed for 105 minutes. Ten of these cycles were
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performed, before the sample underwent a helium pre-treatment after which a further ten

cycles were performed. The results can be seen in Figure 7.12.
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Figure 7.12 — Change in the oxygen non-stoichiometry (Ad) per cycle versus the cycle number, for YBaC04O7+s
cycling between a pO; of 0.21 bar at 310°C and argon at 430°C. The sample was heated from 310°C at a rate of
20°C/min in argon until 430°C, at which point the sample was held isothermally for 114 minutes to remove the
incorporated oxygen. The sample was subsequently cooled in a pO of 0.21 bar to 310°C taking approximately
15 minutes, at which point the sample was held isothermally for 105 minutes. The black dashed line shows at

which point the material underwent the helium pre-treatment.

Figure 7.12 shows increased stability in cycling compared to Figure 7.8, which had shown a

decrease in the amount of oxygen incorporated and released of 15% over 10 cycles, compared

to a drop of <5% in Figure 7.12. The data shown in Figure 7.12 also has improved stability

over that of Figure 7.9, where oxygen incorporation occurred isothermally and there was a

decrease in the amount of oxygen incorporated and released of 9%.

In all figures in which improved stability has been seen, the material had longer contact with
argon, either at the reduction temperature or upon cooling. This suggests that the reduction of
the material plays a key role in the stability of the material. To demonstrate the reduction step
is responsible for the improved stability, a sample underwent redox cycling between a pO of
0.21 bar at 310°C and inert. During the first 15 cycles, the inert step was 60 minutes at 500°C,
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and during the remaining 14 cycles the reduction step occurred at 430°C for 60 minutes. The

oxygen incorporation step lasted 120 minutes, inclusive of cooling.
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Figure 7.13 — Change in the oxygen non-stoichiometry (Ad) per cycle versus the cycle number, for YBaC0407+5
cycling between a pO; of 0.21 bar at 310°C and argon. During the first 15 cycles the argon reduction step
occurred at 500°C, and the subsequent 14 cycles the reduction step occurred at 430°C. The sample was heated
from 310°C at a rate of 20°C/min in argon until the reduction temperature, at which point the sample was held
isothermally to remove the incorporated oxygen. The sample was subsequently cooled in a pO; of 0.21 bar to
310°C taking approximately 20 or 15 minutes respectively for 500 and 430°C, after which point the sample was
held isothermally for a total duration of 120 minutes.

Figure 7.13 shows the amount of oxygen incorporated and released during the first 15 cycles
had significantly improved stability compared to the final 14 reduced at 430°C. From both
Figures 7.12 and 7.13, it is shown that increasing the effectiveness of the reduction, increased
the cycling stability. During cycles with a significant reduction in performance, EDX,
S.E.M., and XRD scans were performed and no clear reason for this drop-in performance has
yet been found, however, results from the literature [22] found some agglomeration of
YBaCosO- particles after cycling, potentially suggesting some drop in the surface area is
responsible for the drop in performance. In the author's opinion, however, it is unlikely that
over such short times at 400°C any significant drop in surface area would occur. A more
likely option to the author is that when a sample is not completely reduced an oxygen-rich
layer may sit at the surface of the material, preventing diffusion into the bulk. It is also
possible that small amounts of the orthorhombic phase have not decomposed due to slow
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kinetics, which forms a surface layer, inhibiting the oxygen incorporation into the hexagonal
phase. This is however speculation, and no strong evidence is available to support this. It is
clear, however, that the reduction step is of vital importance for the continued cyclability of

the material.

In ref. [23-24] it was suggested that particle cracking may occur over multiple redox cycles,
and S.E.M. evidence was provided in [24] showing this phenomenon. To investigate this,
S.E.M. images of fresh and cycled material were taken. The cycled material was taken TGA

samples used in Figure 5.2.

