Interactions between catalysts and

oxygen carriers in chemical looping

processes

(i L
Wl g (RIS
\%(\

P e

M
| ¢ R
Ul : )
@&!m Y
\”" D NP
__; /’T‘T\-———'/
S

Alexander Robert Paul Harrison

Department of Chemical Engineering and Biotechnology

University of Cambridge

This dissertation is submitted for the degree of

Doctor of Philosophy

Emmanuel College

August 2024






To the happy few!






Declaration

This thesis is the result of my own work and includes nothing which is the outcome
of work done in collaboration except as declared in the preface and specified in the
text. It is not substantially the same as any work that has already been submitted,
or, is being concurrently submitted, for any degree, diploma or other qualification at
the University of Cambridge or any other University or similar institution except as
declared in the preface and specified in the text. It does not exceed the prescribed

word limit for the relevant Degree Committee.

Sections of work from this Dissertation have been published, as listed below:

o Harrison, A. R. P., Kwong, K. Y., Zheng, Y., Balkrishna, A., Dyson, A., & Marek,
E. J. (2023). Kinetic and Thermodynamic Enhancement of Low-Temperature

Oxygen Release from Strontium Ferrite Perovskites Modified with Ag and CeO,.
Energy € Fuels, 37(13), 9487-9499. (Included in Chapter 3)

o Harrison, A. R. P. & Marek, E. J. (2022). Selective formation of propan-1-ol from
propylene via a chemical looping approach. Reaction Chemistry & Engineering,
7, 2534-2549. (Included in Chapter 6)

Research performed during the period of doctoral study, but outside of the scope of

this Dissertation, has also been published, in:

o Gebers, J. C., Harrison, A. R. P., & Marek, E. J. (2022). How does the oxidation
and reduction time affect the chemical looping epoxidation of ethylene? Discover

Chemical Engineering, 2(1), 4.

« Kwong, K. Y., Harrison, A. R. P., Gebers, J. C., Dennis, J. S., & Marek, E. J.
(2022). Chemical Looping Combustion of a Biomass Char in Fe;O3-, CuO-, and
SrFeO;_s-Based Oxygen Carriers. Energy € Fuels, 36(17), 9437-9449.

Alexander Robert Paul Harrison
August 2024


https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c01263
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c01263
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c01263
https://pubs.acs.org/doi/10.1021/acs.energyfuels.3c01263
https://pubs.rsc.org/en/content/articlehtml/2022/re/d2re00222a
https://pubs.rsc.org/en/content/articlehtml/2022/re/d2re00222a
https://pubs.rsc.org/en/content/articlehtml/2022/re/d2re00222a
https://link.springer.com/10.1007/s43938-022-00011-4
https://link.springer.com/10.1007/s43938-022-00011-4
https://link.springer.com/10.1007/s43938-022-00011-4
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01269
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01269
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c01269




Abstract

This Dissertation considers the fundamentals and applications of materials composed
of a metal catalyst supported on a reactive metal oxide, applied for chemical looping
processes, using Ag/SrFeO3_s as a model system. In chemical looping processes, lattice
oxygen is provided from a metal oxide (termed the oxygen carrier) to generate purified
oxygen, or, to react with a reducing gas (e.g. a hydrocarbon) to form oxygenated
products, in the absence of gaseous oxygen. The oxygen carrier is then re-oxidised in
air, in a separate step.

Chemical looping has been investigated for a variety of selective oxidation reactions,
either with the metal oxide oxygen carrier acting as both an oxygen reservoir and a
catalyst for selective oxidation, or, by preparing particles composed of a metal catalyst
supported on an oxygen carrier. During reduction, oxygen is transported from the
lattice of the metal oxide to the surface of the metal catalyst. However, the interactions
between the catalyst and the oxygen carrier, and the pathways taken by oxygen, are
poorly understood, and hence form the subject of this Dissertation.

To understand the influence of Ag on oxygen availability from SrFeOj3_g, kinetic
studies were performed by measuring the rate of oxygen release and re-uptake from
SrFeO3_s with and without Ag (15 wt%) by reducing and oxidising the material in Ny
and Oy (pOs = 0.21 or 0.05 atm) in a packed bed. The presence of Ag increased the
amount of oxygen released per redox cycle by more than three-fold at 500°C. From
thermogravimetric experiments, interactions between Ag and SrFeO3_s were shown to
influence the thermodynamics of the material, with Ag increasing the concentration of
oxygen vacancies at equilibrium, and hence lowering the oxygen stoichiometry under
all investigated oxygen partial pressures (pO, = 107°-0.21 atm).

Characterisation studies under simulated reaction conditions were performed to
understand the changes in bulk and surface properties of Ag/SrFeO;_s during chemical
looping. In-situ X-ray diffraction under 5 vol% Hy showed that the presence of
Ag allowed phase transformation of perovskite SrFeOs_s to brownmillerite SrFeOs 5

at 300°C, as compared to 500°C for bare SrFeOs_ 5. Near-ambient pressure X-ray



photoelectron spectroscopy measurements under reduction and oxidation showed that
oxygen removal from Ag/SrFeO3;_5 was enhanced by the formation of reactive Ag-O,
surface species. Pathways for oxygen transport from the SrFeOs_s to the surface of Ag
were proposed, based on in-situ Raman spectroscopy and Hs-TPR measurements.

To further understand the mechanisms of oxygen transport in Ag/SrFeO3_s, samples
were prepared incorporating a layer of NayCOg, either covering the surface of the
particles, or in between the Ag nanoparticles and the SrFeOs_s support. The Ag-
NayCO3-SrFeO3_s materials were applied for a selective oxidation reaction, epoxidation
of ethylene, demonstrating that an exposed Ag surface was necessary for reaction. The
sample with an internal layer of NayCO3 showed improved selectivity towards ethylene
oxide during chemical looping epoxidation, as the carbonate layer mitigated complete
combustion at the surface of SrFeO3_s.

Lastly, a series of Ag/SrFeO3_s-based materials, modified with Cl and, or, Au,
were investigated for the oxidation of propylene in a chemical looping mode. The
materials containing Cl and Au showed unexpected selectivity towards propan-1-ol,
with mechanisms proposed based on the reactions of possible intermediate products.

In summary, this Dissertation demonstrates how the addition of metal catalysts to
oxygen carriers can both enhance availability of lattice oxygen, and enable selective
oxidation processes operated in a chemical looping mode. The interactions between the
catalyst and oxygen carrier play a key role in determining kinetic and thermodynamic
properties of the combined material. In particular, the transport of oxygen from
the oxygen carrier to form reactive surface species greatly enhances reactivity under
reducing and oxidising conditions. Hence, the work in this Dissertation expands the
theoretical understanding regarding the behaviour of oxygen carriers during redox

reactions, and opens new avenues to design materials for chemical looping processes.
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Chapter 1

Introduction

1.1 Chemical looping technologies

1.1.1 Industrial chemical looping processes

Chemical looping processes are a class of reactions whereby a metal oxide (termed
an ‘oxygen carrier’) is reduced and oxidised in a cyclic mode, releasing and absorbing
oxygen from the crystal lattice of the material. Chemical looping can be applied to
produce purified oxygen gas, or to provide oxygen to a chemical reaction. The first
chemical looping process applied at industrial scale was the Brin process (Jensen, 2009)
for the production of purified oxygen wvia chemical looping air separation (CLAS),
patented in 1886. In the Brin process, barium oxides are applied as the oxygen carrier,

undergoing the reversible reaction shown in Eq. 1.1.

1
Ba02 = BaO + 502 (11)

The process is split into two distinct steps: in the reduction step, barium peroxide
(BaO3) decomposes at elevated temperature under vacuum, to release pure oxygen,
then, in the oxidation step, the reduced barium oxide (BaO) is exposed to air to
regenerate the peroxide by reacting with oxygen, thereby closing the chemical loop,
as illustrated in Fig. 1.1. The separate oxidation and reduction steps can be achieved
either by alternating the feed to a single reactor vessel, or, through the use of circulating
fluidised beds (Moghtaderi, 2010; Proll et al., 2009), with transfer of solid material
from a reduction reactor to an oxidation reactor, and vice-versa.

The barium oxide materials used are susceptible to carbonation by reaction with

COg to form inert BaCOs. Hence, the Brin process requires an initial purification step
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Reduction: BaO, — BaO + %0,

<
BaO, — BaO s [Pure O,

Oxidation: BaO — BaO, + ¥:0,

BaO — BaO, O,-depleted air
J

Fig. 1.1 Schematic diagram of the Brin process for the production of oxygen by chemical
looping air separation (CLAS).

to remove the CO, from the air used in the oxidation step, and allow the oxygen carrier
to be recycled indefinitely. The Brin process for oxygen production was supplanted
by cryogenic distillation of air around 1906 (Jensen, 2009), however, development of
novel materials, less vulnerable to carbonation in air, has renewed research interest in
CLAS processes for air separation and oxy-fuel combustion (Moghtaderi, 2010; Shah
et al., 2013). Recent research into CLAS processes has investigated multi-metallic
oxides, such as SrFeOj;_s-derived oxides with perovskite structure (Gorke et al., 2020),
or brownmillerite CaoMnAlO;, s (Tian et al., 2022b). From medium-scale experiments
(1 kg oxygen carrier) and process simulation, the energy consumption of a CLAS system
using SrgsCagaFe; ,Co, (z = 0.1 or 0.6) oxygen carriers with heat supplied to the
reduction step using steam was estimated to be c. 135-183 kWh tgi for producing
>95vol% O (Cai et al., 2022; Krzystowczyk et al., 2021). The authors also identified
further opportunities for improving the process efficiency by integrating low-grade
waste heat to supply energy to the endothermic reduction step, reducing theoretical
consumption to c¢. 110 kWh t521 (Cai et al., 2024; Krzystowczyk et al., 2021). By
comparison, the energy consumption of industrial cryogenic air separation processes for
producing 95-99vol% purity O, is around 200-260 kWh ta; (Banaszkiewicz et al., 2015;
Pfaff and Kather, 2009), based on reported energy demand of existing installed units.

In addition to CLAS processes, chemical looping has been applied for the combustion
(CLC) of hydrocarbon fuels (Mattisson, 2013), and for hydrogen generation wvia the
‘steam-iron’ process (Hacker et al., 2000; Messerschmitt, 1908), both summarised in
Fig. 1.2. In both processes, the oxygen carrier is reduced by reaction with a carbonaceous

fuel (e.g. natural gas, coal, or biomass), then, is either reoxidised exothermically in air



1.1 Chemical looping technologies

to release energy for power generation, or, in the steam-iron process, is reoxidised by
H50O to generate a pure stream of Hy. After removing water from the exhaust stream of
the reduction reactor by condensation, both processes generate an almost-pure stream
of carbon dioxide as a product without dilution in nitrogen, suitable for sequestration
without further purification (Winayu et al., 2023).

(a) Reduced (b) Reduced
< :j oxygen i:> < :r oxygen
CO, + H,0 carrier O,-depleted air CO, + H,0O carrier
- @ ~ -
Reduction Oxidation Reduction Oxidation
Reactor Reactor Reactor Reactor

Oxidised
oxygen
carrier

Oxidised
oxygen

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
carrier '

Fig. 1.2 Simplified schematic diagrams showing the (a) chemical looping combustion
process for energy generation and (b) steam-iron process for the production of hydrogen.
Here, the systems are shown as interconnected circulated fluidised beds with transfer
of solid material between reactors, allowing for continuous operation.

1.1.2 Chemical looping catalysis

The processes described in Section 1.1 apply chemical looping for non-selective reactions,
i.e. production of oxygen or hydrogen, or complete combustion of carbonaceous
fuels. However, recent research has considered applying chemical looping for selective
oxidation, as reviewed by Zhu et al. (2020) and Sun et al. (2023). Selective oxidation
via chemical looping proceeds in a similar manner to CLC as shown in Fig. 1.2a;
however, rather than the fuel undergoing complete combustion to form CO, and HyO,
the hydrocarbon undergoes partial oxidation to form a specific product. Selective
oxidation wvia chemical looping has the advantage that the hydrocarbon and the air
remain separate at all times, as opposed in conventional oxidation processes with a

gaseous oxidising agent, where reactions can be limited by safety considerations to
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avoid an explosive atmosphere forming inside the reactor (Gebers and Marek, 2024).
Furthermore, through tailoring the oxygen carrier to the reaction, the effective pOs of
the oxygen carrier (i.e. the partial pressure of oxygen which would be in equilibrium
with the solid material at a certain temperature) can be adjusted to optimise for
selective oxidation (Sun et al., 2023; Wang et al., 2022a), as discussed in more detail in
Section 1.2.

The first chemical looping catalytic process to be applied industrially to produce
an oxygenate product was the oxidation of n-butane to maleic anhydride in a plant
constructed by DuPont. Supported vanadium pyrophosphate (VPP, VO,PO,) was
used as the oxygen carrier in a circulating fluidised bed arrangement (Contractor, 1999;
Patience and Bockrath, 2010). During the chemical looping process, the vanadium ion
in the VPP material was present in both the V4* and V5% oxidation states. Hence,
in the reduction reactor, a fraction of the V°* ions were reduced to V4T, allowing the
release of oxygen from the VPP material to partially oxidise the n-butane to maleic
anhydride. The partially reduced VPP material was then re-oxidised in air, to convert
a fraction of V4* jons to V°* and close the chemical loop. However, over repeated
cycles, long-term degradation of the oxygen carriers as a result of particle attrition in
the fluidised beds, and incomplete re-oxidation in air resulting in a decrease in available
oxygen per cycle, lead to the process being discontinued in 2005 (Joshi et al., 2021).

Nevertheless, given the potential advantages for process safety and intensification,
the principle of applying chemical looping for selective oxidation has been investigated
for a variety of selective oxidation reactions, including oxidation of propane to acrylic
acid over MoVSbO, (Godefroy et al., 2010), partial oxidation of methane to produce
syngas over Ni-based oxygen carriers (Luo et al., 2018), and epoxidation of ethylene
to ethylene oxide (Chan et al., 2018b) over a silver catalyst supported on a SrFeO3_;
oxygen carrier (Ag/SrFeOs_s). Chemical looping can also be applied in oxidative
dehydrogenation (CL-ODH) reactions where hydrogen is selectively combusted to
convert alkanes to alkenes (Chan et al., 2018a; Mishanin et al., 2017; Neal et al., 2016)
or alcohols to aldehydes (Gebers et al., 2023; Joshi et al., 2024), or, in oxidative coupling
reactions to convert C; (Damasceno et al., 2022) or C3 (Fattore, 1975b) molecules to
Cs and Cg products respectively.

Chemical looping principles have also been applied for reactions beyond oxidation,
for example, using lattice nitrogen in metal imides or nitrides to produce ammonia in a
cyclic process. In chemical looping ammonia production, a nitrogen carrier (e.g. barium

imide, BaNH) reacts with hydrogen to form ammonia and a metal hydride (e.g. barium
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hydride, BaHs), which can then react with gaseous nitrogen to close the chemical loop
(Gao et al., 2018). Wang and Shen (2022) and Zhang et al. (2024) provide an overview
of recent developments in materials for chemical looping ammonia production, however,
the technology remains in its infancy, with limited theoretical understanding of the

behaviour of the nitrogen carriers during reduction and nitrogenation.

1.2 Reactions of oxygen carriers

During chemical looping processes, the means by which lattice oxygen is provided
to the reaction depends strongly on the oxygen carrier, with different metal oxides
undergoing reduction via distinct mechanisms under equivalent process conditions. For
reaction between an oxygen carrier and a gaseous reducing agent, the reducing agent
can adsorb at the surface of the metal oxide and react with lattice oxygen, termed
‘direct reduction’ (Imtiaz et al., 2013; Liu et al., 2024). However, at sufficiently high
temperatures (typically >750°C), some metal oxides such as CuO and Mn,O3 can
thermally decompose, to form CuyO and Mn3O, respectively, releasing oxygen gas, in
a process termed ‘chemical looping with oxygen uncoupling’ (CLOU) (Mattisson, 2013;
Mattisson et al., 2009). Oxygen carriers able to react via CLOU have also been applied
for the chemical looping combustion of solid fuels, as the uncoupled oxygen can react
heterogeneously with particles of coal or biomass without the need to gasify the fuel
prior to reaction (Imtiaz et al., 2013; Mattisson et al., 2009). For a given metal oxide
able to react via CLOU, the ratio of direct reduction to oxygen uncoupling depends on
the reaction temperature and the reducing gas applied (Chuang et al., 2009; Imtiaz
et al., 2013).

The differences in reaction mechanism between three oxygen carriers (Fe;O3, CuO,
and SrFeOj3) undergoing reduction by reaction with CO at 750°C are illustrated in
Fig. 1.3 (Kwong et al., 2022). In Fig. 1.3a, CO reacts with lattice oxygen in haematite
(FeaO3) by direct reduction only, with the iron oxide undergoing a phase transition to
form magnetite (Fe304) without the release of gaseous oxygen. Contrastingly, Fig. 1.3b
shows the reduction of copper oxide, an oxygen carrier commonly applied for CLOU
combustion processes (Imtiaz et al., 2013). In addition to direct reaction between CuO
and CO (Chuang et al., 2009; Liu et al., 2024), the cupric oxide (CuO) phase can
thermally decompose to cuprous oxide (CuyO), with uncoupling of gaseous oxygen,
which then reacts homogeneously with CO in the gas phase. For SrFeQOg, shown in

Fig. 1.3c, strontium ferrite can also release oxygen via a similar oxygen uncoupling
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reaction to CuO, however, the oxygen carrier does not undergo a phase transition:
rather, Oy is released by forming oxygen vacancies in the perovskite crystal lattice.
The resulting non-stoichiometry in the strontium ferrite is denoted by the term ¢ in
the chemical formula SrFeO3;_5. Strontium ferrite is also notable for being able to
uncouple oxygen at relatively low temperatures (¢. 400°C) as compared to e.g. CuO
(Marek et al., 2018a).

(a) (b) (c)
002 CO c:o2

é’)@@

Fig. 1.3 Schematic showing behaviours of different oxygen carriers during reduction
by CO at 750°C: (a) direct reduction of Fe;O3 by reaction between the reducing gas
and the solid oxygen carrier, inducing a phase change from haematite (Fe;O3) to
magnetite (Fe3O4), (b) oxygen uncoupling (CLOU) from the phase transition of cupric
oxide (CuO) to cuprous oxide (CupO) (c) oxygen uncoupling (CLOU) wvia formation
of oxygen vacancies in non-stoichiometric strontium ferrite (SrFeOsz_s).

The thermodynamic differences between stoichiometric oxygen carriers, such as
Fe;O3 and CuO, and non-stoichiometric oxygen carriers, such as SrFeOgs_s, are il-
lustrated in Fig. 1.4. In Fig. 1.4a, a generic stoichiometric oxide MeO, undergoes a
phase transition to form MeO at well defined partial oxygen pressure and temperature
(pO2-T') conditions, described by the phase boundary line. Contrastingly, Fig. 1.4b
shows the phase diagram of a non-stoichiometric oxide, MeO,_g, where the oxygen non-
stoichiometry § varies continuously as a function of pO,-T without a well-defined phase
boundary (Patrakeev et al., 2011). At any given composition, the non-stoichiometric
oxide has two thermodynamic degrees of freedom, T" and pO, (Metcalfe et al., 2019;
Panlener et al., 1975).

Hence, if the stoichiometric oxide were to be applied for a CLAS process, the
temperature and pO, conditions in the reduction and oxidation steps must be located
on either side of the phase boundary, such that changing the conditions between steps
results in the release or uptake of oxygen. By contrast, for the non-stoichometric oxide
at any given pO,-T' condition, increasing temperature or decreasing oxygen partial
pressure would result in a small amount of oxygen gas uncoupling from the material

(or vice-versa with oxygen uptake if temperature were decreased or pOs increased),
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(a)lstoichiometric oxide (MeOy, — MeO) (b) Non-st01ch10metr1c oxide (MeOy — M602 5)
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Fig. 1.4 Representative phase diagrams for a generic metal oxide, MeO,, showing (a) a
distinct phase transition with well-defined oxygen stoichiometry, or (b) variable oxygen
non-stoichiometry MeO,_s as a function of temperature and oxygen partial pressure.

albeit potentially very slowly if the system were kinetically limited. Equivalently, for a
non-stoichiometric oxide exposed to a reducing agent at a constant temperature, the
equilibrium pOs, of the material will decrease continuously as ¢ increases. Certain metal
oxides, including strontium ferrite, show both stoichiometric and non-stoichiometric
behaviour in different regions of pOs-T conditions (Starkov et al., 2014), discussed in
further detail in Section 1.4.

The properties of non-stoichiometric oxygen carriers can be exploited to im-
prove chemical looping processes. For example, continuous variation in pOy of a
Lag gSrg.4FeO3_5 oxygen carrier along the length of a packed bed reactor, applied for
the water gas shift reaction (CO 4+ Hy,O = COs + H,) in a chemical looping mode,
allows for operation arbitrarily close to thermodynamic equilibrium at each point along
the bed (Metcalfe et al., 2019). Given the strong non-linearity of pO,-T-d relationships
for many non-stoichiometric oxides, a relatively large number of measurements are
required to characterise the overall behaviour of novel oxides (Wilson et al., 2023).
Hence, relatively few oxides (e.g. CeOs_s (Panlener et al., 1975) and SrFeO;_s (Gorke
et al., 2020)) have comprehensive pOy-T-J measurements available in literature, despite
recent innovations in data sampling to decrease the number of experimental measure-
ments required to find regions of pO,-T' conditions where ¢ changes rapidly (Wilson
and Mubhich, 2024).
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As described in Section 1.1.2, chemical looping catalysis has been applied for a
variety of different oxidation reactions, using the metal oxide as both a catalyst and an
oxygen carrier. In principle, any conventional oxidation reaction which proceeds via a
Mars-van Krevelen (MvK) mechanism, whereby lattice oxygen from an oxide catalyst
participates in the reaction and is then regenerated by gaseous oxygen (Doornkamp
and Ponec, 2000; Mars and van Krevelen, 1954), can be adapted for chemical looping
operation (Zhu et al., 2020), provided the metal oxide forms a stable reduced phase.
For example, oxidative dehydrogenation of ethane to ethylene over a MoVNbTeO,
catalyst proceeds via a Mars-van Krevelen mechanism (Chen et al., 2023), with oxygen
supplied to the reaction from the oxide lattice. Hence, by alternating the feed to the
catalyst bed between ethane and air, the reaction can be performed in a chemical
looping mode (Gabra, 2022; Mishanin et al., 2017), as shown in Fig. 1.5a.