Figure 7.14 — S.E.M. images of fresh (a-b) and cycled (c-d) powder

In the images of Figure 7.14, cracks can be seen on the surface of the cycled samples like
those matching those seen in ref [24]. In 7.14 (a-b) no such damage is seen on the fresh
material. Such damage may have caused a loss of performance. In this work however it has
been shown that redox cycling can be performed with no drop in performance if a suitable
reduction step is used. This reduction step is unlikely to prevent this cracking, suggesting this
IS not the cause.
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7.4 - Model of oxygen enrichment using YBaCo04O7+5

To effectively evaluate the potential of YBaCo04O7 for oxy-fuel combustion processes, a
model of oxygen enrichment using the material was required. The information required for

this was:

¢ Kinetics of oxygen released into the gas phase from the material
e Size of gas stream requiring treatment

e Reactor conditions (Speed of gas, bed voidage, etc.)

This work will focus on the oxygen release from the material, as the rate of oxygen
incorporation was seen to be significantly slower than that of other oxygen storage materials
which operate at higher temperatures [25-29]. The major advantage of this material is the
rapid release of oxygen over a narrow temperature range, and if the rates for this are not
suitable for an industrial process, then further investigation of the incorporation rate is not

valuable.

7.4.1 — Kinetics of oxygen release from YBaC04O7+3

To assess how the material may function as an oxygen carrier for oxy-fuel combustion it was
necessary to first obtain kinetic information on the oxygen release. This information is needed
to show how the material could release oxygen into different pO2s at different temperatures.
This information is the groundwork to examine how the rate of oxygen release changes

through the bed, due to the increase in the oxygen content of the gas stream.

To this end, a set of thermogravimetric experiments were conducted, allowing the material to
dwell for one hour in a pO2 of 0.21 bar after the helium pre-treatment pre-described, before
being rapidly heated at a rate of 20°C/min up to temperatures ranging between 370 and
430°C, at pO2s ranging from 0 (helium gas flow) to 0.42 bar. The rate of oxygen loss was
constant during each run above a 6 = 0.2, after which point the rate of oxygen loss decreased.
Therefore, any model will be limited to reducing the bed to this 8. This also gives a proportion
of the oxygen content available to sacrificially combust to protect the material from reducing
gases, such as Hz is present in the gas stream, which is a potential problem at higher

temperatures. The rate values obtained for this experiment are shown in Figure 7.15.
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Figure 7.15 — Rate of oxygen release from YBaCo4O7 versus pO, for temperatures ranging from 370 to 430°C

As expected from the work shown in Chapter 6, the rate of oxygen release increased with
temperature but decreased with increased pO2 decreasing the driving force from the material.
During use in the model, it is assumed that a linear relationship between rate and pO2 exists at
each temperature using a line of best fit through the 6 experimental points. It is believed that
although this may have some error due to mass transfer limitations discussed in Chapter 5,

this data should be accurate enough to give an estimate of the viability of the system.

7.4.2 — Size of exhaust gas stream

The size of the exhaust stream that requires oxygenation is varied, with larger power plants
operating at up to 600 MW/h, and smaller more local stations operating at 10Mw/h. In this
work three power stations will be compared, a small local station [30] (10 Mw/h), a medium
station [31] (50 MW/h), and a large station [32] (600 MW/h). Smaller power stations are the
most likely to benefit from this technology, as these are often in more remote regions, that
may not have easy access to cryogenic distillation. An assumption made for these stations is
that they will combust bituminous coal as a fuel source, with a fixed calorific value of
8.1MW/h [33].

From these assumptions, the amount of fuel required can be estimated by dividing the
required power output by the calorific value. With the assumption that the carbon is

completely combusted to CO», with negligible production of CO, a one-to-one molar ratio
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between the amount of fuel combusted and the amount of CO> produced can be made. During
calculation, it is assumed 40% of the gas produced is captured, while 60% is recycled, in
keeping with standard practice for oxy-fuel combustion systems. An assumption that the gas
behaves ideally allows the change in volume at different temperatures to be assumed by the
use of the perfect gas law. Table 7.4 shows the size of the gas streams assumed in this work

for each sized power station.

Table 7.4 — Table of values showing the amount of CO; produced

Power output The calorific Mass of coal Moles of CO2 Moles of CO2
(MW/hr) value of fuel  required (kg/h) produced recycled
(MW/h) (Kmoles/h) (Kmoles/min)
600 0.0081 74074.07 6172.84 61.73
100 0.0081 12345.68 1028.807 10.29
10 0.0081 1234.57 102.8807 1.03

7.4.3 - Sizing of the reactor dimensions

To determine the width of the reactor required, the voidage of the bed was fixed at a value of
0.7 and the width of the bed was set to give a gas velocity of approximately 30 m/s, as
recommended in the Chemical Engineering Handbook by Coulson and Richardson [34].
Because the volume of gas traveling through the reactor will be dependent on the temperature,
the gas velocities of different temperatures compared will have some variation. However,
keeping this value fixed was thought preferable to changing the size of the reactor for
comparative purposes. Additionally, the pressure of the gas stream has been set to 5 bar and
pressure drop through the reactor has not been considered. The diameter of the reactor used

for a power output of 600, 100, and 10 MW plants were 15, 50, and 120 cm respectively.

7.4.4 — Model results

This model was created using an iterative approach. The bed was divided into 5 cm segments,
or plugs, with a known pO: entering. The rate of oxygen release was assumed constant during
this duration, and the amount of oxygen leaving the YBaCo4O; bed was calculated. The
assumed voidage of the bed was 0,7, and with an assumed density of the material equal to that
of cobalt oxide, the amount of YBaCo04O7 in each 5¢cm plug was estimated. From the data

shown in Figure 7.15, a rate of oxygen release of the material was estimated. This data was
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input into a first-order rate equation, shown in Eq. 7.8, where R is the rate of oxygen release, t
is the residence time of the gas plug in the 5cm section, and W is the weight of the oxygen

carrier.
Mol,, = RtW Eq.7.8

The moles of oxygen released from each section were assumed to be split evenly among the
gas plug, and evenly from the reactant bed. The new pO, of the gas stream was then
calculated by adding the new moles of oxygen after the 5cm plug to that which entered and
dividing by the new total volume of gas. From this new volume of gas, a new gas velocity
was calculated, assuming the system remained isobaric using Eq.7.9, where V is the gas

velocity, Vol is the volume of the gas stream, and A is the cross-sectional area of the reactor
V =Vol/A Eq.7.9

From the amount of oxygen released, a new pO. was calculated, which was taken as the
entrance pO; of the next segment, and with this new pO2 and residence time, the amount of
oxygen released into the gas stream in this section was calculated. A segment length of 5cm
was chosen, as performing the calculations with a step size of 1, 5, or 10 cm gave no notable
difference to the results. This is shown in Figure 7.16, which shows the change in pO. versus

length using the model with 1, 5, and 10 cm step size.
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Figure 7.16 — Plot showing pO; versus length as calculated using the model using step sizes of 1, 5 and 10 cm.

As shown in Figure 7.15, there is no notable difference between the values obtained at any

step size. As such, 5 cm was used for each calculation
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7.4.5— Required bed length for oxy-fuel combustion

To accurately evaluate the cost of the use of YBaCosO; for oxy-fuel combustion, it is
necessary to calculate the bed length required to achieve the high pOzs necessary for oxy-fuel
combustion. Using three reactor diameters of 15, 50 and 120 cm for the 10, 100 and 600 MW
cases described previously, the treatment of the gas flow from each condition was modelled,

and the results can be seen in Figure 7.17.
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Figure 7.17 — Plot of calculated data showing the change in pO2 versus length of exhaust gas of an (a) 10 Mw,
(b) 100 Mw, (c) 600 Mw powerplant exhaust stream traveling through a reactor bed of YBaCo04O, operating at
temperatures between 400 — 430°C
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For all three cases, it is seen that at 400°C, the required reactor length was significantly larger
than that of the higher temperatures. An increase from 400 to 410°C was enough to decrease
the required length of the 10 Mw example from 29.4 to 20.6 m, a decrease of the required
length by 30% over a 10°C window. This decrease in the required reactor volume with rising
temperatures continued, however, the magnitude of the improvement decreased, and
increasing the temperature from 420 to 430°C reduced the reactor size by 5 m, half the
improvement was seen between 400 and 410 °C and so it is believed limited benefit would be

gained from working at a higher temperature than this.