(a) (b C,H, C,H,0
C,Hs C,H,+H,0O

MoVNbTeO,

Fig. 1.5 Two mechanisms of oxygen carrier reduction in chemical looping catalysis: (a)
oxidative dehydrogenation by reaction of ethane with lattice oxygen in MoVNbTeO,,
(b) oxidation of ethylene to form ethylene oxide by reaction with O, adatoms on an
Ag catalyst, provided by the SrFeOs_s oxygen carrier.

Furthermore, reactions which do not proceed via a MvK mechanism can be adapted
for chemical looping by combining a metal catalyst with a metal oxide oxygen carrier,
whereby the oxygen carrier donates oxygen to the active sites at the metal surface. An
example of chemical looping using a material composed of a metal catalyst supported on
a metal oxide oxygen carrier is shown in Fig. 1.5b. In the chemical looping epoxidation
of ethylene, oxygen is transported from the lattice of the SrFeO3_5 oxygen carrier to
the surface of the metallic Ag catalyst, forming O, adatoms, which are the active
species for epoxidation (Chan et al., 2018b). However, the interactions between the
Ag and the SrFeOj3_s, and the mechanisms by which lattice oxygen is transported to
the metal surface, are poorly understood. Understanding the reactive behaviour of

modified Ag/SrFeOs;_; materials is one of the key aims of this Dissertation.
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1.3 Improving the activity of perovskite oxygen

carriers

Criteria for candidate oxygen carriers include rapid kinetics of oxygen uptake and
release at low temperature, minimal degradation over repeated redox cycles, high
gravimetric oxygen capacity, and a wide operating range of pO,-T' conditions (de Vos
et al., 2020; Kwong et al., 2022; Zhu et al., 2020). As discussed in Section 1.1, a class
of materials of interest for chemical looping processes, including CLAS and chemical
looping catalysis, are non-stoichiometric oxides with perovskite structure (He et al.,
2009; Krishnamurthy et al., 2008), in particular, SrFeO3_s (Bulfin et al., 2019; Lau
et al., 2017). Strontium ferrite-based oxygen carriers are able to release and uptake
oxygen by forming oxygen vacancies at relatively low operating temperatures (<650°C),
(Marek et al., 2018a) with minimal degradation in oxygen capacity over repeated
cycles of oxidation and reduction (Krzystowczyk et al., 2021), albeit with inferior
oxygen capacity to stoichiometric oxygen carriers such as CuO (Kwong et al., 2022).
Furthermore, by partial substitution of Sr or Fe with other elements, SrFeO3_s can be
tuned to operate at different pOs conditions, by altering the pO,-6-T characteristics of
the material (Wang et al., 2022a).

Particles of SrFeO3_s can be produced via straightforward solid-state methods
from oxide and carbonate precursors (Liu et al., 2022b; Marek et al., 2018a) and have
demonstrated stable CLAS performance with fast kinetics of oxygen release over up to
1000 redox cycles in air and Ny (Gorke et al., 2020). However, kinetics for the oxidation
of SrFeO3_s in air have not yet been reported.

A benefit of perovskite oxygen carriers, in particular, SrFeO3_s, is their tuneability
using relatively simple methods, e.g. by introducing bulk (Marek et al., 2020; Tian
et al., 2022a), structural (Liu, 2021), or surface (Wang et al., 2021) dopants. The
addition of noble metals to perovskites (Ag, Pd, Pt), in addition to acting as catalysts
for oxidation reactions, has been shown to aid oxygen release at lower temperatures
than those for unmodified perovskites (Beppu et al., 2018, 2017; Cheng et al., 2024;
Wang et al., 2021). The enhancement of oxygen release from the presence of noble
metals on the perovskite surface is possibly caused by donation of electrons from the
metal to the perovskite reducing the energy barrier for the transport of oxygen ions
(Wang et al., 2021) and, or by the metal catalysing the reaction of Oice ions to form
gaseous O molecules and oxygen vacancies in the crystal lattice (Kovalev et al., 2021;

Leo et al., 2009).
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The impregnation of SrFeOs_s with particles of Ag or CeO5 has been exploited in
chemical looping catalytic systems for selective oxidation reactions (Gebers et al., 2023;
Marek et al., 2020) leading to more active oxygen carriers as compared to unmodified
SrFeO3_5. Metal oxides, such as CeOy (Marek et al., 2020; Tian et al., 2022a) CaO
(Wang et al., 2022b) or FeO, (Dueso et al., 2015; Neagu et al., 2020) introduced to the
bulk of particles of oxygen carriers can also improve the rate of oxygen release from
the perovskite. Furthermore, the partial substitution of Sr and Fe with other elements
to influence the specific oxygen capacity, and the minimum temperature required for
detectable oxygen release, has been widely investigated (Vieten et al., 2019; Wang et al.,
2022a). For example, the partial substitution of Sr with Ce, giving Sr;_,Ce,FeO3_,
facilitates the ionic conductivity of O?~ through the crystal lattice, possibly by partial
reduction of Ce*t to Ce®*. However, the effects of each modification method on the
intrinsic kinetics of oxygen release and reuptake from SrFeO;_; have not been studied
systematically.

As discussed in Section 1.2, the stoichiometry of perovskite materials at thermo-
dynamic equilibrium, which determines the maximum oxygen capacity and chemical
driving force for oxygen release, is a function of temperature and oxygen partial pressure.
The effects of partial substitution of Sr in SrFeO3_s on the thermodynamic properties
of the material have been investigated in experimental and theoretical studies (Bush
et al., 2021; Krzystowczyk et al., 2020; Vieten et al., 2017). For example, Krzystowczyk
et al. (2020) found that at low temperatures (<600°C), partial substitution of Sr
with Ba or Y increased the concentration of oxygen vacancies at equilibrium, whereas
doping with K or La resulted in a slight decrease. Similarly, Vieten et al. (2017)
found that substitution of Sr with Mn increased the concentration of oxygen vacancies,
with the extent of increase becoming greater at higher temperatures (up to 1200°C).
However, the effect of interactions between a perovskite oxygen carrier and another
phase (e.g. Ag or CeOy) on the oxygen stoichiometry of SrFeO;_s at equilibrium is

not well understood.

1.4 Probing the redox behaviour of SrFeOj_;

From in-situ X-ray diffraction (XRD) measurements and packed-bed reactor studies, the
reduction and oxidation of strontium ferrite has been shown to proceed via three distinct
regimes. For ‘shallow’ reduction of SrFeO3_s (where 0.5 > ¢ > 0), vacancies form in

the perovskite structure as oxygen uncouples from the surface of the material, or reacts
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with a reducing gas (Marek et al., 2018a; Reller, 1993). During reduction, the oxygen
stoichiometry of SrFeO3_s changes pseudo-continuously as oxygen is removed (Chizhik
and Nemudry, 2018; Metcalfe et al., 2019). Partially reduced phases of the general
form Sr, Fe,O3,_1 (where n = 2, 4, 8) form stable orthorhombic and tetragonal crystal
structures with ordered oxygen vacancies (Hodges et al., 2000), where intermediate
compositions of SrFeO3_s are equivalent to solid-state solutions of the different phases
in appropriate combinations to achieve the overall oxygen stoichiometry (Schmidt
and Campbell, 2002). However, the intermediate phases are difficult to distinguish
from cubic perovskite by laboratory XRD (Marek et al., 2018a), requiring instead
synchrotron radiation or neutron diffraction for detailed phase refinement (Hodges
et al., 2000; Schmidt and Campbell, 2002).

Furthermore, below oxygen stoichiometries of (3 - §) = 2.52, reduction is relatively
slow, down to SrFeO,5 (Starkov et al., 2014). At a composition of SrFeO, 5, the
strontium ferrite undergoes a topotactic phase transition (i.e. preserving relative
crystal orientation) from perovskite to brownmillerite structure (Hodges et al., 2000;
Xing et al., 2019). Formation of hyper-stoichiometric SrFeO, 5,5 brownmillerite has
also been observed from high-temperature XRD analysis (Mizusaki et al., 1992) and
in-situ transmission electron microscopy (TEM) studies (Batuk et al., 2023; Xing et al.,
2022) of reduction and oxidation, as a transient intermediate phase during reduction
of SrFeO3_s to SrFeOs 5, or vice-versa.

Under inert and mildly reducing atmospheres, SrFeOs 5 undergoes further reduction
very slowly (Starkov et al., 2014). Under stronger reducing atmospheres (e.g. Ha
at >800°C), the brownmillerite SrFeO, 5 phase decomposes into Sr-rich phases with
Ruddlesden-Popper structure (Sr,y1Fe,Os,41) (Savinskaya et al., 2008), iron rich
phases including SryFegO13 and SrFe;5019 (Fossdal et al., 2004; Kleveland et al., 2000),
and metallic Fe (Savinskaya et al.,, 2008). The final products of deep reduction of
SrFeO;_s under Hy at 900°C were reported by Marek et al. (2018a) as SrO and Fe,
which re-oxidised reversibly in air to re-form the original perovskite phase, or under
COg to form the brownmillerite phase.

As discussed in Section 1.3, the presence of Ag nanoparticles at the surface of
SrFeO3_s aids the transport of oxygen by withdrawing electron density from the
perovskite, aiding the formation of oxygen vacancies (Lee et al., 2021; Wang et al.,
2021), and, or, by catalysing reactions between oxygen surface species to facilitate
formation and dissociation of Oy (Kovalev et al., 2021; Leo et al., 2009; Majewski and

Dhir, 2018). Additionally, from in-situ Raman spectroscopy studies of oxidation of
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hydrocarbons over CeO,_s materials with and without Ag catalysts, the addition of
Ag altered the distribution of oxygen surface species (O~, 037, and O;) available
for reaction (Grabchenko et al., 2019; Lee et al., 2021, 2019; Wang et al., 2017), and
changed the reaction mechanism from a Mars-Van Krevelen mechanism (direct reaction
between the hydrocarbon with CeO lattice oxygen) to Langmuir-Hinshelwood (reaction
between the hydrocarbon and O, adatoms at the Ag surface) (Wang et al., 2023).
However, the pathways taken by oxygen from the bulk of the SrFeO3_s to form surface
species adsorbed on Ag, which then react with molecules in the gas phase, have yet to

be determined.

1.5 Structured oxygen carriers

In chemical looping processes for selective oxidation of hydrocarbons, selectivity towards
the desired product can be limited by direct reaction between the hydrocarbon and
the oxygen carrier, to form COs, and HyO (Gao et al., 2016). Hence, synthesis of
structured oxygen carriers with a protective layer has been applied in chemical looping
oxidative dehydration of alkanes (CL-ODH), where, for example, ethane is passed over
an oxygen carrier at high temperature to produce ethylene and water (Neal et al.,
2016). The protective layer limits direct combustion of the alkane with lattice oxygen
in the oxygen carrier (Liu et al., 2022a), while allowing oxygen species to diffuse from
the oxygen carrier through the layer to the surface of the particle, and react with the
alkane to selectively combust hydrogen and form an alkene.

In a typical scheme, a metal salt with a melting point lower than the intended reac-
tion temperature is impregnated onto an oxygen carrier, for example, 10 wt% LioCO3
on La;_,Sr,FeO3_s5 (Gao et al., 2020), for CL-ODH at 700-800°C. Then, under reaction
conditions, the metal salt melts to form a layer over the oxygen carrier, wetting the
surface of the particle. The combinations of oxygen carriers and molten salts applied
for CL-ODH were recently reviewed by Liu and Li (2023), with the molten salt layers
classified into one of two categories: ‘inert’ molten salts, which acted solely as a diffusion
barrier to prevent the alkane reaching the surface of the oxygen carrier (e.g. NayWOy),
and ‘active’ salts which selectively permitted the transport of specific oxygen species
selective for the oxidation reaction (e.g. Li;COs, which favoured transport of peroxide
species, selective for ODH, and inhibited the transport of non-selective atomic oxygen).

However, in order to achieve surface wetting, the reaction temperature must exceed
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the melting point of the salt (Gao et al., 2022), generally around 700°C for molten
carbonates.

Luongo et al. (2022) applied a different approach to produce structured oxygen
carriers for selective oxidation at relatively lower temperatures (<500°C). Particles of
a SrggCagoFeO3_5 oxygen carrier were impregnated with 10 wt% NaNOg, and then
calcined in ambient air at 500°C, causing the nitrate to melt, wetting the surface of the
oxygen carrier. The calcination temperature was sufficient to induce decomposition
of the nitrate to sodium oxide, which reacted with atmospheric CO5 to form a solid
layer of NayCOj at the surface of the material. The NayCOj3/SrgsCag2FeO3_5 material
was arranged in a packed bed reactor, in series with a bed of a catalyst selective
for oxidative dehydrogenation of ethane, MoVNbTeO, (Chen et al., 2023), with a

schematic of the arrangement shown in Fig. 1.6a.

(@)

. Bed of Bed of

Feed: Alternating
C.H : Oxygen DH Products
,Hs and air .

Carrier Catalyst

(b)

HWH ?,Y

Na,CO; layer
Dehydrogenation Q Q Dehydrogenation

catalyst catalyst
SrygCa, ,Fe0y (MoVNbTeO,) Sr,gCa, ,Fe0, (MoVNbTeO,)

Combustion at surface Oxygen uncoupling

Fig. 1.6 Schematic of chemical looping oxidative dehydrogenation (CL-ODH): (a)
Overall reactor arrangement, with consecutive beds of (b) SrgsCagoFeO3_s or (c)
NayCOj3/SrgsCag2FeOs_5, and MoVNbTeO,, showing the mechanisms described by
Luongo et al. (2022). In each case, the reactions during the reduction step under
flowing ethane are shown.

Chemical looping cycles of feeding ethane and air alternately were applied over the
layered bed at 500°C (well below the melting point of NayCOg, 851°C). Without the
protective layer of NayCOgs, the ethane partially combusted over the SrggCagoFeOs_s
oxygen carrier, with poor performance for selective dehydrogenation (<20% yield of
ethylene), shown in Fig. 1.6b. In the absence of the MoVNbTeO,, catalyst, no oxidative
dehydrogenation occurred, but O, gas was detected in the outlet stream, as a result

of oxygen uncoupling from the oxygen carrier. From isotope tagging experiments,
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producing samples of SrggCagoFe!®O5_s, the transport of oxygen from the oxygen
carrier through the NayCOj layer was found to be feasible under reaction conditions,
with the solid carbonate layer likely behaving in a manner analogous to the ‘inert’
molten salt layers described by Liu and Li (2023). Therefore, Luongo et al. (2022)
concluded that the selective CL-ODH reaction proceeded via the scheme shown in Fig.
1.6¢, with the NayCOj3/SrgsCag2FeO3_5 material undergoing CLAS cycles to provide
O, gas to the reaction stream, allowing oxidative dehydrogenation of ethane over the
bed of MoVNbTeO,, catalyst.

However, the applicability of solid protective carbonate layers for other selective
oxidation reactions, and in particular, for oxygen carriers incorporating metal catalysts,
remain underexplored. Furthermore, the three-way interactions between the oxygen
carrier, the protective carbonate layer, and a metal catalyst impregnated onto the

surface of the material, are unknown.

1.6 Selective oxidation of propylene via chemical
looping

As discussed in Section 1.1.2, chemical looping processes have been investigated for
the selective conversion of propylene to value-added products. Gan et al. (2024)
investigated chemical looping ammoxidation (co-feeding ammonia during reduction to
form a product containing nitrogen) of propylene over commercial BiMoO, catalysts
to form acrylonitrile, with chemical looping outperforming steady-state operation in
terms of time-averaged product yield.

Processes for the chemical looping oxidation of propylene have proven more elusive.
Chemical looping over unsupported PdO,, produced propylene oxide (PO) at up to 28%
selectivity during the first cycle, with acrolein and propanal forming via isomerisation
of PO at 38% and 33% selectivity respectively (Dibenedetto et al., 2008). However,
overall conversion of propylene was low, at around 0.4%, and the PdO, oxygen carriers
used did not show a consistent product distribution over multiple redox cycles, with
98% selectivity towards acrolein at 0.01% propylene conversion for the second and
subsequent cycles. The broad distribution of oxygenate products was ascribed to the
ability of Pd to act as a catalyst for hydrogen transfer reactions, which aid isomerisation
of PO to other oxygenates. In contrast, near 100% selectivity for PO was achieved

using unsupported V5,035 as an oxygen carrier, but at very low (0.03%) conversion
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of propylene. The use of V5,05 supported on SiO, or 1-Al;O3 allowed for a modest
improvement in the conversion of propylene, up to 0.1%, at 70% selectivity towards PO
over a single reduction step. Fattore (1975a,b) investigated Bi;O3—MoO3 and Fe,SbO,,
for oxidation of propylene in the absence of gaseous oxygen, finding that acrolein was
the dominant C3 oxygenate product over MoOs, 2 Bi;O3-MoO3, and Fe,SbO,,, and
that oxidative coupling to form Cg molecules (hexadiene or benzene) was favoured
over Bi;O3 and Sh,O4. However, no PO was detected over any of the oxygen carriers
investigated, nor were the reactions repeated over multiple redox cycles.

Silver-based catalysts on metal oxide supports, as applied for chemical looping
epoxidation of ethylene, have been widely investigated for selective oxidation of propy-
lene (Terzan et al., 2020) under conventional oxidation conditions (i.e. not chemical
looping), but have generally shown relatively poor selectivity towards C3 oxygenates.
For propylene reacting with oxygen over Ag, the y-carbon atom in propylene preferen-
tially reacts with atoms of oxygen adsorbed at the Ag surface, O, to form CO, via
complete combustion. The complete combustion reaction can be partially suppressed
by the addition of chloride species, either on the surface of the catalyst or in the feed
gas (Charisteidis and Triantafyllidis, 2020; Lu and Zuo, 1999; Seubsai and Senkan,
2011) but at the penalty of decreased propylene conversion. Selectivity towards Cs
oxygenates via oxidation of propylene is further limited by isomerisation reactions.
Kulkarni et al. (2012) investigated the reactions of PO over Ag surfaces under aerobic
and anaerobic conditions, finding that propylene oxide can undergo H-transfer reactions
to form a broad distribution of products, including propanal, acetone, allyl alcohol,
and acrolein.

The use of Ag—Au bimetallic catalysts in selective oxidation reactions has been
investigated by Geenen et al. (1982), where increasing the proportion of Au to Ag
reduced the extent of complete combustion, with acrolein as the favoured oxygenate
product. The increase in selectivity towards acrolein was attributed to the catalysts
having isolated Ag sites (i.e. the separation between the catalyst’s active sites greatly
exceeded the size of propylene molecules), which inhibit the dissociation of molecular
oxygen from forming two neighbouring O,—Ag species. Therefore, the favoured surface
species was adsorbed molecular (O3), (Geenen et al., 1982; Rojluechai et al., 2007),
selective towards acrolein.

Chemical looping processes using Ag/SrFeO3_s have been shown to be effective
for chemical looping epoxidation of ethylene (Chan et al., 2018b; Damba et al., 2024),

however, such materials have not yet been applied for selective oxidation of propylene.
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Furthermore, the effect of adding catalytic promoters (Cl and Au) to the Ag/SrFeO;_s

on the reaction mechanism during chemical looping is unknown.

1.7 Objectives and structure of this Dissertation

Strontium ferrite has been identified as a suitable oxygen carrier for various chemical
looping processes at the laboratory scale, with the addition of Ag as a catalyst enabling
applications for the selective oxidation of hydrocarbons. The primary research objectives
of this Dissertation are to understand how modifying SrFeO3_; with additional elements
affects the reactive properties of the oxygen carrier, and to understand the mechanisms
by which lattice oxygen from the oxygen carrier becomes available for reaction at the

active catalytic sites on Ag. Specifically, the aims of this Dissertation are:

e To understand the influence of bulk, surface, and structural dopants on the

thermodynamic properties and kinetics of oxygen uncoupling and re-oxidation
for SrFeO5_s.

o To apply in-situ characterisation in order to understand the bulk and surface
reactions over the course of each chemical looping cycle, and the pathways taken

by oxygen from the SrFeOj3_; lattice to the surface of Ag.

» To assess the reactive properties of structured Ag/SrFeO;_s materials incorpo-
rating a protective carbonate layer, applied for selective oxidation reactions, and
to determine whether an exposed Ag surface, and, or, contact between the Ag

catalyst and the SrFeO3_s oxygen carrier, is necessary for reaction.

 To investigate the chemical looping oxidation of propylene over Ag/SrFeO;_s-

based materials modified with Cl and, or Au.

The methods applied in this Dissertation to prepare and characterise oxygen carriers,
and descriptions of the reactors used in experiments, are given in Chapter 2.

In Chapter 3, a series of SrFeO3_s oxygen carriers modified with Ag and CeO at
the surface, bulk, and in the structure, were prepared. The effects of each modification
method on the rate of oxygen release and re-uptake in a CLAS system were investigated,
and kinetic parameters estimated for reduction and oxidation. The influence of Ag on
the thermodynamic properties of SrFeO3_s was characterised by thermogravimetric

analysis.
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In Chapter 4, in-situ characterisation techniques (X-ray diffraction, transmission
electron mictroscopy, X-ray photoelectron spectroscopy, and Raman spectroscopy) were
applied to deduce the bulk and surface changes in SrFeO3_5 and Ag/SrFeO3_5 over
the course of each chemical looping cycle. Reduction in hydrogen and oxidation in air
were used as model reactions, in order to understand the interactions between the Ag
catalyst and the SrFeOs_s support, and the mechanisms by which lattice oxygen from
the SrFeO3_s was transported to the surface of Ag.