7.4.6 — Operational time of the material

It is important to know how long each bed of non-stoichiometric YBaCosO- could be operated
in a redox cycling scheme before requiring regeneration. Figure 7.18 shows the change in &
through the bed during a reduction cycle, of YBaCo4O7+s during operation for the 10, 100, and
600 MW examples, operating at 430 °C and assuming a gas inlet with a pO2 of 0 bar.
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Figure 7.18 — Plot of calculated data showing the change in & versus length of a reactor bed of YBaCo0,0-

treating a (a) 10 Mw, (b) 100 Mw, and (c) a 600 Mw power plant exhaust stream operating at 430 °C
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As seen in Figure 7.18, all three beds operating at 430°C would require to be regenerated after
approximately 8 minutes, before reaching a 6 = 0.2, the cut-off point due to slow kinetics of
oxygen release. From oxygen incorporation experiments conducted in Chapters 5 and 6, it
was seen that it would take at a minimum an hour to regenerate a bed, but this value is likely
underestimated in such a large system. This means that in the ideal scenario, a minimum of 8
beds would be needed for continuous operation, assuming the oxygen incorporation occurred
as quickly in a reactor set-up compared to a TGA. It appears that the kinetics of YBaC04O7+5
have the potential for oxygen enrichment processes. However, the major saving could be
made by increasing the rate of oxygen incorporation, reducing the number of active beds
needed. This may be suitable for smaller power stations, where the transport of oxygen
produced by cryogenic distillation may be more difficult.

7.4 Discussion

In this chapter, the feasibility of YBaCo04O7+s for oxy-fuel combustion was investigated. Three
major sections were looked at, material stability in reducing gases, stability over redox
cycling, and the kinetics and applicability to a usable system.

Previous literature reported no degradation of YBaCo04O7+5in CO>, This testing was performed
isothermally at 400°C [22] — which is lower than the recommended temperatures of oxygen
release discussed through this work, therefore CO. stability at the higher reduction
temperatures needed to be studied. In this work, this result was expanded, and stability was
shown to approximately 700°C, approximately 300°C higher than the suggested operating
temperatures. Barium-containing compounds are often prone to degradation in CO:
environments at high temperatures [35-36], so this stability is reassuring for potential

operational schemes. Similarly, water vapour was seen to have no negative impact at 500°C.

While good stability was seen in CO., carbon deposition was found in the presence of CO,
and a small decomposition equal to 0.4% of the unoxygenated mass of the material was seen
upon heating between 400 and 500°C. Carbon deposition on catalysts significantly reduces
performance, and this would likely occur in this process [37-38]. Hydrogen was also seen to
decompose the sample at temperatures above 300°C.

H> and CO should be in small quantities in a well-designed furnace system, and therefore
should not pose too significant an issue in terms of material degradation. Additionally, in the
schemes suggested, these gases will contact the oxygen-rich phases during the reduction step.
Therefore, it is likely that the incorporated oxygen will be consumed sacrificially, protecting
the samples. The carbon deposition seen is a greater concern, and likely needs further
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investigation — although as furnaces are designed to minimise CO production, this may be a

minor concern and potentially manageable through altering the furnace operation [39].

In this work, multiple redox cycling schemes of YBaCo4O7:5 have been investigated. 15
redox cycles were shown in Figure 7.4, incorporating oxygen from a lower pO., and enriching
a gas suitable for oxy-fuel combustion. This was performed by incorporating oxygen upon
cooling from 430 to 310°C in a pO2 = 0.21bar, and releasing into a gas stream of pO> = 0.31
bar, upon heating from 310 to 430°C. This was seen to be successful, with the sample

releasing oxygen equal to approximately 1.5% of its mass.

Worryingly, a significant drop in the cycling performance of approximately 20% was found.
Similar performance drops are seen upon redox cycling of the RMnO3 [40] and Ca;AIMnOs
[41] families (albeit — not at this magnitude). The literature however did not explain this drop
in performance. In ref [41], it was seen that for Ca2AIMnOs the final state oxygen content
after redox cycling remained consistent, it was however the amount of oxygen released which
differed. In Figure 7.4, it is shown that the oxygen content after reduction was steadier than
oxygen content after oxidation (although a decrease in both was seen). Due to this, and the
lower operating temperatures compared to Ca2AIMnOs, the degradation mechanisms are
likely different between these two materials. The results of YBaCo04O7+5 cycling are more
similar to that seen in ref [40], suggesting the lower reaction rates due to low temperature are
responsible. This cyclability must be improved, as the drop in performance is more like that
seen for a transition metal oxide [42-43]. Additionally, other materials such as SrFeO3 have

shown significantly better cyclability [44].

Further work was performed to attempt to explain this phenomenon, and it was seen that the
reduction step was important for maintaining stability. If the reduction was not aggressive
enough, significant drops in performance were seen. This is demonstrated in Figure 7.13. It
was also shown in Figure 7.12 that this degradation was reversible by a more aggressive

reduction.

The simplest explanation is that upon oxygen release, oxygen is rapidly released from the
sample surface region. As further oxygen release occurs, oxygen travels from the bulk of the
particle to the surface, creating a gradient of non-stoichiometry through the sample. If the
system is changed to prevent oxygen release, the gradient within the particle may stay, so
oxygen incorporation into the particle must wait for the bulk diffusion, which is likely to be

slower at low temperatures. Such gradients have been reported in fuel cells [45] and cathode
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materials [46], and the stresses caused within crystals due to these gradients are seen to lower
diffusion rates [47].

In this work, it was shown end that YBaCo040O7+5 can be repeatedly cycled to release oxygen,
with no degradation in performance over 30 cycles. However, as the cycling scheme required
almost complete removal of oxygen from the sample, there are likely to be additional
concerns. Firstly, while technically possible to cycle significant amounts of oxygen over 40°C
cycles as discussed in Chapter 6, the results do not favour this scheme. Slow oxygen
incorporation rates are likely to be the limiting factor in the use of this material, and this is
seen to be fastest at 310°C. Additionally, reduction will likely require higher temperatures to
ensure that the oxygen content of the sample is reduced enough to allow for steady cycling of
the sample. Therefore, the temperature swings used are more likely to be 150-200°C, rather
than the 40°C discussed in Table 6.2. This would reduce the efficiency of the oxygen cycles
by approximately 25% - although this is still seen to be more efficient than the other non-
stoichiometric materials studied [48-58].

There are potential strategies to reduce this. Higher pO2’s for the oxygen incorporation step
could increase the useful oxidation temperature, as demonstrated in Figure 7.7. Additionally,
it was shown in Figure 7.12 that a regeneration cycle could reset the performance of a
working bed of YBaCo4O7, so incorporating periodic regenerations may improve the

performance.

In S.E.M. images of cycled material, particle cracking such as discussed in ref [23-24] was
seen. This is likely due to the distortion of the crystal structure upon oxygen incorporation
seen in ref [59] and Figure 6.13. This cracking is likely unpreventable and may cause issues

over multiple cycles.