In Chapter 5, a series of structured Ag-Nay,CO3-SrFeO3_s materials were prepared
in order to understand the applicability of protective carbonate layers in materials
for chemical looping oxidation incorporating metal catalysts. The materials were
applied for epoxidation of ethylene as a model selective oxidation reaction operated in
a chemical looping mode.

In Chapter 6, Ag/SrFeO3_s modified with Cl and Au was investigated for the
chemical looping oxidation of propylene. The reaction mechanisms at the surface of
the modified catalysts to form various oxygenated Cs products were considered.

Lastly, Chapter 7 discusses the overall conclusions arrived at from the work in
this Dissertation, and presents suggestions for future research. Further experimental

measurements and supporting data for each Chapter are provided in the Appendices.
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Chapter 2
Experimental methods

This Chapter discusses the experimental methods used in this Dissertation, including
synthesis of materials (Section 2.1), descriptions of characterisation techniques used
(Section 2.2), and the design and operation of packed bed reactors used in experiments
(Section 2.3). Further experimental details specific to a particular section of work are

included in subsequent Chapters where relevant.

2.1 Preparation of oxygen carriers

2.1.1 Solid-state synthesis

The oxygen carrier used in experimental work was the mixed metal oxide strontium
ferrite (SrFeO3_s, with synthesised material referred to as SFO for brevity). Particles
of SFO were prepared using a solid-state method adapted from Marek et al. (2018a),
with a typical batch size of 0.5 mol SFO (95.7 g of product). Stoichiometric quantities
of strontium carbonate (SrCOgs, Sigma Aldrich, >98%) and iron (III) oxide (a-Fe,Os3,
Honeywell Fluka, >99%) were added to a 250 mL stainless steel grinding jar with
10-13 stainless steel balls (O.D. 20 mm), and mixed with 75 mL ethanol (Fisher
Scientific, 99.8%) to form a homogeneous paste. The mixture was then milled using a
ball mill (Pulverisette 6, Fritsch) with 2 min of milling at 600 rpm, followed by 20 min
of cooling in ambient air, repeated 15 times. The resulting mixture was dried at 50°C
in air for 24 h, then crushed and seived to <355 pum. The particles were then calcined
at 1000°C for 12 to 22 h in a muffle furnace under static air, either in a single step, or
in multiple steps with intermediate cooling to room temperature, to form coarse, dark

grey particles. No differences in physical or chemical properties were observed between
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batches of SFO produced with differing calcination conditions. Each batch of strontium
ferrite prepared was verified to have a phase purity of at least 95 wt% perovskite
SrFeO3_s by X-ray diffraction, as described in Section 2.2.1. The main impurity phases
detected included Ruddlesden-Popper SrsFe,O7, and unreacted SrCO3 (up to ¢. 2 wt%
each). For all subsequent calculations, the presence of impurity phases was neglected,
with the phase purity of the SFO starting material assumed to be 100 wt% perovskite
SrFeO3_s. Therefore, properties estimated on a mass basis (e.g. rates of reaction, and
oxygen capacity) represent a lower bound estimate, as the true mass of SrFeO3_s used

in experiments was slightly lower than the assumed mass used for analysis.

2.1.2 Surface-modified oxygen carriers

Modified oxygen carriers were prepared with silver deposited on the surface of SFO
by incipient wetness impregnation, to achieve a uniform dispersion of Ag nanopar-
ticles (Marek and Garcifa-Calvo Conde, 2021). A precursor solution containing Ag
was prepared by dissolving AgNO;3 (Alfa Aesar, >99.8%) in deionised water. The
concentration of the AgNOj solution was adjusted to achieve the desired nominal Ag
loading (generally 10 wt% or 15 wt%). The resulting solution was added dropwise to
particles of SFO (sieved to 180-355 pum), with manual mixing using a spatula until
all liquid was absorbed. The particles were dried at 120°C for 12 h, then calcined at
650°C for 5 h in static air to decompose the AgNOj3, forming metallic Ag and gaseous
nitrogen oxides. Samples of SFO impregnated with Ag were designated Ag/SFO.

To prepare particles of SFO with AgCl deposited at the surface, the addition
of AgNOj3 was followed by the addition of hydrochloric acid (37wt%, VWR), added
dropwise with manual mixing, followed by drying and calcination as for Ag/SFO. A
50 mol% excess of HCI was added with respect to Ag, to ensure all Ag present reacted
to form AgCl.

Particles of SFO modified with CeO, at the surface were prepared by incipient
wetness impregnation of Ce(NOs3)3-6H50 (Acros Organics, 99.5%) dissolved in deionised
water. Saturated Ce(NOjs)s solution was added to SFO until the particles coalesced
(corresponding to maximum liquid volume for incipient wetness impregnation), giving
a nominal loading of 9.3wt%. The impregnated particles were dried at 120°C for 12 h,
then calcined at 650°C for 5 h in static air.

Oxygen carriers modified with sodium carbonate were prepared using a method
adapted from Luongo et al. (2022), illustrated in Fig. 2.1. Sodium nitrate (NaNOj,

Aldrich, 99%) was dissolved in deionised water, with the nitrate mass chosen to give a
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nominal final loading of 10 wt% sodium carbonate. The precursor solution was then
added to SFO dropwise with mixing, dried for 12 h at 120°C, and calcined at 700°C
for 5 h to ensure complete decomposition of the nitrate (Bond and Jacobs, 1966).
During calcination, the impregnated nitrate melted at 308°C, wetting the surface of
the particle of SFO (Luongo et al., 2022). Then, at >600°C, the nitrate decomposed
and reacted with atmospheric CO5 in ambient air, to form a solid layer of the sodium
carbonate, covering the surface of SFO. Materials modified with both Ag and Nay,COg3
were prepared by sequential impregnation and calcination, described in further detail

in Chapter 5.
NaNO, CO, )
NaNO, w Na,CO,

(aq)

Impregnate 120°C: NaNO4 308°C: NaNOgzmelts  ~700°C: NaNO, reacts
with NaNO, crystallises and wets surface with atmospheric CO,
to form Na,CO,

Fig. 2.1 Schematic diagram showing steps in impregnation of SFO with an alkali metal
nitrate to form a sodium carbonate layer.

Samples of SFO were modified with gold using two preparation methods. Gold-
containing samples with chloride ions present in the final material were prepared using a
method adapted from Suo et al. (2008). A batch of precursor solution containing Au was
prepared by dissolving AuCly (Alfa Aesar, >99.8%) in deionised water (0.65 g mL™1).
Then, the solution was adjusted to pH 7-8 by adding NaOH solution (Fisher Scientific,
10% w/v) dropwise to form the [AuCl(OH)s3]~ ion in solution. The gold precursor
solution was added dropwise to SFO, then dried for 12 h at 120°C and calcined for 5 h
at 650-700°C. For materials modified with both Ag and Au, the SFO was impregnated
with both Ag and Au precursor solution, then dried and calcined. During impregnation,
the AgNOj reacted with the AuCl; solution to form AgCl, Au, and AgAu on the
surface of the calcined material. The target Ag-Au ratio was adjusted by varying the
volumes of each solution added, described in further detail in Chapter 6.

To prepare SFO modified with Au without the presence of chloride in the final
material, a ligand complexation method was used, adapted from Murayama et al.
(2017). In a typical batch, 1.82 mmol f-alanine (Acros Organics, 99%) was dissolved in
2 mL NaOH solution (Fisher Scientific, 1.25 M), with 3 mL ethanol (Fisher Scientific,
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99.8vol%) then added. A separate solution was prepared by adding 1 mL HAuCl,
solution (Acros Organics, ACS Reagent, 0.227 M) to 4 mL ethanol. The two solutions
were mixed, and cooled at -18°C for approximately 12 h, to form a pale orange
precipitate. The precipitate was separated by centrifugation at 528 RCF for 10 min
with cooling to 4°C, then washed with 70 vol% ethanol (i.e. the concentration of
ethanol in the supernatant). The solids were dried overnight in a dessicator to form a
dark Au-(/-alanine) solid, which was insoluble in 70 vol% ethanol but soluble in water.
The Au-(/-alanine) was dissolved in deionised water, and added dropwise to particles
of SFO. To prepare mixed Ag/Au-L/SrFeO;_s materials, AgNOj3 solution was then
added dropwise, and the material dried for 12 h at 120°C and calcined for 5 h at 650°C.

2.1.3 Bulk-modified oxygen carriers

Strontium ferrite with CeOs mixed into the bulk was prepared by mixing 0.025 mol
CeOy with 0.5 mol SrCO3 and 0.25 mol Fe,O3, for a target loading of 5.0 mol% CeOq
(4.3 wt%). The material was then ball-milled with ethanol, dried, and calcined, as
described in Section 2.1.1. The CeOy powder was prepared by heating Ce(NOjz)3-6Hy0
to 500°C at a rate of 1°C min~! in air to induce thermal decomposition, holding for
4 h, then slowly cooling to room temperature (Marek et al., 2020). Partial substitution
of strontium with cerium to form produce Srg g5Ceg o5FeO3_5 was performed by mixing
0.025 mol CeOy with 0.475 mol SrCO3 and 0.25 mol Fe;O3. The sample was ball-milled
and dried, then calcined in air at a higher temperature of 1200°C in two steps of 4
and 18 h respectively (Markov et al., 2020). After initial calcination, the material
produced was not active for redox reactions, potentially as a result of incomplete
reoxidation during rapid cooling in air to room temperature after calcination, or
incomplete incorporation of Ce into the perovskite structure (Markov et al., 2020). To
activate the material, the material was deeply reduced to aid incorporation of Ce3*
into the strontium ferrite structure and to remove any residual CeO, (Marek and
Garcia-Calvo Conde, 2021), then, slowly cooled in air to ensure the material reoxidised
(Marek et al., 2018b). The particles of synthesised Srg.95Ceg05FeO3_s were reduced for
1.5 h in flowing 5 vol% Hy (certified at 4.87 vol%, balance No, Air Liquide) at 700°C
in a quartz reactor tube, using an electric tube furnace for heating. The material was
then removed from the reactor, and reoxidised by heating the sample to 650°C in air in
a muffle furnace, holding for 30 min, and cooling to room temperature at a ramp rate
of -2°C min~!. The Ce was confirmed to remain in the perovskite structure by X-ray

diffraction, as described in Chapter 3, and the activated material was able to cyclically
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release and uptake oxygen in redox reactions. However, the exact mechanisms by which
the procedure of deep reduction followed by gradual oxidation helps activate oxygen
carrier materials are not fully understood (Marek et al., 2018b).

The samples prepared and used in experiments in each Chapter are summarised in
Table 2.1.

Table 2.1 Summary of samples prepared in each Chapter, and preparation methods
used

Chapter Description of samples
SFO modified with CeO, at surface (9.3 wt%);
Bulk modification of SFO with CeO, (4.3 wt%);

s Structural doping of SFO with Ce (5 mol%);
SFO modified with Ag at surface (15 wt%)
4 SFO modified with Ag at surface (10 wt% and 15 wt%)
5 SFO impregnated with Ag (10wt%) and Nay,CO3 (10 wt%)
6 SFO modified with Ag, AgCl, and Au (2.5-10 wt%)

Chapter Preparation method(s) used
Incipient wetness impregnation (Ce(NOs)s-6H20 or AgNOs3);

3 Solid-state ball milling (CeO,)

4 Incipient wetness impregnation (AgNOj3)

5 Incipient wetness impregnation (AgNOs and NaNOs)
Incipient wetness impregnation (AgNO3 and, or AgCls);

6 Treatment with HCI;

Impregnation with Au-(5-ala) complex
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2.2 Characterisation of prepared materials

2.2.1 X-ray diffraction (XRD)

The phase composition of samples produced by solid state synthesis was determined
using powder X-ray diffraction (XRD). Samples were prepared by dispersing a thin
layer of particles onto a glass cover slip coated with silicone grease, then, the sample
was introduced into the diffractometer instrument, using Cu-Ka radiation at 40 kV
voltage and 40 mA current to collect diffraction patterns. Two different models of
diffractometer instrument (Bruker D8 Discover or Malvern Panalytical Empyrean)
were used to collect the XRD measurements reported in this Dissertation. The phase
composition of the samples was estimated by Rietveld or Pawley refinement, using
Profex (Doebelin and Kleeberg, 2015) and TOPAS v5 (Coelho, 2018) software. Phases
were fitted based on reference structures from the Inorganic Crystal Structure Database
(ICSD) (Belsky et al., 2002), with ICSD collection codes for phases used given in
Appendix A, Table A.1. In a typical measurement, diffraction patterns were collected
over the angular range 20 = 5-80° with a step size of 0.05° and a step time of 2 s,
with a typical scan time of approximately 50 min. Measurements at low Bragg angles
(20 < 20°) gave a large, broad background peak, as a result of diffraction from the
amorphous grease used to affix the sample to the cover slip.

Diffraction patterns at above-ambient temperature under varied gas environments
were collected by mounting the powder sample in a gas-tight furnace with a rotating
sample stage (Anton Paar, XRK 900). Gases (compressed air, Ny, or 5 vol% Hsy in No,
all BOC) were passed through the sealed sample chamber at a flowrate of 200 mL min™?,
set using calibrated rotameters. For in-situ measurements, to mitigate changes in the
composition of samples over the course of each scan as a result of reaction, shorter
scan times were used, with an angular range of 260 = 20-70°, giving an overall scan
time of approximately 20 min. Some of the in-situ XRD measurements reported in
this Dissertation were performed by Dr Chris Truscott (Yusuf Hamied Department of
Chemistry, University of Cambridge).

The mean crystallite size of materials impregnated onto SFO was estimated from
XRD patterns using Eq. 2.1 (Scherrer, 1918), where 7 is the mean crystallite size (nm),
K is a dimensionless shape factor (taken to be approximately K = 0.9), A is the X-ray
wavelength (0.15406 nm for Cu-Ka radiation), § is the full width at half maximum of
a given peak in the diffraction pattern (radians), and 6 is the Bragg angle of the peak

centre (radians).
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K\

Teryst = m (21)

2.2.2 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of samples was performed using a Metter Toledo
TGA/DSC 1 or TGA/DSC 3+ analyser with a horizontally oriented microbalance.
Reactive gases were delivered over the sample via a capillary tube (shown in Fig. 2.2),
with the flow rate of each gas set to 50 mL min~!. An alumina crucible was loaded
with 20-50 mg of particulate sample and placed on the balance pan. The temperature
program, comprising ramping steps at defined temperature ramp rates, and hold steps
at given temperature setpoints, was set using StarE software. Delivery of reactive
gas was controlled using computer controlled solenoid valves to switch between gases
(all gases used in the TGA instruments were BOC, 99.99+%). The chamber and
balance were continuously purged with protective flows of Ny, each with a flow rate of
50 mL min~!, for a total flow of 150 mL min~! through the TGA sample chamber. For
experiments using samples of SFO-based materials, samples were cleaned by heating
in air to 800-900°C, then cooling to room temperature at 10°C min~! to remove any

carbonate impurities (Marek et al., 2018a).

Ceramic crucible
(alumina or zirconia)
/

Reactive gas capillary Furnace wall
(electrically heated)

Refractory baffles

Balance beam

material Scale pan thermocouples

Fig. 2.2 Schematic diagram showing internal components of TGA furnace. Not to
scale.

In Chapters 3 and 5, a temperature ramp in the TGA was used to determine the
onset temperature at which samples undergoing reduction began to lose mass, T,,ses,
found using the findchangepts function in MATLAB. When temperature in the TGA
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furnace was changed, the change in buoyancy of gases flowing around the balance beam
resulted in apparent changes in sample mass, even in the absence of any reaction of the
solids. To correct for the mass change induced by changes in buoyancy, for all TGA
experiments, a blank run was generated by performing the experimental procedure
using an empty sample crucible, then, the mass change associated with the blank was
subtracted from subsequent measurements of samples. The difference between raw
TGA output, and corrected mass with blank subtraction, is shown in Fig. 2.3a.
Furthermore, during a temperature ramp at a constant heating rate, the onset
temperature for a gas-solid reaction (equivalently described as the first temperature

&Pm
dr?

related to both the apparent activation energy of the reaction, and the heating rate

where 0, where m is the sample mass and T is the sample temperature) is
used (Criado and Ortega, 1986; Vyazovkin, 2020). Hence, the effect of varying ramp
rate is shown in Fig. 2.3b, where a sample of Ag/SrFeO;_s was heated from 50-900°C
at rates of 2.5, 5, 10, and 20 °C min~!, with Ny as the reactive gas. A c. 35°C range
in apparent onset temperatures was observed, with faster ramp rates showing higher
values of T,,s.:. Hence, to ensure measurements of different samples were comparable to

1

one another, a ramp rate of 10°C min™" was used for all temperature ramp experiments

in the TGA.

Additional factors in TGA experiments can affect rate of mass loss, including flow
patterns of gas around the sample depending on the TGA arrangement, diffusion
limitations within the sample, and thermal dissipation within the sample, discussed
in detail by Steiner et al. (2024). Given the difficulties in using TGA to access the
kinetically controlled regime of reactions, TGA measurements were not used to quantify
kinetic parameters; instead, to assess reaction kinetics, experiments in a packed bed
with well-defined gas flow were performed, as described in Section 2.3.1.

In Chapter 3, experiments were performed in the TGA to determine the equilibrium
non-stoichiometry (3 - §) of SFO based materials, by bringing the materials to equi-
librium under varied temperature and partial oxygen pressure (pOs) conditions. For
each gas composition of interest, a target p(O, was achieved by blending compressed air
(taken to have nominal pOy; = 0.21 atm), and Ny (rated at nominal pOy = 107° atm)
from gas cylinders. As a result of mixing between the reactive gas and the purge
and protective gases, the concentration of the reactive gas at the sample crucible was
expected to be diluted, with dilution factors between 1/3 and 2/3 reported in literature
(Hu et al., 2016; Marek et al., 2018a) for the experimental arrangement used here.

Furthermore, after switching the gases supplied to the TGA furnace chamber, variation

26



2.2 Characterisation of prepared materials

1.005 1.005 —
1} I SR |
| |
—_ — L__
< <
w 0.995 1 w 0.995 1 ]
& g 50 300 350 400
g g
o 099f o 099}
> >
= =
= 0.985 =~ 0.985
Q Q
o4 o ———25°C min!
———5°C min~! )
0.98 ¢ Raw measurement 0.98 ¢ 10°C min~?* \
Blank subtracted ———20°C min~!
0.975 0.975

(a) Blank subtraction

(b) Variable ramp rate

100 300 500 700 900 100 300 500 700 900
Temperature (°C) Temperature (°C)

Fig. 2.3 (a) Comparison between raw and blank-subtracted measurements during
reduction of Ag/SrFeOs_s between 50-900°C in Ny at a ramp rate of 10°C min~*
and (b) differences in apparent onset of reduction with ramp rate varied between
2.5-20°C min~'. Inset in (b) shows zoomed section to highlight onset temperature of
reaction.

in pOy within the chamber was expected, as a result of imperfect mixing of gases
(Steiner et al., 2024).

Hence, in order to achieve accurately known p(O, conditions at the sample for
quantitative analysis of equilibrium properties, the blended gas at known pO, was
passed through the purge and protective gas channels as well as through to the reactive
gas capillary. The TGA system was purged with the blended gas for 2-4 h before
experiments, to ensure all gas within the instrument was at a known, uniform value of
pOs. The required ratios of air and Ny flow rates were set using rotameters, with the
total flow to the TGA instrument kept at 150 mL min~? for all experiments.

The experiment started by ramping the temperature to a set-point in the range
of 500-600°C, followed by a 3 h isothermal hold to allow the investigated sample to
reach equilibrium with the flowing gas. The nominal pO, at the outlet of the TGA was
verified using an ABB EL3020 analyser fitted with a Magnos 206 paramagnetic oxygen
sensor (ABB Ltd.), with representative measurements of pO, in the TGA outlet gas

over the course of an experiment shown in Appendix A, Fig. A.2.
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2.2.3 Temperature programmed reduction (H;-TPR)

Temperature programmed reduction in Hy (Ho-TPR) was performed to assess the
reactive properties of SFO-based materials in a reducing environment, and identify
the temperatures required for removal of oxygen species at the surface of each sample
(Pirola et al., 2018). The Ho-TPR experiments were conducted using a purpose-built
rig, with a schematic shown in Fig. 2.4. A sample of material (c. 30-50 mg) was placed
in a quartz U-tube reactor, and secured using glass wool (Thermo Scientific). The
U-tube was connected to the rig using Swagelok Ultra-Torr fittings, and inserted into
the tube furnace, with a K-type thermocouple placed in the centre of the bed of active
material.

To clean any adsorbed carbonaceous species or water from the surface of the
material, air (99.99%, BOC) was passed over the sample at 50 mL min~! for 2 h at
650°C. The sample was then cooled to room temperature in air, then, the feed to the
reactor was changed to 5 vol% Hs in Ny (99.99%, BOC). The reactor outlet was passed
over a bed of crushed A3 molecular sieves (3 A pore size, Acros Organics), and cooled
to c¢. 2°C using a Peltier cooler, to remove any moisture generated by the reaction of
the solid sample with Hy. The dried gas was then passed to a thermal conductivity
detector (TCD, Valco Instruments Co. Inc.) to measure the difference in thermal
conductivity between the outlet stream and a reference stream of 50 mL min~! He
(99.99+%, BOC).

The voltage output from the TCD was calibrated with respect to 5 vol% Hy in N,
and pure Ny, allowing the hydrogen concentration in the outlet stream to be estimated
by assuming a linear response from the TCD. The system was allowed to stabilise
for ¢. 5 min with flowing 5 vol% H, in Ny at room temperature, then, the furnace
set-point temperature was ramped to 700°C at 5°C min~!, with the temperature at the
thermocouple in the centre of the bed recorded using a data logger (PicoLog TC-08,
Pico Technology). The dead time in the system was estimated to be tgeqq = 16.0 + 0.5 s
by alternating feeds of 5 vol% Hy in Ny and N to the reactor, and measuring the time
taken for the TCD signal to change by 1%.