Kinetics were obtained from TGA to estimate oxidation and reduction rate, and these are
shown in Figure 7.14. As seen in chapter 6 and literature, oxygen incorporation was favoured
at 310°C, and oxygen loss was favoured at higher temperatures [60-61]. It was found that
oxygen release was slower in higher pO2’s, likely due to the change in chemical potential in
the system. In chapter 5, it was suggested that oxygen could be released in a pO2 of 0.31 bar
at 390°C, and this is shown. It is clear however having that small temperature swing is likely
to give extremely slow oxygen release rates. It is clear from this plot, however, that the
schemes suggested in ref [22] are not feasible, and oxygen release must be performed upon
heating from the oxidation temperature, not cooling as suggested in the reference, if the

correct pO2’s are to be achieved.
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An iterative model was produced, and it was seen that increasing the temperature of reduction
from 400 to 430°C reduced the required lengths of reacting beds by approximately 1/3, which
would give significant energy reduction required. This was due to the faster rate of oxygen
release from the samples. It was seen however that a gradient of non-stoichiometry may be
formed in the bed. However, no variation in the gas profile was calculated, suggesting this
material may avoiding inconsistent gas production which can be an issue with the use of non-

stoichiometric materials [62].

It is clear though that after the reduction step, a gradient of oxygen content will be present in
the bed. This gradient could have an impact upon the re-oxidation of the sample, and the
stability of the redox cycling. To fill this gradient in fastest, a counter-current flow should be
used, to make the most efficient use of the oxygen, as oxygen incorporation will be slowest

where the sample has almost equilibrated, where it, therefore, needs the greatest driving force.

The biggest issue with the potential use of the material is the length of time beds last. It was
found that each bed would last approximately 8 minutes before requiring oxidation. Oxidation
times in TGA can be between 1 and 2 hours, suggesting a series of between 7 and 15 beds
would be required. The greatest step to make this more feasible would be to increase the
oxygen incorporation rate. This may be achieved potentially by increasing the surface area by
ball milling [63-34] or perhaps the use of a catalyst to increase oxygen incorporation
rates[65]. Regardless, improvements in the oxidation rate would be required for useful
operation.

7.5 Conclusions and further work

During this work, YBaCo407 has been investigated for oxygen cycling processes. Initially, the
stability of the material was tested in different reducing conditions, and it was seen that the
material was suitable for use in a flue gas setting. Redox cycles with the material were
performed and it was seen that the material can easily be used to inject oxygen into a gas
stream. The stability of the material over repeated cycling was investigated and it was seen
that the material degraded over cycling if a high enough temperature or a low enough pO2 was
used during the reduction step. The cause of this is unknown, however, it is suspected to be
due to an oxide-rich layer forming at the surface of the material preventing oxygen diffusion.
Regardless of the cause, it was repeatedly seen that if the reduction step of the material was

not of long enough duration, loss of performance over cycling occurred.

Finally, a model of a working bed of YBaCo04O7 was created, and slow oxygen incorporation

kinetics were found to be the major issue with using this material for oxygen enrichment
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processes. For this material to become viable for industrial applications, more work on
improving the oxygen release kinetics is needed. Additionally, a cycling scheme that does not
require expensive inert gases for the continued stability of the material will need to be found.
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Chapter 8- Conclusions

This work aimed to identify potentially useful non-stoichiometric materials for oxygen
enrichment processes and characterize them. To do these four objectives were set. In this

section, each objective will be looked at independently to ascertain the success of the project.

8.1 Review of the initial objectives

8.1.1 Creation of a useful technique to characterise oxygen diffusion

coefficients and non-stoichiometry

During this work, a novel technique to measure diffusion and non-stoichiometry of a sample
using a single gas was created to reduce mass transfer limitations during diffusion
measurement techniques. However, due to experimental issues, the benefit of calculating
oxygen diffusion using this technique was not demonstrated. This technique was shown to be
very powerful at characterising the oxygen capacity of the material, however, giving a user
fine control over pO2 changes in the reactor. It is believed that the poor results may be from

issues with the temperature control and has much potential for further improvement.

8.1.2 Detailed investigation into the thermodynamics of selected oxygen

carrier

During this work, the oxygen capacity upon heating and cooling of YBaCo04O7+5 was
investigated and two useful plots were created, namely a & versus pOz plot and a & versus
temperature plot at fixed pO2s. These plots were then used to compare the oxygen capacity

and cyclability of the material versus alternative materials.

Additionally, crystallographic studies were performed, linking the change in & to the
percentage of the material in the orthorhombic phase. This information was then further
linked to a changing temperature of oxygen release, where it was found that sudden oxygen
release occurred at notably different temperatures if less than 50% of the material had
converted to the orthorhombic phase. This behaviour was linked to a jump in the partial molar
entropy and enthalpy of the sample, which appeared to act as an activation barrier between the

oxidised and reduced states.

Finally, a change in the chemical potential was linked to the behaviour of the incorporation

and release of the material, giving a thermodynamic explanation of the hysteresis behaviour.
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8.1.3 Investigation into the stability of the non-stoichiometric material

The material was found to be stable in potentially reductive gas streams such as CO2 and CO

past the operational temperature of the material.

Repeated oxygen release and incorporation cycles were performed on the material,
incorporating oxygen at a pO2 of 0.21 bar, and releasing it into a pO2 of 0.31 bar. Over this
cycling, the performance of the material was seen to degrade. This was corrected by
increasing the intensity of the reductive step. This corrective method is likely expensive and

reduces the thermodynamic advantages of using the material.

8.1.4 Investigation into the kinetics of the oxygen incorporation and release

of the selected material

As the novel technique for characterising diffusion coefficients was unsuccessful, TGA
methods were used to estimate the rates of oxygen transfer from the material. While not ideal,
it was useful to give estimates of the rates of oxygen transfer from the material. These rates
were then used to calculate bed lengths and output for a working bed to supply oxygen to an
oxy-fuel combustion plant. It was seen that the rates of oxygen transfer were likely too slow

for useful application.

8.2 Further work

YBaCo407+5 has interesting structural and thermodynamic behaviour which would lend itself
very efficiently for oxygen enrichment processes. However, the slow kinetics of the material
are not offset by the beneficial thermodynamics and must be addressed before the material

could be suitable for use in an industrial setting. There are several potential methods of doing

this, including:

e Microstructural modifications - Ball milling and longer preparation time has
improved the oxygen incorporation of low-temperature YBaC04O7+5 and YMnOz+s [1-
2]. Such improvements may be able to improve on the rates of oxygen incorporation

e Modifications to the surface chemistry — The treatment of the surface of a non-
stoichiometric material may have significant effects on the rate of oxygen exchange.
Silver coating of non-stoichiometric materials has long been seen to improve oxygen
diffusion in the material and reduce the activation energy for oxygen exchange [3-4]
and this may have a beneficial effect on the YBaCo04O7+5. Another more recent method
is exsolution, which has shown to stability improve the catalytic activity of a material
[5-6]
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e High-pressure oxygen incorporation — It was seen during this work, that higher
oxygen incorporation pressures increased the rate of oxygen incorporation. If the
pressure in the system, and the equivalent pO2 was high enough, it may be that the rate
of oxygen incorporation would be suitably high.

e Use of chemical dopants — Doping a material can have significant effects on the
oxygen uptake and transport of the material. In literature, only one successful doping
of YBaCosO7 has improved the material's oxygen exchange properties, and this
doping occurred with terbium, a rare expensive metal that is unlikely to be available
for widespread use [7]. However, several common dopants such as silver have not
been tried, and these may improve the oxygen exchange rate [8].

It is hoped that in the future, one of these strategies to improve the rates would be successful,

allowing YBaCo407-5 to be competitive against the transition metal oxides.
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Appendix A — Reduced XRD profiles

The XRD profile for the hydrogen reduced samples seen in Figure 7.1 (b) contained a mixture

of new phases — however good agreement with reference XRD profiles was not found.

The best combination of phases found were yttrium oxide, barium and cobalt. This is shown
in Figure Al.
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Figure Al — Peak list from H; reduction of YBaCo0407 shown in Figure 7.1

Unfortunately, several unidentified plots were present, shown in Figure A2.
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Figure A2 — Unidentified spectra from H; reduction of YBaCo0.07shown in Figure 7.1
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