To determine the mixing time for the system, the glass U-tube was assumed to be
well-described as a single continuous stirred-tank reactor (CSTR). Then, by modelling
the sensor response after a gas switch as a first-order decay, the first-order mixing time
was estimated to be 7,,;, = 10.1 £ 0.1 s. Hence, the output signals from the TCD
and temperature logger were corrected for dead time and mixing time, in order to

synchronise the estimated sample temperature and TCD signal.
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Fig. 2.4 Schematic diagram showing main components in rig used for Ho-TPR. Not
drawn to scale; some pipework and fittings have been omitted for clarity.
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2.2.4 Inductively coupled plasma atomic emission
spectroscopy (ICP-AES)

To determine the elemental composition of synthesised materials, inductively coupled
plasma atomic emission spectroscopy (ICP-AES) was performed. Briefly, a small sample
(c. 2 mg) of solid material was dissolved in 5 mL nitric acid (67%, TraceMetal?™
Fisher Scientific), then diluted to 10 mL volume using deionised water, and then a
0.5 mL sample of the resulting solution was further diluted 20-fold to 10 mL. The
resulting solution was analysed for each element of interest using a Thermo Fisher
Scientific ICAP7400 DuO instrument, calibrating the instrument response against
a dilution series of known concentrations. Sample preparation, and measurements
using ICP-AES, were performed by Dr Nigel Howard (Yusuf Hamied Department of
Chemistry, University of Cambridge).

2.2.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) measurements at room temperature were
collected using a Thermo Fisher Talos F200X G2, operated at 200 kV accelerating
voltage. Scanning transmission electron microscopy bright field (STEM-BF) and high-
angle annular dark field (STEM-HAADF) images were collected in parallel, alongside

energy dispersive X-ray spectra (EDS). Samples were crushed to a fine powder and
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suspended in propan-2-ol (Fisher Scientific, 99%). A drop of the suspension was then
deposited onto a holey carbon grid (53 pm, EM Resolutions), and inserted into the
TEM instrument. The sample chamber was evacuated to 10~% mbar total pressure,
corresponding to an oxygen partial pressure of approximately pOy = 2.1 x 10~7 Pa.
Sample preparation, and collection of TEM measurements at room temperature
reported in this Dissertation, was performed by Dr Heather Greer (Yusuf Hamied

Department of Chemistry, University of Cambridge).

TEM measurements with in-situ heating

Measurements using TEM at elevated temperatures (up to 700°C) were performed
using a Thermo Fisher Spectra 300 instrument operating at 300 kV accelerating voltage.
Samples were prepared for in-situ TEM analysis by manually crushing particles of
synthesised material in an agate mortar. The resulting powder was then suspended
in chloroform (Sigma Aldrich, >99%), and a drop of the resulting suspension was
deposited onto a heating chip (DENSSolutions Wildfire), then dried for 45 min at 50°C
on a hotplate. Adhesion of the crushed material to the heating chip was verified using
an optical microscope, shown in Fig. 2.5. The chip was mounted in a sample holder
and inserted into the TEM instrument, then, the sample temperature was increased
to a given set-point value using DENSSolutions Impulse software, and allowed to
settle for 5 min before collecting measurements. Selected area electron diffraction
(SAED) patterns were collected at each point on the sample using a MerlinEM direct
electron detector (Quantum Detectors), alongside EDS and electron energy loss spectra
(EELS). Simulated SAED patterns were generated using SingleCrystal® (CrystalMaker
Software).

The choice of solvent used to deposit the crushed sample onto the heating chip had
a marked impact on the quality of TEM images. Initial attempts at sample preparation
using propan-2-ol (Fisher Scientific, 99%) or acetone (Fisher Scientific, 99%) were
unsuccessful, as the solvent resulted in excessive carbon deposition onto the sample,
giving poor image resolution, whereas hexane (Sigma Aldrich, >99%) resulted in poor
adhesion of crushed material to the heating chip.

The TEM measurements at elevated temperatures reported in this Dissertation were
performed by Dr Simon Fairclough (Department of Materials Science and Metallurgy,
University of Cambridge).
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Fig. 2.5 Optical microscope images of the DENS Wildfire heating chip, (a) before
and (b) after loading with crushed sample. Heating was provided by current supplied
though wire coil (shown in black), with TEM images taken of particles suspended over
oval holes (shown in white).

Energy dispersive X-ray spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) is a electron microscopy technique used
to quantify the elemental composition of a solid sample. When exposed to incident
electrons from the electron beam, atoms within the sample become excited, releasing
X-rays at characteristic wavelengths, corresponding to the energies of specific electronic
transitions within the sample material (Hodoroaba, 2020). A representative EDS
spectrum over the X-ray energy range 0-15 keV for a sample of Ag/SFO is shown
in Fig. 2.6, with peaks corresponding to electronic transitions in Ag, Fe, Sr and O
indicated, as well as residual C and Cu present in the sample as a result of the
preparation method.

Elemental composition was determined from EDS measurements by calculating
the area between the peak and the baseline for each electronic transition, normalised
according to the Cliff-Lorimer response factors for each element with respect to Si
(Cliff and Lorimer, 1975; Sheridan, 1989). The EDS spectra were collected during
TEM imaging using a SuperX EDS detector, with maps showing the distribution of
elements of interest generated using the Hyperspy Python package (Pena et al., 2017;
Pena et al., 2022) or Velox software (Thermo Fisher Scientific).

Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) is a TEM technique which can be used to

estimate the oxidation state of transition metals in a sample (Tan et al., 2012). The
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Fig. 2.6 Representative EDS spectrum for Ag/SFO, with labelled peaks corresponding
to elemental transitions of interest.

majority of electrons incident on a thin sample pass through without interacting with
the material - however, a small fraction of the electrons undergo inelastic scattering,
losing energy (Hofer et al., 2016). The energy loss during inelastic scattering corresponds
to a specific electronic transition of an element in the sample, hence, by analysing the
relative intensity of peaks in the EELS spectrum at characteristic energies, the local
chemical environment can be estimated.

A Gatan Continuum EELS detector was used to collect EELS spectra in parallel
with TEM images and EDS measurements. The resulting EELS spectra were processed
and analysed using the Hyperspy Python package (Pena et al., 2022). For a given
EELS scan, low-loss (energy loss range -61-550 eV, shown in Fig. 2.7a) and high-loss
(energy loss range 240-850 eV, shown in Fig. 2.7b) spectral measurements were collected
in parallel.

Instrument calibration was performed by setting the position of the peak with
maximum intensity in the low-loss spectrum to 0 eV, corresponding to transmitted
electrons with no energy loss. The mean number of scattering events per incident
electron is described by the dimensionless group /\ifp, corresponding to the ratio of
sample thickness (nm) to electron mean free path (nm), estimated from Eq. 2.2 (Malis

et al., 1988), where [ is the area of the zero-loss peak, and I, is the total area of the

_t
Ay

SrFeO3_5 and Ag/SrFeO;_s used in EELS analysis are shown in Fig. 2.8.

low-loss EELS spectrum. The values of estimated at each point on the samples of
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Fig. 2.7 (a) Low-loss and (b) High-loss EELS spectra for Ag/SrFeO;_s, with peaks of
interest indicated.
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Fig. 2.8 Maps of /\pr ratio for (a) SrFeO;_s and (b) Ag/SrFeO;_s, determined from
Eq. 2.2 for each point on the samples.

Electron mean free path in EELS approximately scales according to the relationship

Aip o p~ 03, where p is the material density (Iakoubovskii et al., 2008). Taking the
density of SrFeO3 as 5.57 g cm ™3 (Villars and Cenzual, 2012), the electron mean free
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path was estimated to be Ay, = 132.5 nm by extrapolating experimental measurements
reported by lakoubovskii et al. (2008). Hence, the thicknesses at each point on the
samples were estimated from the EELS signals, as described in Chapter 4.

For thick sections of each particle (¢ > 250 nm), plural electronic scattering (z.e.
incident electrons undergoing multiple scattering events per electron), and low signal
intensity as a result of attenuation through the solid resulted in poor quality EELS
signals, and hence were excluded from subsequent calculations. To mitigate any further
influence of plural scattering on the EELS signal, Fourier ratio deconvolution (Wang
et al., 2009) was applied between the low-loss and high-loss spectra using Hyperspy

software, and a power-law background was fitted to the high-loss spectra.

Determination of local oxidation state from EELS measurements

From the EELS measurements, the local oxidation state of Fe in SrFeO3_s was estimated
from the intensity of the Fe-L3 and Fe-Ly peaks, corresponding to excitation of the Fe
2p3/2 and Fe 2py /9 electrons respectively to the Fe 3d energy level (Garvie et al., 1994).
Baseline correction was performed by fitting a double-arctan function (Van Aken and
Liebscher, 2002) of the form given in Eq. 2.3 to the EELS spectrum over the energy
range 703.0-735.0 eV.

f(AE) = ho + };1 <arctan (W - (AE — E1)> + 72r)

w1

+ CL: (arct(m (W - (AE — Eg)) + g) .

W2

The inflection points of each arctan function were fixed at £; = 713.0 ¢V and
FEy = 726.0 eV, and widths fixed at w; = wy = 1.0 €V. The parameters hg, hy, and
hs, corresponding to the asymptotes of each arctan function, were then fitted to the
experimental measurements. To evaluate the intensity of the L3 and Ly peaks, the
area between the measured values and the fitted baseline, over an integration window
of width 2 eV centred on the peak maximum, was found by numerical integration (Tan
et al., 2012; Van Aken and Liebscher, 2002). A representative EELS spectrum for
Ag/SFO is shown in Fig. 2.9.

For oxides of Fe, the local oxidation state of Fe ions is correlated to the ratio of areas
of the Fe-Ls and Fe-L, peaks (%)’ provided the materials contain Fe in two oxidation
states only (i.e. Fe*™ and Fe**, or Fe?* and Fe*") (Tan et al., 2012). Van Aken and
Liebscher (2002) report the area ratios between the Fe-Lj:Fe-Ly in EELS signals for

mixed iron oxides with known Fe3" fraction (1;6;2), shown in Fig. 2.10.
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Fig. 2.9 Section of EELS spectrum showing Fe-L3 and Fe-L, peaks, with fitted double
arctan baseline and white line integration windows shown.
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By fitting a polynomial curve to the reported experimental measurements to
extrapolate oxidation state from measured %, a map of the local oxidation state of
iron in a sample can be estimated from EELS measurements (Lopez-Adams et al., 2022).
Assuming that iron is only present in SrFeO3_s and Ag/SrFeO3_s in the oxidation states
Fe'* and Fe?" (Zhou and Goodenough, 2005), the % intensity ratio was estimated for
each point on the samples. In order to satisfy charge neutrality for SrFeO3_g, assuming
the strontium and oxygen are present as Sr?T and O*~ ions respectively, the overall

charge balance is given by Eq. 2.4.

F€3+ F€3+

1x2 3 1— 44 (3—-0)x—-2=0 2.4

X+EF6X+< ZFE)X T3-9)x (24)

Hence, rearranging Eq. 2.4, the implied local oxygen stoichiometry of SrFeO3_s at
each point on the samples was estimated from Eq. 2.5.
1 Fe3t

(B=0)=3-5%Fr

(2.5)

2.2.6 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images were taken using a Tescan Mira3 FEG-
SEM microscope with an accelerating voltage of 5-15 kV, and secondary electron (SE)
and back-scattered electron (BSE) detectors in parallel. Samples were prepared using a
plasma sputterer to deposit a thin surface coating of Pt (¢. 10-20 nm) over the sample,
to mitigate the effect of surface charging. EDS spectra were collected using an Oxford
Instruments Aztec Energy X-maxN 80 EDS, with elemental composition estimated
as described in Section 2.2.5 using AZtec software (Oxford Instruments). The size
distributions of particles deposited on the surface of SFO were estimated using ImageJ

software (Rueden et al., 2017) by manually measuring particles from SEM images.

2.2.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a technique used to measure the chemical
environments at the surface of solid materials, with penetration depth into the sample
of the order 10 nm (Stevie and Donley, 2020). In XPS, a solid sample is illuminated
with X-rays of known energy to induce photoemission, where the energy from a photon
incident on the sample ionises the surface of the material, releasing an electron. By

measuring the spectrum of kinetic energies of the electrons emitted from the sample,

36



2.2 Characterisation of prepared materials

the binding energies of the electrons in the sample can be estimated according to
Eq. 2.6, where h is the Planck constant (J s), v is the frequency of incident X-rays
(s71), BE is the binding energy of electrons in the sample (J), KE is the kinetic energy
of electrons emitted from the sample (J), and ¢, is an instrument work function (J),

taken to be a constant.

hv = BE + KE + ¢gpec (2.6)

Peaks in the spectrum of binding energies detected by XPS correspond to the release
of electrons from specific elements in the sample, with multiple different electrons
detected from some given elements (e.g. peaks at BE values in the range 130-136 eV
correspond to electrons from Sr3d orbitals, and peaks at 265-275 eV correspond to
electrons from Sr3p orbitals). Hence, from the energy range of peaks detected in the
XPS spectrum, the elements present in the sample, and the number of distinct chemical
environments for each element present, can be estimated.

Ex-situ XPS measurements were performed under high vacuum (¢. 1078 mbar)
using a ThermoFisher Scientific Escalab 250Xi spectrometer, using a monochromated
Al-Ka X-ray source (1486.7 V), with 20 eV detector scan pass energy. Analysis of
XPS measurements was performed using CasaXPS software (Fairley et al., 2021), with
a Shirley type background fitted to all regions (Shirley, 1972).

Given XPS analysis relies on photoemission of electrons from the surface of the
sample, the surfaces of electrically insulating samples develop a net positive charge over
the course of measurements. The surface becoming charged results in an apparent shift
in binding energy for electrons emitted from the sample, separate from any differences
in chemical environment. To compensate for the charging effect, an electron ‘flood-gun’
was used in parallel with the X-ray source, to bombard the surface of the sample
with low energy electrons in order to mitigate build-up of positive charge (Evans,
2022; Greczynski and Hultman, 2020). However, the use of a flood-gun resulted in
an unknown fixed offset in measured binding energies, hence, the energy scale of each
measurement wass calibrated relative to a chemical species at known binding energy,
which was not expected to change significantly between different samples (Biesinger,
2022; Greczynski and Hultman, 2020).

The energy scales of each scan reported in Chapters 4 and 5 were calibrated relative
to the Cls peak at 284.8 eV (Biesinger, 2022), corresponding to adsorbed aliphatic

carbon onto the sample from exposure to trace hydrocarbon impurities in air (Cygy)-
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For measurements investigating the chemical state of Au described in Chapter 6, the
energy scale was set by external calibration with respect to a Au foil standard in
electrical contact with the samples (Alfa Aesar, 99.9975+%), by setting the binding
energy of the Audf;/, peak to 84.00 eV (Seah et al., 1998). For samples where the Au
external standard was used to calibrate the energy scale, the position of the C,q4, was
found to shift to c¢. 284.5 eV (with an example for Ag/SrFeO3_s shown in Fig. 2.11),
just within the reported maximum uncertainty range of 284.840.3 eV (Biesinger, 2022;
Miller et al., 2002), possibly as a result of the flood gun inducing a slight difference in

energy shift between samples.
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Fig. 2.11 Sections of XPS spectra showing (a) position of Au 4f;/, set to 84.00 eV as
measured from an external foil standard, and (b) corresponding Cls spectrum of a
sample of Ag/SrFeO;_s, showing a slightly lower than expected binding energy for
Cadv, and carbonate impurities. Percentage areas estimated for each peak are given,
corresponding to the approximate proportion (at%) of each species at the surface.

Descriptions of peak fitting parameters, and assignment to specific chemical environ-
ments are given in the relevant Chapters. Fz-situ XPS measurements were performed
by Dr Carmen Fernandez-Posada and Dr Shaoliang Guan (both Maxwell Centre,
University of Cambridge).

Near-ambient pressure XPS (NAP-XPS)

In order to measure the changes in surface composition during reaction, near-ambient
pressure (NAP-XPS) measurements were performed. Under NAP-XPS conditions,
the total pressure in the sample chamber operates at ¢. 5 mbar under a controlled

gas environment, with simultaneous heating of the sample to induce surface reactions.
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The NAP-XPS measurements were performed using a SPECS EnviroESCA NAP-
XPS spectrometer, with results and peak assignments reported in Chapter 4. Gases
(5 vol% Hs in Ny, No, or compressed air, all BOC, 99.99+%) were supplied using
mass flow controllers, with composition in the sample chamber measured using a mass
spectrometer (MS, MKS e-Vision 2).

The presence of gaseous molecules in between the surface of the sample, and
the electron detector, decreases the mean free path of photoelectrons emitted from
the sample (Cushman et al., 2017). Hence, to achieve adequate signal intensity,
the samples under investigation were pelletised, with photoelectrons collected via a
sampling cone positioned close to the surface of the sample. The sample pellets were
mounted on a ceramic sample stage, with temperature controlled between 25-430°C by
varying the current supplied through a resistive heating coil inside the stage. Prior
to NAP-XPS measurements, samples were cleaned of carbonate species adsorbed at
the surface by heating to 650°C in air for 5 h. The samples were then stored in an
Ar-filled glovebox, and transferred to the NAP-XPS instrument immediately before
collecting measurements. Any residual carbonate remaining on the sample, detected
from measurements of the Cls spectra, desorbed upon heating to temperatures above
177°C.

Energy calibration was performed relative to the adventitious carbon Cls peak
at 284.8 eV, with the caveat that for measurements at high temperatures (>300°C)
under oxidising conditions, the signal intensity of the C,4, peak was low, as a result
of the carbon desorbing. For NAP-XPS measurements without a clear C,q, peak,
measurements were calibrated relative to the central position of the Sr 3ps/, peak,
at 268.4 ¢V, which was found not to shift significantly (<0.25 eV) with respect to
the C,4, peak in spectra where both were visible, under variable temperatures and
gas atmospheres. Under NAP-XPS conditions, the use of a flood gun for charge
compensation was not required, as photoionisation of gaseous molecules by the X-ray
source neutralised the overall surface charge, termed environmental charge compensation
(Dietrich et al., 2019; Salmeron and Schlogl, 2008).

Measurements using NAP-XPS were performed by Dr Beth Willneff and Dr Andrew
Britton (School of Design and School of Chemical and Process Engineering respectively,

University of Leeds, with instrument access provided by the Henry Royce Institute).
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2.2.8 Raman spectroscopy

Raman spectroscopy is an optical spectroscopy technique used to characterise crystalline
materials (Orlando et al., 2021) or absorbed surface species (Wang et al., 1999) by
measuring the shift in wavelength in scattered light when the sample is excited by a
laser. The penetration depth of the laser into the sample is of the order 1-10 pum (Adar
et al., 2010).

Ez-situ Raman spectra were collected using a Horiba Jobin-Yvon LabRAM HR
instrument, equipped with an Olympus BX41 microscope with 50x magnification
objective lens, and a green (532 nm) laser to excite the sample. Prior to measurements,
the instrument was calibrated with respect to a Si thin film standard, with a strong
Raman band at 520.5 cm™!. As the quality of the Raman signal depended strongly on
the surface of the sample being exactly aligned with the focal plane of the microscope,
powder samples were compressed into a flat pellet prior to measurements. The spot
size of Raman measurements at 50x magnification was determined to be c. 20 um, by
measuring the area of beam damage on a light-sensitive sample of AgoCOj3 (Sigma-
Aldrich, 99%), shown in Appendix A, Fig. A.1.

In a typical experiment, Raman spectra were collected over the wavenumber range
150-1800 cm™! at a laser power of 0.5 mW and 15 s acquisition time, with each
measurement repeated five times and averaged to improve the signal quality. For
characterisation of a given sample using Raman spectroscopy, five points on the sample
were scanned, then normalised to the maximum detected signal intensity and averaged.

In-situ Raman spectroscopy was performed using a Thermo Scientific DXR 2
Raman spectrometer, fitted with a Linkam CCR1000 heated stage. Gases (compressed
air, Ny, or 5vol% Hs in Ny, all Carbagas, 99.99+%) were supplied to the stage at a
total flowrate of 35 mL min~!, set using mass-flow controllers. For measurements at
elevated temperature (200-350°C), the set-point of the heated stage was set to the
target temperature with a nominal ramp rate of 10°C min~!, and allowed to settle for
5-10 min prior to collecting Raman spectra.

The in-situ Raman spectroscopy experiments were performed at the Department of
Mechanical and Process Engineering, ETH Ziirich, with some assistance in collecting

measurements from Dr Felix Donat and Mr Alexander Oing.
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2.3 Experiments in packed bed reactors

2.3.1 Packed bed micro-reactor for kinetic experiments

To determine the kinetics of oxygen uncoupling from SFO-based materials, as described
in Chapter 3, a small scale packed bed reactor (total bed mass <1 g) was assembled,

with a schematic shown in Fig. 2.12.

Y I Data connections
____________ Solenoid
[/valves
Air or 5% O, —pr— 4 Reactor tube

G-A|203
J—T (150-355 um, 0.6 g)
- SrFeO,4

180-355 um, 0.4
1 ( H 9)

Heating tape
+ alumina ~{
wool

insulation

Computer to control /
solenoid valves and
record sensor output

connected to

temperature controller
(not shown) UEGO
.................................................. Oxygen

sensor

Alumina
wool support

———

K-type thermocouple,

Fig. 2.12 Schematic diagram of packed bed micro-reactor used in experiments (Not to
scale).

The reactor was constructed from a stainless steel tube with an internal diameter
of 4.8 mm and a length of 8.0 cm. The packed bed, composed of a preheating section
of 0.60 g of a-Al,03, (150-355 pum, Boud Minerals), and an active bed of 0.40 g of the
SFO-based oxygen carrier (180-355 um), was placed inside the reactor and secured
using alumina wool. The feed to the reactor was controlled using two solenoid flipper
valves (Birkert Type 6124-2/2 way) connected to air and Ny cylinders (both BOC,
>99.998%). The flow rate of gases to the reactor was controlled using an orifice place
(L.D. 0.025"). Flow through the reactor was set to 750 mL min~! (NTP) by adjusting
the inlet pressure upstream of the orifice plate and checking the flow rate with an
Agilent ADM digital flowmeter.

The reactor tube was heated using a high-temperature heating tape (Briskheat
TBIH102), controlled with a K-type thermocouple (O.D. 1.5 mm) placed at the center
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of the packed bed. The oxygen content of the outlet gas was measured using a Bosch
4.9 LSU wideband universal exhaust gas sensor (UEGO) connected to a control unit
(Cambustion Ltd.). Oxygen partial pressure was measured at a nominal sample rate of
50 s71, giving a temporal resolution of 20 ms. Experiments were carried out over the
temperature range of 450-600°C, performing redox cycles, with each cycle comprising
30 s oxidation in air, followed by 30 s reduction in Ny. Given only the initial rate of
reduction, when the material was the furthest from equilibrium, was used to determine
kinetic parameters, 30 s reduction cycles were adequate for packed bed experiments,
as opposed to longer reduction steps (45 min) used in TGA experiments.

The dead time of the reactor, t4..q, defined as the time interval between sending an
electronic signal to the solenoid valves to change feed gas from air to nitrogen, and the
smoothed sensor voltage decreasing to 95% of the initial value, was estimated to be
0.17 4 0.01 s for an inert bed of 1.00 g of a~AlyO3. The t4..q value was subtracted from
the nominal start time of reduction or oxidation to account for the lag between the
opening of a solenoid valve and the gas arriving at the oxygen sensor. To account for
gas mixing and dispersion within the reactor, a blank run was generated by switching
between air and Ny over an inert bed of 1.00 g of a-Al;O3, again subtracting the e.q to
ensure all runs were in sync with the timing of the opening of the solenoid valves. The
blank run was then subtracted from measurements with active material, compensating
for dispersion and mixing within the bed during experiments with SFO-based materials.
A comparison between the blank run and the measurement for an active bed is shown
in Fig. 2.13.
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Fig. 2.13 Comparison between the blank run, reduction of SFO at 600°C, and the nom-
inal inlet feed with the lag time subtracted. Oxygen released from SFO is determined
from the area between the SFO and blank curves (shaded area).

2.3.2 Packed bed reactors for selective oxidation experiments

Experiments concerning the oxidation of hydrocarbons in a chemical looping mode,
described in Chapters 5 and 6, were performed in a separate packed-bed reactor. A
schematic of the reactor arrangements used is shown in Fig. 2.14.

A bed of active particles, composed of a metal catalyst impregnated onto SFO
(1.50-2.00 g, 180-300 um) was placed in a quartz tube, in between two layers of SiC
(Alfa Aesar, 241-559 pm) with 2.00 g of SiC below and 3.00 g of SiC above the bed
of active particles. The bed was assembled in a quartz reactor tube (200 or 560 mm
length, I.D. 8 mm), with a sintered disk supporting the bed 75 or 255 mm from the
tube base respectively for the shorter and longer tubes. The reactor was secured using
Swagelok Ultra-Torr vacuum fittings with fluorocarbon FKM O-rings, and wrapped
with a heating tape (LewVac, 200 W), or placed in the isothermal region of a electric
tubular furnace (Carbolite). A thermocouple (K- or N-type), positioned in the centre
of the active material, was used to control the setpoint temperature. The reactor was
heated under air flow for 2 h prior to experiments, to ensure the setpoint temperature
was achieved throughout the bed, and to remove adsorbed carbonate and hydroxide
species from the surface of SFO (Marek and Garcia-Calvo Conde, 2021).

Some of the chemical looping oxidation experiments described in Chapter 5 were
performed by Mr Joseph Gebers (Department of Chemical Engineering and Biotech-
nology, University of Cambridge), using a rig described in Gebers and Marek (2024),
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Fig. 2.14 Schematic of packed bed reactor used in chemical looping oxidation experi-
ments (Not to scale).

with the packed bed assembled in a stainless steel tube (I.D. 15 mm) and supported
by a plug of quartz wool, with heating provided by an electric tube furnace.

Oxidation products from chemical looping experiments described in Chapter 5
were measured using a Fourier-transform infrared (FTIR) analyser (MKS Instruments,
Multigas 2030), equipped with a HgCdTe detector cooled with liquid Ny. Before each
experiment, the detector was cooled for 2 h, and dry air was passed through the FTIR
chamber to purge any residual moisture. The exhaust gas from the packed bed reactor
described in Section 2.3.2 was passed through the FTIR detection chamber, scanning the
wavenumber range 600-3500 cm ™! at a frequency of 0.25 Hz. From the characteristic
infrared absorption peaks of different molecules of interest, the concentrations of
ethylene, ethylene oxide, CO, CO,y, and HyO were estimated using MKS MG2000
software. Measurements using FTIR, and analysis to estimate gas concentrations,
were performed by Mr Joseph Gebers (Department of Chemical Engineering and
Biotechnology, University of Cambridge).

2.3.3 Gas chromatography (GC)

For experiments described in Chapter 6, product composition was determined using gas
chromatography (GC). The gas from the reactor outlet was sampled manually using a

gas syringe, withdrawing a 10 mL sample immediately after the reactor tube. Samples
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were collected 45 s after the start of each reduction step. The gas composition was
measured with an Agilent 7890A gas-chromatograph, using parallel Agilent PoraBOND-
Q and Hayesep-Q /MolSieve 13A columns, connected to a flame-ionisation detector (FID)
and a thermal-conductivity detector (TCD), respectively. The internal configuration
of the GC instrument, showing the separate gas channels to each detector, is described
in greater detail by Hubble (2018). The FID channel was used to quantify propylene,
propylene oxide (PO), propanal, acetone, propan-1-ol, propan-2-ol, and allyl alcohol
(AA), and the TCD channel was used to quantify CO;. No CO, or other carbon-
containing products, were detected above 5 ppm. The GC instrument was calibrated
using two gas mixtures: (1) 1000 ppm propylene/1000 ppm propylene oxide/balance
Ny; (2) 1000 ppm COq/balance No; both BOC. From measurements of calibration
gas mixtures, the accuracy of the FID detection system was estimated to be within
+10% of the true value based on variability of results collected by measuring samples
of known compositions. The detection threshold was 1-2 ppm for C3 components
containing oxygen. The accuracy of the TCD was estimated to be £4% of the true
value, with a detection threshold of 10 ppm COs,.

To generate low concentration (c. 1000 ppm) vapour mixtures of C3 analytes for
calibration and catalytic experiments, an Owlstone V-OVG vapour generator was
used. A 2.5-3 g sample of liquid analyte was loaded into a stainless steel diffusion tube
(acetone: VWR, 99%; propan-1-ol: Sigma Aldrich, 99+%; propan-2-ol, VWR, 99%;
propanal: Acros Organics, 99+%; allyl alcohol: Sigma Aldrich, 99+%), and weighed
before starting measurements. The tube was then inserted into the heated chamber

of the vapour generator, with Ny purge flow set to 220 mL min~!.

For calibration

purposes, 10 mL samples of vapour were taken from the outlet gas stream and injected

into the GC inlet, and simultaneously the diffusion tube was removed and weighed.

The average vapour concentration was then calculated using Eq. 2.7
RT 1 dm

= 10%2%. = s
=107 @

(2.7)

where ¢ is the concentration of the analyte in the vapour (ppm), R is the molar
gas constant (J mol™" K1), T is the chamber temperature (K), P is the chamber
pressure (Pa), ¢ is the nitrogen flowrate (mL min~'), M, is the molar mass of the
analyte (g mol™"), and %" is the rate of change of sample mass (g min~"). For catalytic

experiments, the outlet gas from the vapour generator was connected to the reactor inlet,
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without removing the diffusion tube over the course of the experiment. Measurements

of the mass of the sample tube containing the analyte over time are shown in Fig. A.3.

Retention times for each component during GC measurements were consistent to

within #0.05 min for all measurements, shown in Fig. 2.15.
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Fig. 2.15 Signal from FID showing average retention times of C3 oxygenates in
PoraBOND-Q GC column (arbitrary vapour-phase concentrations used).
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Chapter 3

Kinetic and thermodynamic
enhancement of oxygen uncoupling
from modified strontium ferrite

perovskites

This Chapter considers the reactive behaviour of strontium ferrite-based oxygen carriers,
modified with Ag and CeOs. Sections from this Chapter have been published in Harrison
et al. (2023), with all sections reproduced in this Dissertation comprising solely my

own work.

3.1 Introduction

Perovskite oxygen carriers, including SrFeO3_g, have been investigated for applications
including chemical looping air separation (CLAS) (Bulfin et al., 2019; Dou et al., 2020).
Various strategies have been developed to improve the oxygen capacity, and rates
of oxygen release and reuptake, including partial substitution of Sr or Fe with other
elements (Wang et al., 2022a), and addition of metal or metal oxide materials in the
bulk or at the surface of the oxygen carrier (Marek et al., 2020; Wang et al., 2021).
In this Chapter, several methods of manipulating oxygen release from SrFeOgs_;
were investigated, using Ag, Ce, and CeO, as additives. The main research objective
was to assess whether the introduction of these three dopants affected the kinetics

of reduction and oxidation during CLAS and, or, influenced the maximum oxygen
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availability from SrFeO;5_s at equilibrium under given pO, conditions. Three methods
of engineering SrFeO;_s were investigated: (1) introducing Ag or CeO; to the surface
of SrFeO3_; via surface impregnation, (2) doping CeQO; into the bulk of SrFeOs g,
thus forming a two-phase composite of the two oxides, and (3) substituting 5 mol%
Sr with Ce through structural doping, to produce Srgg5Ceqo5FeO3_s. The materials
prepared were then investigated via thermogravimetric analysis (TGA), and gas cycling
experiments in a packed bed reactor to determine the effects of each modification
method on the temperature of oxygen release and the apparent kinetics of oxygen

release and reuptake in a CLAS system.

3.2 Experimental

Particles of SrFeO3_s5 were prepared by ball-milling of SrCO3 and Fe,Og, followed by
drying and calcination, as described in Section 2.1.1. Particles of SrFeO3_s were sieved,
with the size fraction 180-355 um used for subsequent sythesis and experiments. The
sample of SrFeO3_s without further modification was designated SFO.

Samples modified with CeOy were prepared by incipient wetness impregnation and
solid-state synthesis, with the procedures described in Sections 2.1.2 and 2.1.3. The
sample of strontium ferrite impregnated with CeO, was designated CeO,/SFO, with
nominal target loading 9.3 wt% CeOs. Two samples prepared by solid-state synthesis,
with CeOs mixed into the bulk, or partially substituting Sr in SrFeOgs, were designated
(Ce02)ssSFO and SCeFO respectively. The sample of (CeO3)4,SFO was prepared with
a nominal loading of 4.3 wt% CeOs (5 mol%), and the sample of SCeFO was prepared
with composition Srgg5CegosFeO5_s.

Prior to use in experiments, the sample of SCeFO was activated by deep reduction
in Hs, followed by slow oxidation in air, as described in Section 2.1.1. A sample of
SrFeO3_s impregnated with Ag was prepared using the method described in Section
2.1.2, with nominal loading 15 wt% Ag, designated Ag/SFO. The nominal loadings of
CeOs and Ag were verified by ICP-AES, as described in Section 2.2.4. The samples
prepared, with nominal and measured loadings of CeOy and Ag, and abbreviations
used hereafter, are summarized in Table 3.1.

Materials were characterised using X-ray diffraction (XRD), with XRD patterns
collected at ambient temperature using a Bruker D8 Discover diffractometer, as
described in Section 2.2.1. Phase compositions were estimated using Profex software
(Doebelin and Kleeberg, 2015), using reference patterns from the ICSD database (Belsky
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Table 3.1 Summary of samples prepared, abbreviations used, and loadings of Ag or
CeO, as determined from ICP-AES measurements

Sample Abbreviated name Target loading Measured loading
Strontium ferrite, SrFeOz_s SFO - -
Ceria-impregnated strontium ferrite CeO4/SFO 9.3wt% CeO, 10.6wt% CeO,
Strontium ferrite with ceria in bulk (Ce03)ssSFO 4.3wt% CeOq 2.5wt% CeO,
Ce-doped strontium ferrite, Srq 95Ceq g5FeO3_s SCeFO - -
Ag-impregnated strontium ferrite Ag/SFO 15.0wt% Ag 12.7wt% Ag

et al., 2002) given in Appendix A, Table A.1. Scanning electron microscopy (SEM)
images were collected using a Tescan MIRA3 FEG-SEM, as described in Section 2.2.6.

Thermogravimetric analysis (TGA) experiments were performed using a Mettler
Toledo TGA/DSC 1 analyser as described in Section 2.2.2. Prior to all TGA measure-
ments, the sample was heated in air from 50 to 900°C at 10°C min~*, then cooled to
50°C, in order to remove adsorbed surface contaminants from exposure to laboratory
air.

Experiments in a packed bed reactor were performed to determine the kinetics of
oxygen uncoupling and re-absorption for the prepared materials, with a description
of the reactor used given in Section 2.3.1. The reactor was operated between 450-
600°C, with the feed alternated between Ny and air, and the pO, of the outlet gas
measured using a UEGO oxygen sensor. From the maximum and minimum values of
pOy measured at the start of each step immediately after a change in feed, the kinetic
parameters of reduction and oxidation were estimated, with the methodology described
in Section 3.3.1.

The reoxidation of SrFeO3_s-based oxygen carrier (OC) materials in air at >500°C
was previously shown to be very fast, making attempts to assess kinetic parameters
difficult (Gorke et al., 2020). Additionally, here, during reoxidation in air, the exother-
mic reaction resulted in a considerable increase in the bed temperature, noticeably
above the controller set-point (up to 15°C for the most active samples). To limit the
temperature increase and the extent of O, consumption, the mass of sample in the
bed was decreased from 0.4 to 0.1 g, and the redox procedure was changed from 30 to
120 s of reduction in Ny at 475-600°C, followed by 120 s reoxidation in 5.05 vol% Os
(balance Ny, BOC).
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3.3 Theory

3.3.1 Derivation of rate expression

Kinetics of oxygen release and uptake were estimated from packed bed experiments
using the methodology described by Gorke et al. (2020).
The instantaneous specific rate of oxygen release (r, molp, s~! got) from the

materials under investigation was estimated using Eqgs. 3.1 and 3.2:

r— L0y, 0utMtot (31)
moc
. NN,
PR 3.2
Mtot (1 - -TOQ,out) ( )

where 0, out is the mole fraction of oxygen measured in the exhaust stream, 70 is
the total molar flow rate of gas out of the reactor (mol s7!), ny, is the molar flow rate
of Ny at the inlet of the reactor (658 umol s™!, measured at room temperature and
assumed to be constant for all experiments), and mo¢ is the mass of the sample under
investigation (g).

The total amount of oxygen released or taken up by the material over each reduction
or oxidation cycle was then estimated by integrating the instantaneous rate over the
cycle duration. Instantaneously after the gas switch from air to Ny, the material was
assumed to be in a fully oxidized state (i.e. zero conversion), and the greatest pOs in
the outlet gas resulting from oxygen release from the material was observed. Therefore,
the maximum value of pO, after gas switching was used to estimate the apparent rate
constant for reaction, k.

Hence, immediately after the feed to the bed is changed, the reactor is assumed to
be well-approximated as being in a pseudo-steady state, with no gradient in oxygen
non-stoichiometry of SrFeOj;_s along the length of the bed (i.e. at t = 0, § = Jy
everywhere). Then, assuming that the reactions shown in Eq. 3.3 can be approximated
as first-order with respect to Oy (Chizhik et al., 2022; Gorke et al., 2020; Xu et al.,
2018), balancing oxygen over the reactor yields Eq. 3.4.

SrFeO3_s5, == SrFeO3_s + 0 _2 % 0, (3.3)
0x0,v
7 = —kRT(.’EOQ — .77027@(]((50)) (34)
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where zo, is the mole fraction of oxygen at a point along the bed, xo, ¢, is the
mole fraction of oxygen that would be in equilibrium with the solid material, v is the
superficial gas velocity through the bed (m s™!), z is the distance along the bed (m), k
is the first-order rate constant (mol s™* m™ Pa™!), T is the reaction temperature (K),
and R is the molar gas constant (kJ mol™* K=!). The superficial velocity can then be
related to the constant molar flux of inert Ny, Jy, (mol m™2 s™!) using Eq. 3.5, where

P is the total pressure in the reactor, taken as c. 101 kPa.

P Jn,RT

— (1 — _ _UN2L
I = vl =20, = v P(1—z0,)

(3.5)

Combining Egs. 3.4 and 3.5 and integrating over the length of the bed, L (m),
yields Eq. 3.6

P L TOqy,0ut da’,’O
I / dz — / 2 3.6
JNQ 0 TLOg,in (]' - ZE02)2 ’ (IO2 - 1170276(](50)) ( )

In the case of a switch in feed gas from air to nitrogen, the value of o, ;»,in was
taken to be 107° (i.e. using the nominal purity of the Ny provided from the certified
gas cylinder as 99.999 vol%), the value of xo, ¢, Was taken to be 0.21 from the material
reaching equilibrium with air, and the value of ¢, o, Was estimated by finding the
maximum value of xp, from the UEGO signal. The integral on the right-hand side
of Eq. 3.6 has an analytical solution, shown in Eq. 3.7, yielding the first-order rate

constant, k.

x ou

k — _JN2 (ac02—1)~ln(|x02—$027eq(5o)|)—ln(|x02—21\)-m02+ln(|xo2—1|)+:r027eq(5o)—1 Oz,0ut
LP TOs . eq(90)—1)2-(xo,—1

(20g,eq(60)—1)*(z0, —1) 0y.in

(3.7)

The apparent rate constant for re-oxidation of SFO was determined by evaluating
Eq. 3.7 using zo,in = 0.0505 (i.e. the mole fraction of oxygen in the supplied gas
from the cylinder), xo, ¢, = 107°, and o, our = (0.0505 - |zpEco|), where 2y pgo is the
maximum negative deviation measured using the UEGO oxygen sensor with respect to
the blank curve recorded over an inert bed.

The variation of the rate constant, k, with temperature was described using the
Arrhenius law (Egs. 3.8 and 3.9), where F, is the apparent activation energy (kJ mol™!),

and A is a pre-exponential factor (molp, s~! m* Pa™1).
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k=A-exp (— }g%) (3.8)

Lo 1
R'T

To characterise the influence of random errors from experimental measurements on

In(k) = In(A) (3.9)

kinetic parameters, values of F, and A were estimated by fitting Eq. 3.8 directly to the
experimentally determined values of k using nonlinear regression, and by separately
fitting Eq. 3.9 to the experimentally determined values of k using linear regression. A
statistically significant difference between the two regression methods would indicate
that the resulting values of E, and A were significantly affected by the experimental
arrangement and, hence, might not accurately reflect the intrinsic kinetics of oxygen
release (Barrie, 2011a,b).

3.3.2 Limitations on rate of reaction

During experiments in a packed bed reactor, the measured rate of release of oxygen
might be limited by (1) external mass transport between the surface of the particles
of the oxygen carrier (OC) material and the flowing gas stream, (2) internal mass

transport within the pores of particles of OC materials, (3) thermodynamic equilibrium.

External mass transfer limitation

To confirm that the experimental arrangement used to estimate kinetics of oxygen
release and uptake would not be limited by external mass transfer from the solids
to the gas phase, the maximum rate of mass transport from the surface of the OC
particles to the gas stream was estimated. Assuming that the rate of oxygen transport
is approximately constant across a thin packed bed at the start of the reduction step,
the rate of oxygen transport can be assessed according to Eq. 3.10, where k), is the
external mass transfer coefficient (m s™!), Ay is the area of particles available for
mass transfer (m?), V,, is the volume of the packed bed (m?), ¢ is the bed voidage
(taken as c. 0.4) and p; is the density of the OC material (kg m™3).

kEvigAvr P

_ o 1
r ps‘/p(l o 5) RT (xOQ x027efI) (3 0)
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The mass transfer coefficient was then estimated from the correlation of Wakao
and Funazkri (1978), given in Eq. 3.11, where Sh is the Sherwood number, Sc is the
Schmidt number for the gas phase, and Re is the Reynolds number.

Sh =2+ 1.1S"% Re° (3.11)

To evaluate Sh and Re, the characteristic length d. (m) was used, given by 3.12,
where (d,) is the geometric mean of the range of particle sizes used in the packed bad
(i.e. (d,) = /180 x 300 = 253 pm for the packed beds of particles used here.)

d. = (d,) - <1f5) (3.12)

Internal mass transfer limitation

At high rates of reaction, the observed rate of oxygen release from the OCs may be
limited by internal mass transfer (i.e. diffusion within pores of the OC particles).
Internal diffusion is characterised by the Thiele modulus, ¢ , given for a first-order
reversible reaction in Bischoff (1967) as Eq. 3.13, where k, is the rate constant for
reactions (s7!), .y is the effective diffusivity of oxygen within the pores (m?s™'), L
is a characteristic length (m), co, ¢, is the concentration of oxygen in equilibrium with
the OC material (mol m™2), and co, gk is the bulk concentration of oxygen in the gas
phase (mol m™3).

The function g(c) describes the dependence of the reaction rate on oxygen concen-

tration, given here for a first order reversible reaction by Eqgs. 3.14 and 3.15:

k,L?g(c)

2= 3.13
“ 73 Szt Degpg(c)de (3.13)
g(c) = CO4,eq — CO3,local (314)
Tv,0bs = kvg(c)neff (315)

3
el = g (¢coth(p) — 1) (3.16)

where co, jocar 18 the concentration of oxygen at the surface of the particle (mol m~3),

Nefy is an effectiveness factor (-), and 7, s is the observed rate of reaction per particle
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in the packed bed (mol s™' m™3). Positive values of 7, s correspond to oxygen
release, and negative values of r, s correspond to oxygen uptake. The dependence
of effectiveness factor on ¢ for a first-order reversible reaction is shown in Eq. 3.16
(Bohn, 2010).

In the case where the influence of external mass transport of gas away from the
surface of the particle is negligible, as assumed here, co, iocai = €Oy butk; Where co, puik
is the overall concentration of oxygen in the bulk gas stream. Effective diffusivity
of oxygen within the pores of the solids is then given by Eq. 3.17, where %, is the
molecular diffusivity of oxygen in nitrogen (m? s™!), estimated using Chapman-Enskog
theory (Poling et al., 2001), ¢, is the porosity of the OC materials, and 7, is the pore
tortuosity (taken as 7, = 2). Porosity was estimated from Eq. 3.18, where p; is the
density of particles of SFO (p, = 2490 kg m~3, measured by weighing a bed of particles
of known volume), and pg,reo, is the density of non-porous SrFeQOs, taken to be pg,reo,
= 5570 kg m~? from the Springer Materials database (Villars and Cenzual, 2012).

Dess ==L D (3.17)
Tp

SR — (3.18)
PSrFeOs

The rate of reaction per particle was estimated from the measured overall rate of

reaction measured over the entire bed volume, r (mol s™! m~3) using Eq. 3.19.

) 7T<dp>3
6V (1—e¢)

For each observed initial rate of reaction from experiments in the packed-bed, values

(3.19)

Tyobs =T

of ¢, k, ,and n.ss were found by solving Eqs. 3.13, 3.14, 3.15, and 3.16, taking n.sr = 1
as an initial guess, then iterating until k,, ¢ and 7.ss converged. Internal mass transfer
limitation may be neglected if the criterion ¢* < 0.603 is satisfied (Vannice, 2005),
corresponding to 7.rs > 0.977. Hence, for each temperature investigated, the critical
rate of reaction such that ¢ = 0.603 was estimated (i.e. the threshold for internal mass
transfer limiting the observed rate of reaction significantly), shown in Section 3.4.3.
For measurements where ¢? > 0.603, the estimated values of rate constant k from
Eq. 3.7 were divided by the effectiveness factor (Eq. 3.20), estimated iteratively using
Eq. 3.16, to give an adjusted value of the rate constant accounting for internal mass

transfer, k'.
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(3.20)

Equilibrium limitation

Rate of oxygen release can also be limited by thermodynamic equilibrium, as described
by Gorke et al. (2020), where at a certain point in the bed, the value of zp, = 0, ¢4(9).
The extent of equilibrium limitation is described by the ratio @, i.e. the ratio of the
speed of the reaction front through the packed bed to the superficial velocity of gas. If
the speed of the reaction front is much slower than the velocity of the incoming gas,
the solids at each point along the length of the packed bed will not reach equilibrium
with the local concentration of oxygen before the gas is carried away. However, for an
arbitrarily high rate constant or very slow gas velocity, the packed bed will rapidly
reach equilibrium with the local concentration of oxygen at each point along the bed,
terminating the reaction and resulting in an under-estimate of intrinsic kinetics.

f @ < 1, no significant profile in § develops along the bed, if @ ~ 1

kRTL
v

Therefore, i
a profile develops but remains away from equilibrium, and as — 00, the value of

T, = T0,.eq(0) and the bed becomes strongly limited by equilibrium.

3.4 Results

3.4.1 Characterisation of materials
X-ray diffraction measurements

X-ray diffraction patterns for the as-prepared OC materials are shown in Fig. 3.1,
with estimated phase compositions given in Table 3.2, and for spent OC materials
after 250 redox cycles in the temperature range 500-600°C in Fig. 3.2. From the XRD
measurements, the particles of SFO contained >95wt% perovskite SrFeOs phase, with
some Ruddlesden-Popper SrsFe;O7, or unreacted SrCOs, also present. The samples of
(CeO3)ssSFO and CeO4/SFO, produced by solid-state ball milling and wet impregnation
respectively, comprised two distinct phases of SrFeO3 and CeO4 as previously reported
(Marek et al., 2020). The estimated loading of CeOq in (CeOq)ssSFO from both XRD
refinement (Table 3.2), and ICP measurements (Table 3.1), was substantially lower
than the target value, indicating a possible error in the preparation, with the achieved
CeO, content of 2.6 wt% rather than the target 4.3 wt%. The XRD pattern for SCeFO
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showed no discernible CeO, peaks, indicating that the Ce was incorporated into the
perovskite structure, rather than forming a separate phase. Instead, a characteristic
shift in the SrFeO3 peak at 20 = 47.0° is shown in Fig. 3.3, in agreement with previous
results for SCeFO (Deganello et al., 2006). The XRD results for Ag/SFO contained
additional peaks corresponding to metallic silver, with an estimated Ag loading of

14.5 wt%, in line with the expected value, 15 wt%.

SFO
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=
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204t i}
n
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Fig. 3.1 XRD patterns for synthesised materials. Points indicate experimental measure-
ments, lines indicate fitted peaks from reference patterns. XRD patterns were collected
for the SCeFO sample after activation in Hy and reoxidation (see Section 2.1.1 of the
main Dissertation)
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Table 3.2 Estimated phase composition of synthesised samples from XRD. Fractions of
SrO and a-FeyO3 were negligible (<0.1 wt%) for all samples.

Sample SrFeOs3 Sr3Fe,O; SrCO;  CeOsq Ag
(wt%) (wt)  (wt%) (wt%) (wt%)
SFO 96.0 3.4 0.5 - -
CeO,/SFO 91.0 3.0 2.0 3.3 -
(Ce0,)4SFO  90.0 5.9 0.9 28 ;
SCeFO 95.0 14 1.4 0.4 -
Ag/SFO 80.8 2.8 1.9 ; 14.5
o Data Sr3Fe,O7 Ce0, Difference
SrFeOy SrCO;  —— Ag
Lo SFO (spent) Lo Ce0,/SFO (spent) Lo Ag/SFO (spent)
0— - 0— . .
08} ° 0.8 0.8 °
o
06t 06 06
= & 5 0 H . o
L 04t S04t ° ° S04 o
= . e = ° = o 8 °
Z 02 ° { Zoaf , . Zo2f 2 { ¢ s
g = o i g o £ ‘*&-J.U
= 0.0 ttentesstaeas: SN el & fna < B :"'h’"‘—'—"";"—'
Est. phase composition: Est. phase composition: st. phase COTPOSI on:
SrFeOy: 99.0 wt% SrFeOy: 95.6 wt% SYFEO:S ?51-00"”/0;
Sr3Fe,O7: 1.0 wt% CeOy: 4.4 wt% A;‘: iil.;wt% wt%
20 40 60 80 20 40 60 80 20 40 60 80
26 (%) 26 (°) 26 (°)

Fig. 3.2 XRD patterns of spent samples of SFO, CeO2/SFO, and Ag/SFO, showing the
material remains predominantly in the perovskite phase. Unfitted peaks are ascribed
to Al,O3 used as an inert packing material for experiments in the packed-bed reactor.
Estimated compositions were determined by Rietveld refinement, neglecting the mass

fraction of Al,O5
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Fig. 3.3 Shift in SrFeOs peak between samples with un-doped perovskite (SFO,
CeOy/SFO, (CeO,)4SFO), and the sample with Ce incorporated into the perovskite
structure (SCeFO) after activation in Hy and reoxidation (see Section 2.1.1 of the main
Dissertation)

Crystallite size of Ag and CeQO, in the prepared materials was estimated from XRD
measurements, using the Scherrer equation (Eq. 2.1). Estimated values are given in
Table 3.3, with no change in Ag crystallite size when comparing Ag/SFO before and
after redox cycling, but with spent CeO,/SFO showing an increase in mean CeOs

crystallite size after 250 redox cycles.

Table 3.3 Estimated crystallite sizes of Ag or CeO, for Ag/SFO, CeOy/SFO and
(Ce0gq)ssSFO from XRD peak broadening. ‘Spent’ samples refer to samples removed
from the packed bed reactor after 250 redox cycles over the temperature range 500-
600°C.

Sample CeO; crystallite size (nm) Ag crystallite size (nm)
CeOy/SFO (as-prepared) 6.5 + 1.0 -
CeO,/SFO (spent) 11.5 £ 1.2 -
(Ce0,),,SFO 38.8 £ 11.5 ;
Ag/SFO (as-prepared) - 39.4 £+ 8.8
Ag/SFO (spent) - 40.4 £+ 18.1
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Scanning electron microscopy measurements

Figures 3.4a and 3.4b show SEM micrographs of Ag/SFO material before and after
250 redox cycles, with little visible change in surface morphology. From EDS mapping,
shown in Fig. 3.4c, iron and strontium were evenly distributed over the sample, with
discrete particles of Ag visible. From measurements of visible Ag particles at the
surface of SFO, the size distribution of Ag is given in Fig. 3.4d. Average particle size
of Ag somewhat increased during redox cycling (62.2 £+ 20.9 nm before cycling, 95.6 £
29.9 nm after cycling), suggesting that Ag started to agglomerate over 250 cycles.

Ag/SFO: As-prepared After 250 CLAS cycles

Ag/SrFeO,

Sauter mean (Fresh): 62.2 nm
STDEV (Fresh): 20.9 nm
Sauter mean (Spent): 95.6 nm
STDEV (Spent): 29.9 nm

I
~

Fraction of particles (-)
o
w

o
)

0 50 100 150
Diameter (nm)

Fig. 3.4 SEM images of Ag/SFO material (a) as-prepared, with particles of Ag
highlighted and (b) after 250 redox cycles in the temperature range 500-600°C, (c)
EDS map showing distribution of Ag, Fe, and Sr at the surface of spent Ag/SFO, and
(d) histogram showing particle size distribution of Ag on Ag/SFO, for as-prepared

sample (blue bars, 415 particles) and spent sample after 250 cycles over the temperature
range 500-600°C (orange bars, 426 particles).
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The OC materials containing Ce, CeO2/SFO and (CeOs)ssSFOshowed similar
surface morphology to Ag/SFO (Figs. 3.5 and 3.6), whereas the sample of SCeFO
(Fig. 3.7) was significantly less porous. The low porosity of SCeFO was likely caused
by calcination at a higher temperature than the other samples, 1200°C rather than

1000°C, which was applied to ensure incorporation of Ce into the perovskite structure.

After 250 CLAS cycles

Fig. 3.5 SEM images of CeO,/SFO material (a) as-prepared and (b) after 250 redox
cycles in the temperature range 500-600°C.

Fig. 3.6 SEM images of as prepared (CeO3)4SFO.
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Fig. 3.7 (a) SEM image of SCeFO used in redox experiments, i.e. after calcination
at 1200°C and activation in Hy, (b) SEM image of fresh SCeFO after calcination at
1200°C but before activation in Hs.
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3.4.2 Thermogravimetric analysis

To determine the initial values of (3 - 0) in the prepared SrFeOj_ s materials, sam-
ples were reduced in 5 vol% Hs, in the TGA, shown in Figs. 3.8a and 3.8b. Initial
stoichiometry of the SrFeO3_s perovskite was estimated from the change in gradient
associated with the reduction of SrFeOq 5 (Marek et al., 2018a; Starkov et al., 2014)
using Eqs. 3.21 and 3.22, where mp), is the relative mass at the change in gradient (as
shown on Fig. 3.8), (3 - dy) is the initial oxygen stoichiometry, M, (BM) is the molar
mass of brownmillerite SrFeOy 5 (183.465 g mol™!), and \,, is the mass fraction of inert

components (i.e. wt% of Ag).

1-— A,
MBMAm

M, (SrFeOs_s,) = M,(BM) - (3.21)

M, (SrFeOs_s,) — M, (Sr) — M,(Fe)
M,(0)

(3—do) = (3.22)

For Ag/SFO, the first sharp change in gradient during reduction at ¢. 350°C was
assumed to correspond to a decrease in rate of reduction at SrFeOs 5, as reported by
Starkov et al. (2014) for SFO, whereas the second change in gradient at around 510°C
was taken to correspond to the brownmillerite stoichiometry SrFeOs 5. For unmodified
SFO, no clear change in gradient at SrFeO, 50 was observed, possibly because of the
relatively high temperature ramp rate (10°C min~!) used here.

From Eq. 3.22, the estimated initial stoichiometry values over three repeat mea-
surements of the as-prepared SFO and Ag/SFO materials were (3 - §y) = 2.82 £+ 0.03
and 2.83 £ 0.01 respectively, within the expected range of 2.80-2.85 for SrFeO;3_s
prepared in air (Marek et al., 2018a). Although the difference in the initial content
of oxygen for SFO and Ag/SFO were within experimental uncertainty, the Ag/SFO
showed a substantially larger change in mass at low temperatures than SFO, reducing
to SrFeO, 5 at around 350°C, as shown in Fig. 3.8b. The behaviour of SFO and
Ag/SFO reduced in Hy atmospheres is discussed in greater detail in Chapter 4.

To confirm that SrFeO, 5 stoichiometry was achieved for reduction of Ag/SFO, a
sample of Ag/SFO was heated to 500°C under 5 vol% Hs flow in the TGA, then rapidly
quenched (25°C min~! cooling rate) to room temperature in Ny and characterised
via XRD (shown in Fig. 3.8¢), confirming that brownmillerite SrFeO, 5 was the main
phase present. For samples containing CeO,, partial reduction of CeOs in Hy during
heating up to 900°C meant the point at which perovskite SrFeO3_s underwent phase

transition to brownmillerite SrFeO, 5 could not be determined readily. Hence, for
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Fig. 3.8 Reduction and oxidation in 5 vol% Hj and air respectively of (a) SFO and
(b) Ag/SFO, and (c) XRD pattern of Ag/SFO heated to 500°C in 5vol% H,, then
rapidly quenched, with estimated phase composition from Rietveld refinement. The
2nd of three redox cycles is shown for both samples, with circles indicating the change
in gradient associated with SrFeQO, 5 stoichiometry. For Ag/SFO, the point on the
reduction curve corresponding to an estimated stoichiometry of SrFeOs 55 is indicated
by a square.
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subsequent calculations, the initial stoichiometry for samples CeO5/SFO, (CeOs),sSFO,
and SCeFO was assumed to be 2.82, as for SFO.

The reduction and oxidation behavior of the prepared materials was determined
via temperature-programmed reduction in Ny and oxidation in air (shown in Fig. 3.9a
for SFO, and in Appendix B, Fig. B.1 for all other samples).

SFO (Ce0,),,SFO Ag/SFO
Ce0y/SFO ——— SCeFO

1.01 " 1.01
O (a) O (v)
0 1t 1t e
2 g _—
% 0.99 | A % 0.99 |
= SFO Cycle 1 \ =
= 0.98 SFO Cycle 2 = 098¢t
a‘% SFO Cycle 3 é
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Fig. 3.9 (a) Three reduction—oxidation cycles for SFO, showing consistent mass change
over each cycle; (b) comparison of the second redox cycle for SFO, CeO,/SFO,
(CeOs)sSFO, SCeFO, and Ag/SFO; (c) details from the reduction step in (b) (dashed
box), showing T, (indicated by circled points) for each sample; and (d) mean value
of Typser for each sample over three reduction-oxidation cycles (error bars show standard
deviation over three cycles). Masses were normalized with respect to the mass at the
start of TPR cycles.

All samples showed a consistent mass change over the three cycles, indicating that
the initial oxygen non-stoichiometry of SrFeO;_s fully regenerated after reoxidation.
Particles of CeOq were also analyzed using temperature cycling in Ny and air; however,
the results given Appendix B, Fig. B.2 showed that CeO, on its own was practically
inactive. Given that oxygen release from CeQO, was negligible during temperature

cycling, differences in oxygen release between the samples of SFO, CeO,/SFO, and
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(Ce03)4sSFO were ascribed solely to the interaction between SrFeOs; s and CeO,
(Cooper et al., 2015; Panlener et al., 1975).

For each sample, the starting temperature of reduction in Ny, T,s¢, Was estimated
using MATLAB function findchangepts by identifying the point with the greatest
change in gradient in mass loss (Fig. 3.9b,c). Impregnation with Ag on the surface
of SFO was found to have the largest influence on T, of the samples investigated,
showing a decrease of 60 4+ 4°C, as compared to SFO (Fig. 3.9d). A lower T,,s; was
consistent with previous studies investigating the release of oxygen from Ag/SrFeOs3_;
heated in air (Marek and Garcia-Calvo Conde, 2021).

Addition of CeO5 on the surface or in the bulk of SFO lowered the T,,,,.; by around
20 £ 3°C and 10 £ 0.3°C for CeOy/SFO and (CeO3)sSFO, respectively. The decrease
in Typpser for (CeOq)ssSFO and CeO4/SFO was consistent with the previous findings of
Marek et al. (2020), who reported a decrease in T, for (CeO3)4SFO and CeOy/SFO
when reduced in Hy. The mass curve during temperature cycling for SCeFO showed
a higher T, and less total oxygen release at 900°C than the unmodified sample of
SFO, suggesting that the structural modification by partial substitution of Sr with
5 at% Ce might inhibit oxygen release from the perovskite lattice.

Isothermal TGA measurements over the temperature range 400-600°C, shown in
Fig. 3.10, demonstrated that as well as changing 7,,., modification of SFO with
CeO, and Ag affected the rate of oxygen release. At 400°C, SFO, CeO,/SFO, and
(CeO3)4SFO all released oxygen relatively slowly with decreasing rate of release,
reaching a plateau after around 40 min. The Ag/SFO material reduced rapidly at
400°C in Ny, reaching 95% of the final mass change within around 15 min. Contrastingly,
SCeFO reduced at the slowest rate; given that 400°C was below the estimated T,
for SCeFO, the minimal oxygen release was unsurprising.

At higher temperatures (>500°C), the differences between samples gradually di-
minished, with results for SFO and (CeQO3)4,SFO almost overlapping at 500 and 600°C
(shown in Fig. 3.10b,c). The curves corresponding to the mass change for Ag/SFO,
CeO4/SFO, and SCeFO also overlapped at 600°C (shown in Figure 3.10c), with similar
total mass change and rate of oxygen release. For all samples, the rate of reoxidation in
air was much faster than the rate of the preceding reduction. At 400°C, Ag/SFO fully
reoxidised within 1.5 min; SFO, CeO,/SFO, and (CeO3)sSFO required about 3 min,
and SCeFO, the slowest sample, required 13 min. However, when the temperature was

increased (>500°C), all samples reoxidised rapidly, in less than 1 min.
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Fig. 3.10 Isothermal gas cycling over SFO, CeO,/SFO, (CeOs3)s,SFO, SCeFO, and

Ag/SFO at 400-600°C, with vertical lines indicating gas switching between N and
air. The second of the three redox cycles is shown for all samples and temperatures.
Masses were normalized with respect to mass of sample in equilibrium with air at
each temperature. Solid lines indicate relative mass (a—c), and dash-dot lines indicate
estimated oxygen stoichiometry (d—f).
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Figures 3.10d-f present the change in oxygen nonstoichiometry of SrkeOs3_s, i.e.
(3 —0), during the isothermal redox cycle. Calculations assumed that the mass of CeOq
in CeO4/SFO and (CeOs)ssSFO (taken from ICP measurements reported in Table 3.1)
did not change over time, as CeOy was not active during reduction in Ny, as shown in
Appendix B, Fig. B.2.

The final oxygen nonstoichiometry during reduction of all samples over the temper-
ature range of 400-600°C (shown in Fig. 3.10) exhibited the same trend as 1,5, with
the extent of reduction following the order Ag/SFO > (CeOs):sSFO ~ CeOy/SFO >
SFO > SCeFO. The findings from the isothermal experiments were therefore consistent
with the observation from temperature cycling that Ag enhanced the oxygen release
from SrFeO;_; to the greatest extent, with CeO, showing a small enhancement, and
structurally doped Ce inhibiting the oxygen release, as compared to SrFeO3_s.

Equilibrium oxygen nonstoichiometry, (3 — d,,), for SFO and Ag/SFO at varied
temperatures and pO, values, was estimated from TGA measurements of the material
exposed to a given target pO, for 3 h at 25°C increments over the range of 500-600°C,
with the results presented in Fig. 3.11. Curves showing d., as a function of 1" for
SrFeOs_s at pO; = 0.21 and 107° atm were plotted for comparison using reference
thermodynamic data for SrFeO3_s from Preis (2017), generated using FactSage 8.2
software (Bale et al., 2016). Raw TGA curves used to generate Fig. 3.11 are also given
in Appendix B, Fig. B.3.

The resulting values of (3 — d,) for SFO estimated here show reasonable agreement
with published values of (3 — d,,) for high pO, values, as shown in Fig. 3.12. At
pOy < 0.075 atm, the values of (3 — d,,) obtained here were consistently higher than
those reported from TGA measurements by Ikeda et al. (2016) and Krzystowczyk
et al. (2020) but lower than the TGA results from Gorke et al. (2020) and Vieten et al.
(2017). Additionally, Starkov et al. (2014) estimated the pOy-T-d., characteristics for
SrFeO3_s by measuring the total uptake and release of oxygen from a packed bed
of SFO, giving somewhat higher values of (3 — d.,) at all temperatures than those
reported here, apart from at pO, = 107 atm, where their estimated value of (3 — d,,)
was around 2.5 (7.e. indicating phase transition to brownmillerite SrFeOq 5) under all
temperatures investigated.

Comparing the obtained values for (3 — d,,) for SFO and Ag/SFO in Figure 3.11,
in most cases, Ag/SFO equilibrated at lower (3 — d,,) than SFO, with a difference

becoming more pronounced at lower values of pO, (<0.15 atm). Hence, the presence
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Fig. 3.11 Change in oxygen non-stoichiometry with temperature for SFO (hollow
symbols) and Ag/SFO (filled symbols) in various pO; atmospheres. Dashed lines
indicate calculated values of (3 — é,,) for SrFeOs_s as a function of T" using reference
thermodynamic parameters from Preis (2017).
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of Ag on the surface of SrFeO3_; resulted in a structure with a higher concentration of

oxygen vacancies under given pOo—T" conditions.
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Fig. 3.12 Comparison between obtained equilibrium non-stoichiometry values for
SFO with published values reported by Gorke et al. (2020), Starkov et al. (2014),
Krzystowezyk et al. (2020), Mizusaki et al. (1992), and Ikeda et al. (2016), with dotted
lines included between points to aid interpretation.
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3.4.3 Experiments in the packed bed reactor

The reduction and reoxidation profiles for the oxygen carrier materials undergoing
redox cycling in air and Ny are shown in Fig. 3.13. For all samples, a sharp, asymmetric
peak in the concentration of oxygen measured at the outlet of the reactor was observed
following gas switching from air to nitrogen, thus indicating rapid oxygen release, which
then gradually decayed. When the feed gas was switched back to air, all samples
reoxidised rapidly, with the observed oxygen uptake taking less than 5 s. For SFO, the
measured rates of oxygen release and uptake were in good agreement with previously
reported results (Gorke et al., 2020).

For all measurements, excluding SCeFO, the averaged oxygen balance over each
cycle was >90%, assessed by comparing the amount of oxygen released to the amount of
oxygen absorbed during reduction and reoxidation. The sample of SrFeO3_; structurally
doped with Ce, SCeFO, showed an oxygen balance of only around 80%, with a greater
extent of measured oxygen release than reuptake. The observed discrepancy for SCeFO
might be caused by relatively slow reoxidation, resulting in deviations in pOy which
were below the detection threshold of the oxygen sensor (pOs mi, = 100 Pa), and hence
giving a systematic underestimate of oxygen uptake over a full oxidation cycle. The
maximum instantaneous rates of oxygen release, calculated using Eq. 3.1, are shown in
Fig. 3.14.

All samples showed stable total oxygen release and uptake over the course of 46-49
cycles, as presented in Fig. 3.15a. Hence, redox cycling was fully reversible with no
changes in the oxygen storage capacity, and confirming that SFO was able to stably
release and uptake oxygen over multiple redox cycles (Gorke et al., 2020), including
when modified with CeO4 or Ag.

Ratios of the amount of oxygen released from modified oxygen carriers, np,, to the
oxygen released from SFO, no, sro, at each temperature are shown in Fig. 3.15b. At low
temperatures (<550°C), CeO2/SFO, (CeOy)sSFO, SCeFO, and Ag/SFO all showed a
marked increase in oxygen released per cycle. At all temperatures, Ag/SFO showed
the greatest increase in total oxygen release, with Ag/SFO releasing approximately
five times more oxygen per cycle at 475°C. Interestingly, despite showing an increase
in T,,s: as compared to SFO, the sample of SCeFO released markedly more oxygen
per cycle than the SFO and CeO,/SFO, as can be observed for each temperature point
in Fig. 3.15b. For all samples, the total oxygen released at 600°C was approximately

the same, at around 95 umol ggp per cycle.
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Fig. 3.13 Redox cycling of OC materials in a packed bed reactor in air and Ny, showing
oxygen release during reduction (top row) and oxygen uptake during reoxidation
(bottom row) of oxygen carrier materials. In all cases, the 25th of 46-49 performed
cycles is shown.
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Fig. 3.14 Maximum observed rates of reaction for samples undergoing (a) reduction
and (b) oxidation. Points indicate average over repeated redox cycles, error bars
indicate standard deviation from 46-49 cycles
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Fig. 3.15 (a.i-v) Oxygen release from SFO, CeOy/SFO, (CeOs):sSFO, and Ag/SFO
oxygen carrier materials in packed bed and (b) ratio of moles of oxygen released
per cycle from modified oxygen carriers (np,) to moles of oxygen released from SFO
(no,.sr0). Markers indicate the average over 45-49 cycles, and error bars indicate the
standard deviation over 45-49 cycles. Gaps indicate the removal of numerical artifacts,
which resulted from imperfect alignment between blank and measured curves.
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Reoxidation of OC samples occurred an order of magnitude more rapidly than
reduction (shown in Fig. 3.13); hence, results collected using 0.40 g of OC material
for all samples apart from SCeFO could not be used to extract the kinetic parameters
of oxidation, because of a substantial increase in the reactor temperature above the
controller set-point value and the depletion of oxygen in the flowing gas stream. To
mitigate the problem of oxygen depletion, 100 mg of SFO material (i.e., the sample
with the slowest rate of oxidation) was used, using 5.05 vol% O, as the oxidising gas
to decrease the rate of reaction, with the results shown in Fig. 3.16.

Nevertheless, measurements above 525°C could not be used for determination of
kinetic parameters for SFO, as a substantial fraction of the oxygen provided in the
feed was consumed. For Ag/SFO, reoxidation of the OC material in 5.05 vol% Oy was
attempted (shown in Fig. 3.17), but the reaction was sufficiently fast that there was

no discernible difference between any measurements taken above 500°C, as oxygen in

the gas phase became rapidly depleted.
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Fig. 3.16 Graphs showing oxygen release and reuptake for 0.10 g of SFO, reduced under
Ny for 120 s, and re-oxidised in 5.05vol% O, for 120 s. Dashed line corresponds to
pOy = 0.0505 atm, indicating consumption of all available oxygen.

73



Kinetic and thermodynamic enhancement of oxygen uncoupling from
modified strontium ferrite perovskites

Ag/SFO (100 mg)

T T — 550
— 0.1
S
O
)
= 525 3
90
0 A > - L. 2 . o i - . i a o \L/
110 115 120 125 130 135 140 g
Time (s) =
E
0 717:,;_jf,¢1h-' TR Tha, o SRR | R g
~ i 500
£ 0.02
2
3 -0.04
= |\ _
-0.06 . L . . 475
0 2 4 6 8 10
Time (s)

Fig. 3.17 Graphs showing oxygen release and reuptake for 0.10 g of Ag/SFO, reduced
under Ny for 120 s, and re-oxidised in 5.05vol% O, for 120 s. Dashed line corresponds
to pOy = 0.0505 atm, indicating consumption of all available oxygen.

Mass transfer and equilibrium limitations

Evaluating Eq. 3.10 between 500-600°C, the estimated limiting rate of external mass
transfer of oxygen at the start of reduction was ¢. 50 mol s~ g5, 4.e. 6 orders of
magnitude greater than the rates of reduction and 5 orders of magnitude greater than
the maximum rate of oxidation measured from experiments. Hence, observed rates
were not limited by external mass transfer.

However, at 600°C, the rate-limiting step for oxygen release might have changed from
being limited by reaction kinetics to internal mass transfer as a result of diffusion within
the pores of the particles of OC materials. For each measurement, the Thiele modulus,
¢, describing the relative influence of reaction kinetics and internal diffusion within
pores, was estimated using Eq. 3.16. For reduction of SFO, CeO,/SFO, (CeO,),sSFO,
and Ag/SFO, shown in Fig. 3.18a, measurements at <575°C were below the threshold
for internal mass transfer limitation described in Section 3.3.2 (¢* < 0.603, ¢ < 0.78),
with approximate values of ¢ = 0.44-0.77 over the range 475-600°C. For SCeFO, the
porosity from SEM images was markedly lower than the other samples (shown in

Fig. 3.7), and so SCeFO was excluded from calculations of Thiele modulus.
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For re-oxidation of SFO, shown in Fig. 3.18b, the estimated values of ¢ were
substantially greater, with approximate values of ¢ = 2.5-8.2; hence, the observed rate
of reaction was likely limited by internal mass transfer. Therefore, the estimated rate
constants were recalculated to account for the effect of internal mass transport using

Eq. 3.20, with the modified rate constants used for estimating kinetic parameters.
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Fig. 3.18 Thiele modulus, ¢, estimated for (a) oxygen release, and (b) oxygen uptake
with dashed lines indicating threshold below which internal mass transfer limitation
was estimated to be negligible, ¢* < 0.603 (Vannice, 2005).

As described in Section 3.3.2, the rate of reaction can also be limited by the solid
and gas phases approaching thermodynamic equilibrium along the length of the packed
bed, i.e., if the velocity of the reaction front is of the same order as the superficial
velocity of gas traveling through the bed (Gorke et al., 2020). The extent of equilibrium
limitation was described by the ratio @, with estimated values for each measurement
shown in Fig. 3.19.

For all measurements of reduction of the OC materials, shown in Fig. 3.19a,
@ < 1, indicating little influence of equilibrium limitation on rate of oxygen release.

However, for re-oxidation of SFO, and SCeFO, shown in Fig. 3.19b, #8LL > 1 for all

v

temperatures investigated, indicating that the rate of oxygen uptake was affected by
thermodynamic equilibrium. Hence, the values of k estimated for oxidation of SFO

and SCeFO are likely lower than would be observed in the case of kinetic limitation

only.
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3.5 Discussion

3.5.1 Estimation of apparent kinetic parameters
Kinetics of oxygen uncoupling

The values of kinetic parameters reported in Table 3.4 were fitted using nonlinear
regression to values of the rate constant k, estimated from maximum measured rates
of reaction from experiments in the packed bed reactor (shown in Fig. 3.14) over the
temperature range of 500-575°C for SFO and 475-575°C for modified samples (as shown

in Fig. 3.20), with 95% confidence intervals for each parameter quoted.

Table 3.4 Extracted kinetic parameters from nonlinear regression of experimental
measurements in the packed bed to Eq. 3.8. Values in parentheses indicate the
estimated 95% confidence intervals for each fitted parameter.

Sample E, (kJ mol™!) A (molp, st gor) R% ()
SFO 102.3 (97.9; 106.7) 22,030 (8,103; 36,320)  0.99
CeO,/SFO  66.3 (63.1; 69.5) 152 (81.0; 223) 0.90
(CeOy)sSFO  75.7 (73.9; 77.5) 623 (459; 788) 0.98
SCeFO 29.9 (26.7; 33.2) 0.88 (0.46; 1.30) 0.89
Ag/SFO  69.0 (66.0; 71.9) 278 (158; 398) 0.99

For SFO, SCeFO, and Ag/SFO, no significant difference at the 95% confidence level
was found between the parameters estimated from nonlinear regression to Eq. 3.8, or
linear regression to Eq. 3.9 (shown in Appendix B, Fig. B.4 and Table B.1). However,
a difference between values of kinetic parameters estimated via linear and nonlinear
regression, outside the 95% confidence intervals, was estimated for CeOy/SFO, suggest-
ing a significant contribution from the random error structure to the fitted parameters
(Barrie, 2011a,b). Hence, the kinetic parameters for the sample of CeOy/SFO should
be treated with caution.

As shown in Fig. 3.20, the 95% prediction bands for SFO, (CeO,):SFO, and
Ag/SFO did not overlap in the temperature range of 500-575°C. Hence, the values of
E, and the values of A for SFO, (CeO,),SFO, SCeFO, and Ag/SFO were significantly
different at a 95% confidence level. Contrastingly, the differences in values of E, and
A between SFO and CeO4/SFO, or between CeOy/SFO and (CeOs)sSFO, were found
not to be statistically significant.

The sample structurally modified with Ce, SCeFO, showed markedly lower values

of F, and A than any other sample. However, since E, and A are linked, the resulting
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Fig. 3.20 Estimated rate constant, k, plotted against inverse temperature for SFO over
the range of 500-575°C and for CeO5/SFO, (CeO3)sSFO, and Ag/SFO over the range
of 475-575°C. Points indicate the experimental measurements from each cycle, circles
indicate the average over cycles, dashed lines indicate the fitted exponential curves
(Eq. 3.8), and shaded regions indicate the 95% prediction bands. Subplots show a
pairwise comparison of each modified sample with SFO.
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rates and rate constants are similar to those for other samples, demonstrating that
here, in a model-free kinetic parametrisation, F, should not be interpreted without A
and, ideally, not without information regarding the full kinetic triplet of E,, A, and k
(Vyazovkin, 2021). Hence, the assumption that all samples follow the same mechanism
of oxygen release, allowing for comparable kinetic parameters, might not be valid for
SCeFO. For example, given the low porosity of SCeFO observed from SEM images
(shown in Fig. 3.7) as compared to that of SFO, oxygen uncoupling from SCeFO might
become rate-limited by internal mass transfer rather than the reaction at the surface
of the particles. However, the possible presence of micropores in the SCeFO material
not visible under SEM, and, or, varying agglomerate size as a result of the milling
and calcination procedure used in material preparation, might also contribute to the
relatively low reactivity of the SCeFO sample.

The values estimated here for F, and A for SFO are compared with other values
reported in the literature for SrFeO3_g5 in Table 3.5, with literature values determined
using different experimental methodologies (e.g., electrical conductivity relaxation (Yoo
et al., 2005), TGA (Bulfin et al., 2020) and packed bed experiments (Bychkov et al.,
2016)). In particular, the E, values reported here for SFO were somewhat lower than

those reported previously in the literature (in the range of 128-144 kJ mol™1).

Table 3.5 Comparison of estimated apparent kinetic parameters for reduction of SFO
with literature values. Values in parentheses indicate estimated 95% confidence band
for fitted parameters from this work; uncertainty in values from literature are reported
where available.

Temperature E A

Experimental method range (°C) (kJ mol™1)  (molp,s~'m—*Pa~1) References
102.3 22030 .
Packed bed reactor 500-575 (97.9; 106.7) (8103: 36320) This work
(Gorke et al., 2020)
Packed bed reactor 500-600 128.9 £ 4.7 388000 (Gérke, 2018)
Thermogravimetric 177-477 144 + 16 243000 (Bulfin ef al., 2020)
analysis
Packed bed reactor 500-900 135 Not reported (Bychkov et al., 2016)
Electrical conductivity 790-1000 128 £ 0.6 Not reported (Yoo et al., 2005)

relaxation

All analyses of reaction rates in the packed bed reactor, including determination of
kinetic parameters, assume that the reactor behaved isothermally; 7.e., at all times
during reduction and oxidation, the entirety of the solid and gas in the packed bed
was at the set-point of the temperature controller. However, during experiments with

gas switching between air and Ny, some deviation was observed below the set-point
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during reduction of the material (around 5°C) and above the set-point temperature
during reoxidation (up to 15°C for oxidation in air) due to the slow response of the
temperature controller as compared to the rapid rates of reactions of the solids. Hence,
the decrease in temperature during the endothermic reduction step might result in
somewhat underestimated rates of reactions at each temperature set-point, resulting
in lower values of E, and A than might be expected for an isothermal reactor (and

vice-versa for reoxidation).

Kinetics of oxygen uptake
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Fig. 3.21 Estimated rate constant, k, plotted against inverse temperature for oxidation
of SFO in 5.05 vol% oxygen over the range of 475-525°C and SCeFO in air over the
range of 475-575°C. Points indicate experimental measurements from each cycle, circles
indicate average over cycles, dashed lines indicate fitted curves to Eq. 3.8 (R? = 0.98
for both SFO and SCeFO), and shaded regions indicate 95% confidence intervals.

Kinetic parameters for oxidation of SFO and SCeFO were extracted from mea-
surements reported in Figs. 3.13 and 3.16, with fitted curves to Eq. 3.8 shown in
Fig. 3.21. The extracted values of E, and A for reoxidation of SFO were determined
to be E, = 177.1 kJ mol™! (with a 95% confidence interval of 163.3-191.0 kJ mol™!)
and A = 3.40 x 10'° molp, s7! gt (with a 95% confidence interval of -3.70 x 10°-
10.5 x 10'° molp, s~! goe). Interestingly, Yoo et al. (2005) reported little difference in
activation energy between oxidation and reduction of SrFeOg3 from electrical conduc-

tivity relaxation measurements, at £, = 145 4 0.2 kJ mol~!, for small perturbations
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about equilibrium at pOy = 0.05 atm. Additionally, the value of F, estimated here
is substantially greater than the activation energy estimated for oxidation of SFO in
pure Oy by Bulfin et al. (2020), at E, = 92 + 16 kJ mol™', determined from TGA
measurements over the temperature range 177-477°C. Curiously, despite showing rapid
kinetics of reduction, SCeFO showed a relatively slow observed rate of oxygen uptake
in air (shown in Fig. 3.21) and hence a limited temperature increase during oxidation,
allowing for extraction of kinetic parameters for reoxidation in air over the tempera-
ture range of 475-575°C, at E, = 64.0 kJ mol™! (with a 95% confidence interval of
62.6-65.3 kJ mol~!) and A = 584 molp, s~! gt (with a 95% confidence interval of
469-706 molp, s~ goh).

3.5.2 Mechanistic considerations

Previous studies investigating modification of perovskite materials with Ag to enhance
oxygen transport ascribed the enhanced rate of oxygen transport to a catalytic effect
(Kovalev et al., 2021; Leo et al., 2009). Particles of silver deposited on the feed site of
membranes used for air separation composed of perovskite materials have been found
to catalyze the dissociation of molecular O5 to lattice oxygen ions. The overall reaction
is given in Eq. 3.23, with proposed reaction steps indicating the corresponding change
in lattice Fe oxidation state as a result of oxygen incorporation given in Eqgs. 3.24 and
3.25 (Merkle and Maier, 2006, 2008), where Vo corresponds to an oxygen vacancy
within the SrFeO5_; lattice.

1
5 OQv(g) + VO = Olattice (323)
1
9 Os ) + Fe’* = 0,4, + Fe'* (3.24)
O;ds + F€3+ + VO = Olattice + Fe4+ (325)

The Oyqiice Species formed are then able to diffuse through the perovskite material
and recombine on the permeate side to form pure O,. Hence, under conditions where
the flow of oxygen from air through a membrane is limited by the rate of incorporation
of oxygen into the material of the membrane (i.e. ionic membranes), the overall rate of
oxygen transport is increased by the presence of silver. Furthermore, Wang et al. (2021)

found that thin films of Ag deposited on the surface of SrFeOs3_s altered the perovskite
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crystal structure near the Ag-SrFeOj interface by forming a layer of weak Fe-O-Ag
bonds, with net transfer of electrons from Ag to SrFeOs. The modified structure of
the Ag-SrFeQOs interface decreased the energy barrier for O?~ transport as compared
to the unmodified SrFeO3_s perovskite, allowing for the phase transition from the
perovskite to brownmillerite to occur at lower temperatures than would be expected
thermodynamically for SrFeOs. Furthermore, studies of Ag supported on Ce,Zr;_,Os_s
(Lee et al., 2021; Wang et al., 2023) found that strong interactions between the particles
of Ag and the support aided the formation of oxygen vacancies in the Ce,Zr;_,O5_s
material.

Here, for partial reduction of SrFeO3_s (i.e. 0 < 0.5, with the material remaining in
perovskite form throughout), the presence of Ag on the surface of SrFeO;_s affected both
the rates of oxygen release and reuptake (as shown in Fig. 3.13) and the thermodynamic
relationship between pOo-T-0 at equilibrium (as shown in Fig. 3.11), with the presence of
Ag increasing the concentration of oxygen vacancies at equilibrium under all investigated
values of pO,. Hence, under the experimental conditions investigated here, the role of
silver is unlikely to be purely catalytic; rather, the influence of Ag translates to the
observed enhancement in the rate of SrFeO3_s reduction employing both kinetic and
thermodynamic effects. The interactions between Ag and SrFeOj_s during reduction
and oxidation, including deep reduction to brownmillerite form, are discussed further
in Chapter 4.

In a similar chemical looping system to the SrFeO5_s materials impregnated with
Ag investigated here, Hwang et al. (2023) found that for reduction and oxidation of
Ceg5Zr0.509_s impregnated with Pt, the presence of Pt enhanced the rate of oxygen
release but had no effect on the rate of oxygen uptake. Hence, the authors concluded
that the rate of reduction of Pt/Ceg5Zro502_s was limited by the surface reaction,
(i.e. formation of O, molecules from O%" ions), whereas oxidation was limited by
diffusion of O%~ through the structure of Ceg5Zry502_5. Here, however, the presence
of Ag on SrFeOj3_s increased the rates of both oxygen release and uptake as compared
to unmodified SrFeO3_;5 (shown in Fig. 3.20), indicating that, under the conditions
investigated, both reduction and oxidation of Ag/SFO were affected by the surface
reaction up to 575°C, with Ag possibly catalysing the removal of surface oxygen as
O3 gas, resulting in a faster rate of oxygen removal and reuptake, as discussed further
in Chapter 4, Section 4.4.2.

At higher temperatures (600°C), the rate of reduction was limited by diffusion
through the pores within the material (as discussed in Sections 3.3.2 and 3.4.3).
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Additionally, as discussed in Section 4.4.2, during reduction of Ag/SFO some oxygen
might be removed from the surface of silver by diffusion of atomic oxygen through
the Ag nanoparticles (Chan et al., 2018b). Therefore, under CLAS conditions, the
diffusivity of oxygen in Ag relative to SrFeOs;_s might also have partially limited
observed rate of surface reaction.

A moderate increase in the rate of oxygen release from SrFeOs3;_s was observed for
CeO4/SFO and (CeO,),sSFO. Materials modified with CeO, also showed decreased
Tonset values as compared to SFO. Machida et al. (2015, 2017) proposed that for
composite oxygen carrier materials with CeOs on the surface, CeO, is able to act
catalytically in a similar manner to Ag, that is, by facilitating formation of O, molecules
from lattice oxygen atoms during reduction, and vice versa during oxidation. Moreover,
Tian et al. (2022a) found from density functional theory calculations that CeO,
deposited on SrFeO3 decreased the energy barrier for formation of oxygen vacancies
during reduction. Marek et al. (2020) also hypothesised that, for (CeO3)sSFO, the
presence of CeOy helps accelerate the ionic diffusivity of oxygen through the composite
material by acting as a ‘shortcut’ through bulk SrFeO;_ 5. However, from in-situ
measurements reported in Chapter 4, Section 4.3.1, oxygen diffusion through SrFeO5_;
under CLAS conditions was relatively rapid, limiting the influence of any possible
shortcut available through CeO,. Overall, given that here, only a small difference
was observed between T,,s.; values and kinetic parameters of reduction for CeOs/SFO
and (CeO3)4sSFO, it is not possible to determine conclusively which of the proposed
mechanisms (surface catalysis, expected to be more significant for CeO,/SFO, or aiding
diffusion of oxygen, expected to be more significant for (CeOs)sSFO) for enhancement
of oxygen release had the greatest influence for materials containing CeQO,.

Contrastingly, for SCeFO, a substantial increase in T,,s; was observed as compared
to SFO, but with a faster rate of oxygen release under redox conditions in packed
bed experiments. Furthermore, the activation energies and pre-exponential factors
estimated for reduction and oxidation of SCeFO were markedly lower than those of
SFO. Hence, the rate-limiting step for reduction and oxidation of SCeFO might differ
from that of SFO (e.g. as a result of the low porosity of SCeFO, leading to internal
mass transfer effects dominating). Additionally, the 5 at% Ce doping level in the
prepared SCeFO might be near the critical value, reported by Nikitin et al. (2021) to
be in the range of around 5-15 at% Ce, above which the lattice distortion introduced by

the large Ce** ion to the perovskite crystal partially counterbalances the improvement
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to oxygen transport induced by partial reduction of Ce** to Ce?" (and wice versa for
reoxidation), resulting in high 7,5 values.

The rates of oxygen release from OC materials modified with Ag and Ce at
500°C compare favorably with reported values for candidate materials for CLAS, with
Ce03/SFO, (Ce0y):sSFO, SCeFO, and Ag/SFO releasing 95.3, 106.1, 135.9, and
138.9 umolp, goe min~! respectively in packed bed experiments, as shown in Fig. 3.14.
The rate of oxygen release surpasses SrgsCag2FeO3_s5 (70.3 pumolp, ga}; min~1!), as
reported by Dou et al. (2020) and Krzystowczyk et al. (2021), however, none of the
materials investigated here released oxygen as rapidly at 500°C as their co-doped

SrpsCagoFeg4Cop 035 (173.1 pmolp, g(_)lc min~1).

3.6 Conclusions

The results presented in this Chapter demonstrated that materials composed of
SrFeOs3_s modified with Ag or CeO,, as surface or bulk dopants, release oxygen
faster than the unmodified perovskite. Impregnation of SrFeO3z_s with 15 wt% Ag
decreased the starting temperature of oxygen uncoupling from 370°C to 310°C, and
considerably accelerated the rate of oxygen release. As well as inducing faster kinetics
of oxygen uncoupling, the presence of Ag affected the thermodynamic equilibrium,
leading to higher values of ., in SrFeOs_s5 (i.e. a higher concentration of oxygen
vacancies at equilibrium). Surface and bulk modification with CeO also decreased
Tynset, but only by around 10-20°C, slightly increasing the rate of oxygen release.
Strontium ferrite which was structurally doped with Ce to form Srgg5Ceqg5FeO3_s,
showed a higher T,,,.:, at around 411°C, and a slower rate of oxidation in air but a
faster rate of reduction in Ny than unmodified SrFeO5_s.

Kinetic parameters were estimated for reduction of SrFeOs-based OC materials
modified with Ag, Ce, and CeO,, and for oxidation of SrFeO3_s and Srg 95Ce 05FeO5_5.
The marked improvement in the release of oxygen at low temperatures from described
modifications of SrFeO3_s considerably expands the design space of candidate mate-
rials to act as oxygen carriers at relatively mild temperatures (<500°C), facilitating
development of novel chemical looping processes for selective oxidation, as discussed in
Chapters 5 and 6.
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Chapter 4

In-situ measurement of oxygen

transport mechanisms in
Ag/SrFe03_5

This Chapter investigates the bulk and surface behaviour of Ag/SrFeO3_s during

chemical looping in Hy and O, using in-situ characterisation.

4.1 Introduction

As demonstrated in Chapter 3, the addition of Ag nanoparticles to SrFeOs3_s aided the
removal of oxygen from the oxide lattice, and increased the rates of oxygen uncoupling
and reuptake under relatively mild reducing conditions.

Silver-strontium ferrite composites have been investigated for catalytic selective
oxidation processes (Gabra et al., 2021; Gebers et al., 2023), whereby oxygen is supplied
from the lattice oxygen of the metal oxide support to the active site of Ag. However,
the mechanism by which oxygen reaches the active site, and the oxygen species present
under reducing and oxidising conditions, remain unknown. Furthermore, under strong
reducing conditions, such as Hy or CO at >500°C, SrFeO3;_s undergoes a reversible
phase change to brownmillerite SrFeO, 5 (Marek et al., 2018a). Phase transition from
perovskite to brownmillerite, and further reduction to e.g. SrO and Fe allows for
chemical looping processes at very low oxygen potentials, such as conversion of CO; to
CO (Marek et al., 2018a) or hydrogen production via thermo-chemical splitting of HoO
(Chang et al., 2023). From thin-film studies, Wang et al. (2021) found that the presence
of Ag on SrFeQOs3_s aided phase transition to SrFeOs 5 at ¢. 200°C lower temperature
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than for SrFeO3_s alone, however, it is unknown whether the same behaviour applies
for bulk samples.

Bulk and surface properties of candidate oxygen carriers for chemical looping
processes have been studied using in-situ electron microscopy, X-ray diffraction, and
spectroscopic techniques, recently reviewed by Song et al. (2023, 2024b). In this
Chapter, the bulk and surface properties of SrFeO3_s impregnated with nanoparticles
of Ag were investigated during reduction and oxidation, in order to elucidate the
mechanisms of oxygen release and re-uptake at realistic reactor temperatures. The
influence of Ag on the phase stability of SrFeO3_s was investigated using in-situ XRD
under reducing and oxidising atmospheres, and the spatial variation in oxygen content
under reduction assessed with TEM. Then, X-ray photoelectron spectroscopy (XPS),
Raman spectroscopy, and temperature programmed reduction in Hy were applied to
probe the species present at the surface of SrFeO3_s and Ag/SrFeO3_s during reduction
and oxidation in Hy and air respectively. During reduction at a given temperature and
gas environment, the distribution of oxygen species at the surface of the materials under
investigation was expected to reach a pseudo-steady state, as surface oxygen species
react with hydrogen, and are replenished by oxygen from the SrFeO3_s lattice (Merkle
and Maier, 2008). Applying a temperature ramp under reducing conditions, the changes
in relative abundance of different surface species detected by in-situ spectroscopy gave
an indication of the mechanisms of oxygen transport between the SrFeOs_s support

and the surface of Ag.

4.2 Experimental

For in-situ characterisation experiments, a batch of Ag/SFO was prepared by incipient
wetness impregnation, as described in Section 2.1.2. A silver precursor solution was
prepared, with volume equal to the approximate pore volume of the mass of SrFeOs_s
used, and concentration of AgNO3 set so as to achieve a nominal final loading of
10 wt% Ag. For in-situ electron microscopy experiments, the batch of Ag/SFO used
for experiments described in Chapter 3 was used, with a higher nominal loading of

15 wt% Ag, to facilitate finding suitable particles of Ag on the sample.

In-situ X-ray diffraction

For in-situ X-ray diffraction (XRD) experiments, a small sample (c¢. 10 mg) of SFO or
Ag/SFO (180-355 pm) was loaded into an Anton Paar XRK-900 heated stage. To aid
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dispersion of the powder sample, a drop of propan-2-ol was added to the sample, and
allowed to evaporate before mounting the stage in the X-ray diffractometer. Further
information describing the experimental arrangement is given in Section 2.2.1.
Experiments were performed by flowing 5 vol% H, in Ny through the sample stage,
while increasing the set-point temperature by 100°C over the range 200-800°C, then,
switching the gas flow to compressed air, and decreasing the temperature from 800°C
to 200°C in 100°C increments. Two scans over the angular range 20 = 20-70° were
collected at each temperature step. An equivalent temperature program was also
performed, but flowing compressed air through the sample stage for both the heating

and cooling steps.

In-situ transmission electron microscopy

In-situ transmission electron microscopy (TEM) experiments were performed on SFO
and Ag/SFO, with sample preparation described in Section 2.2.5. Crushed samples of
each material were mounted onto a heating chip, and inserted into the TEM instrument.
For both samples, TEM images, SAED patterns, EELS and EDS scans were collected
at room temperature, then, the sample was heated in a series of temperature steps (200,
400, and 600°C for SFO; 200, 300, 400, 500, 600 and 700°C for Ag/SFO). A further set
of scans was collected for Ag/SFO after cooling to room temperature. For Ag/SFO,
the TEM sample stage was tilted to align the electron beam with the [110] zone axis
of a SrFeO3_s crystal, allowing the perovskite SrFeO3; and brownmillerite SrFeQOs 5
phases to be readily distinguishable from their electron diffraction patterns (Batuk
et al., 2023). At each temperature, the sample was allowed to settle for 5-10 min, then,
EELS and EDS scans were collected in parallel, with a total scan time of approximately
10 min, and subsequently bright-field, dark-field, and electron diffraction images were
collected, with the sample held at each temperature for approximately 45 min. The

time taken to heat or cool the sample was under 10 s for all temperature steps.

Near-ambient pressure X-ray photoelectron spectroscopy

Samples of SFO and Ag/SFO were prepared for NAP-XPS measurements by com-
pressing the powder samples into a pellet, then calcining at 650°C to remove surface
impurities, as described in Section 2.2.7. The NAP-XPS experiments were conducted
over multiple days, with the samples held in an inert (Ar) or vacuum environment

at room temperature in between experiments. During NAP-XPS experiments, the
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current through the sample stage was increased from 0 to 7.5 A, achieving sample
temperatures of approximately 27, 58, 118, 180, 295, 357, and 439°C, then sequentially
cooled, with scans collected at each temperature. During heating, the gas environment
was set to 0.25 mbar H,, and during cooling, to 1 mbar O, with total pressure kept
constant at 5 mbar, to avoid shifts in binding energy induced by changing pressure
(Jain et al., 2019). For both samples, survey scans of the full instrument energy range,
and high-resolution scans of the Cls, Sr3p, Ols, Fe3p, Sr3d, N1s, and Ag3d binding
energy regions were collected, with a total scan time of approximately 45 min. For the
sample of Ag/SFO, as sulphur impurities were detectable from the survey scan, scans
of the S2p region were also collected. Furthermore, for Ag/SFO, immediately after the
gas switch from Hs to Oy, successive rapid scans of the Ols region (of duration 20 s)

were collected for 20 min.

In-situ Raman spectroscopy

For in-situ Raman spectroscopy, a pelletised sample of Ag/SFO, cleaned at 650°C
in air to remove any surface impurities, was prepared and mounted into the heated
sample stage, as described in Section 2.2.8. Reference spectra were collected at room
temperature in air, then, the gas flowing through the sample stage was set to 5 vol% Hy
in Ny. The stage temperature was increased from 200-350°C in 50°C increments, with
three scans collected at each temperature at a scan time of 2.5 min. Reference spectra
at room temperature were also collected for a pellet of unmodified SFO, a sample of
Ag supported on AlyO3 prepared by incipient wetness impregnation as for Ag/SFO, a
sample of Ag,O supported on Al,O3 prepared by Mr Joseph Gebers (with details of
synthesis given in Gebers et al. (2022)), and a sample of as-received Ago,COj3 (Sigma
Aldrich, 99%).

Temperature programmed reduction (H,-TPR)

To confirm the observations from in-situ spectroscopy, temperature programmed
reduction in hydrogen (Ho-TPR) was performed on SFO and Ag/SFO using the rig
described in Section 2.2.3. Samples (c. 30-50 mg) of SFO and Ag/SFO were cleaned
in air at 650°C for 2 h prior to measurements, then, the samples were ramped from
50-700°C under flow of 5 vol% Hy (balance Nj) at a rate of 5°C min~'. Hydrogen
consumption was measured using an on-line thermal conductivity detector (TCD),
calibrated towards Ny and 5 vol% Hs.
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4.3 Results

4.3.1 Bulk characterisation
In-situ X-ray diffraction

X-ray diffraction patterns for SFO and Ag/SFO heated under 5 vol% Hs in Ny from
200-800°C, then cooled in air back to 200°C, are presented in Fig. 4.1. For SFO, upon
heating in 5 vol% H,, a phase change from perovskite SrFeO3_s to brownmillerite
SrFeOq 5 was observed at 500°C (Savinskaya et al., 2008; Starkov et al., 2014). No
further phase changes, or decomposition of the SrFeO, 5 phase, were observed upon
heating to 800°C, in line with the findings of Marek et al. (2018a). Upon switching
the gas atmosphere from 5% Hs in Ny to air, the SFO rapidly (<20 min) reoxidised to

cubic perovskite structure.
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Fig. 4.1 In-situ XRD patterns showing reduction in 5 vol% H, and oxidation in air of
SrFeO3_s5 and Ag/SrFeO3_s. Tick marks indicate peak positions for identified phases.

For the sample of Ag/SFO, reduction of the perovskite SrFeO3_s phase to brown-

millerite SrFeQO, 5 was also observed. However, the phase transition from SrFeOs;_;
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to SrFeO, 5 occurred at substantially lower temperature, with partial reduction at
200°C (indicated by formation of a peak shoulder at 20 = 32°), and full reduction to
SrFeO, 5 at 300°C. The decrease in temperature required for phase transformation
from perovskite to brownmillerite was in broad agreement with the findings from
TGA measurements reported in Chapter 3, Fig. 3.8, where, under reduction with
5 vol% Hs in Ny as the reactive gas, SrFeO, 5 formed at 585°C for SFO, and the sample
of Ag/SFO formed SrFeOs 5, at 354°C, before fully reducing to SrFeO, 5 at 512°C. The
lower temperatures of brownmillerite formation during XRD scans as compared to
under TGA are explained by the sample being exposed to 5 vol% H, gas directly in the
in-situ XRD stage, whereas, in the TGA, mixing between the reactive gas and inert
purge and protective streams resulted in a lower hydrogen concentration in contact
with the sample material (estimated at around 1.67-3.33 vol% Hs). Similarly to SFO,
no further phase changes were observed during in-situ XRD measurements under Hs.
The impregnated Ag remained as metallic silver throughout the experiment. When the
gas was switched to air, as with SFO, the sample rapidly (<20 min) oxidised to re-form
the perovskite phase, and after cooling to 200°C, the XRD measurements overlapped
with the results collected for fresh samples, with peak positions within 0.1°.

In-situ XRD measurements of SFO and Ag/SFO heated in air from 200-800°C in
100°C increments, then, cooled in air back to 200°C are shown in Appendix C, Fig. C.1.
For both samples, peaks corresponding to the perovskite SrFeO3 phase shifted to lower
26 values, corresponding to expansion of the crystal lattice, in good agreement with
previous reported measurements (Marek et al., 2018a; Taylor et al., 2016). In air,
no phase changes occurred, and little difference in lattice parameter was observed
between SFO and Ag/SFO with changing temperature, suggesting that differences in
the concentration of oxygen vacancies between the samples were below the sensitivity
of the XRD instrument used here.

In-situ transmission electron microscopy

Samples of SFO and Ag/SFO were prepared and analysed by in-situ TEM as described
in Sections 2.2.5 and 4.2. The thickness of each sample was estimated from EELS
measurements, shown in Fig. 4.2. The region of SFO analysed comprised a thin section
of material, with maximum thickness c¢. 200 nm at the centre and minimum thickness
c. 30 nm at the edge, connected to a thicker section of bulk oxide. The particle of

Ag/SFO had an approximately wedge-shaped profile perpendicular to the plane of the
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incident electron beam, decreasing in thickness from c. 300 nm at the base to c¢. 30 nm
at the tip.

For thick points on the sample, plural electronic scattering and signal attenuation
resulted in diminished intensity of the Fe-L3s and Fe-L, energy loss peaks; 250 nm
thickness was selected as an arbitrary cutoff above which Fe-L peaks were not readily
distinguishable from background noise, and hence points on the sample with thickness
>250 nm were excluded from subsequent analysis. Thicker sections of the sample
comprise a greater mass of material per point scanned, and hence might react more
slowly when heated in the TEM. Therefore, the exclusion of thicker points might
result in a slight overestimate of the changes in material properties with respect to the

samples as a whole.

(a) SrFeO;_; thickness (b) Ag/SrFeO;_; thickness

350
300
250
200
150
100

60 nm 50

0

Fig. 4.2 Estimation of sample thickness from EELS measurements of particles of (a)
SrFeO3_s5 and (b) Ag/SrFeO;_s.

Thickness (nm)

The average oxidation state of Fe at each point on the samples was estimated
from EELS measurements of the Fe-L3 and Fe-Ly energy-loss peaks, corresponding
to the local Fe3t /Fe'" ratio, as described in Section 2.2.5. Hence, the local oxygen
non-stoichiometry of SrFeO3_s was estimated, shown in Figs. 4.3. Given that EELS
measurements correspond to the loss of energy of electrons passing through the sample
into the plane of the image, the estimated stoichiometry at each point corresponds
to the average oxygen content through the sample along the direction of the electron
beam.

From EELS measurements of unmodified SFO at room temperature, the average

stoichiometry over the sample shown in Fig. 4.4 was estimated to be approximately
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Fig. 4.3 In-situ TEM images with (a) bright-field image of SrFeO3_s, (b) EELS maps
showing changes in local oxidation state with increasing temperature, with regions of
thickness >250 nm excluded.
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SrFeOj g3, in line with the initial stoichiometry of SrFeOsg, estimated from TGA
measurements in Chapter 3, Figure 3.8. Given that each point in Fig. 4.3 corresponds
to the average estimated stoichiometry through the thickness of the sample into the
plane of the sample, the average of all points corresponds to the overall average for the
whole three-dimensional sample.

Rate of oxygen release from SFO under vacuum at room temperature was assumed
to be minimal, and hence the scans at room temperature were assumed to correspond
to oxygen distribution in as-prepared SFO. The distribution of oxygen within the
sample was found to show some spatial variation, with a lower oxygen stoichiometry
around the edge of the sample, and higher oxygen stoichiometry in the centre. Upon
heating under vacuum, the reduced region expanded inward uniformly through the
sample, with a consequent decrease in average oxygen stoichiometry, with the reduced

front nearing the centre of the particle at 600°C.

~@- SFO
. 2.8751 ~A~ Ag/SFO

100 200 300 400 500 600 700
Temperature (°C)

Fig. 4.4 Average oxygen stoichiometry of SrFeO;_s for samples of SFO and Ag/SFO,
estimated from EELS measurements under vacuum (pOy = ¢. 1077 barp,).

The average oxygen non-stoichiometry at 600°C was estimated to be c. SrFeOq 77.
The estimated oxygen content was somewhat higher than in the isothermal TGA
measurements reported in Chapter 3, Fig. 3.10, where SFO was reduced in an inert
atmosphere (Ny, nominal pOy = 107° bar,, as compared to c¢. 1077 barg, in the TEM
chamber) at 600°C, giving a final composition of ¢. SrFeOq g5.

For Ag/SFO, a similar spatial distribution of oxygen at room temperature was

observed (shown in Fig. 4.5), with the material showing high oxygen content near
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Fig. 4.5 In-situ TEM images with (a) bright-field image of Ag/SrFeO;_s, (b) EDS
map indicating particles of Ag, (c¢) EELS maps showing changes in local oxidation
state with increasing temperature, with regions of thickness >250 nm excluded.
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the centre of the particle, with partial reduction near the edges. The initial non-
stoichiometry was estimated to be (3 - 0) = 2.82, in close agreement with the TGA
measurements reported in Chapter 3. From bright-field imaging and EDS measurements,
two larger Ag particles (¢. 40 nm diameter) were detected at the edge of the sample
(shown in Fig. 4.5a and b), and a smaller Ag particle (¢. 20 nm diameter) was found
near the centre of the sample. Near the edge of the sample, a cluster of small (<10 nm,
approximately equal to the spatial resolution of the EDS detector under the instrument
settings used) nanoparticles were detected, visible in the top left-hand corner of Fig. 4.5a,
possibly corresponding to smaller Ag nanoparticles, in line with the smallest particles
detected from SEM images of the same sample, shown in Fig. 3.4. Alternatively, the
small surface nanoparticles might correspond to exsolution of the B-site element from
the perovskite lattice (here, Fe) to form metallic nanoparticles (Gotsch et al., 2017;
Thalinger et al., 2015), of sufficiently small size and low weight fraction to not be
detected from XRD measurements. The presence of exsolved metallic iron would be in
line with the observation from NAP-XPS measurements that a thin layer of SrO formed
at the surface of SFO, hence maintaining a constant overall stoichiometric ratio between
Sr and Fe. Furthermore, from Figs. 4.5a and 4.5b, the larger particles of Ag showed
a large contact area with the SFO support, possibly suggesting partial embedding of
the metallic particles within the SFO, hence straining the perovskite lattice. However,
to confirm whether nanoparticles of Ag were partially embedded under the surface of
SFO, repeated TEM measurements would be necessary, in order to view the sample
from a wider range of angles and, or, by collecting images of cross-sectioned samples of
Ag/SFO.

Upon heating Ag/SFO in the TEM, the reduced region expanded inwards from the
edge of the particle, in a similar manner to SFO. Average oxygen stoichiometry declined
with heating as expected, with Ag/SFO showing average oxygen content equal to or
lower than SFO at temperatures >400°C. The reduced fronts expanded approximately
uniformly through the sample, with only the thickest region at the centre of the particle
remaining at higher oxygen content at 700°C. Reduced regions of Ag/SFO were not
localised around particles of Ag, suggesting if oxygen was removed at Ag sites (as
discussed further in Section 4.3.2), the transport of O?~ ions within the SrFeO3 lattice
was relatively rapid (with respect to the c¢. 10 min timescale of measurements), as any
local depletion of oxygen near particles of Ag was replenished from the bulk SrFeO;_;.

The final average oxygen stoichiometry at 600°C (with little change observed upon
further heating to 700°C) was estimated at (3 - §) = 2.75, somewhat less reduced than
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expected from TGA measurements reported in Chapter 3, where Ag/SFO stabilised
at ¢. (3-0) = 2.6 after 45 min reduction in Ny at 600°C. Hence, either reduction of
the samples was inhibited by the experimental arrangement in the TEM relative to
reduction in the TGA, or, the method of using EELS to estimate changes in oxygen
non-stoichiometry tended to underestimate changes in local oxidation state during
reduction. Upon cooling from 700°C back to room temperature, little change in oxygen
distribution was observed and average non-stoichiometry remained constant, confirming
that any residual oxygen gas present in the TEM sample chamber was not sufficient to
re-oxidise the Ag/SFO.

Selected area electron diffraction (SAED) images of Ag/SFO collected at a point
near the edge of the sample were compared with simulated patterns for perovskite
SrFeO3; (Pm3m symmetry, Hodges et al. (2000)) and brownmillerite SrFeOq 5 (Ibm2
symmetry, Schmidt and Campbell (2001)), shown in Fig. 4.6. At room temperature,
the sample holder was rotated to align the SrFeO3_s zone axis along the [110] direction,

with the unit cell highlighted in the simulated and measured patterns.

(a.i) SrFe0, [110] (c.i) 20°C (c.ii) 200°C (c.iii) 300°C (c.iv) 400°C

(b) Dark field
TEM image

.
*

(c.v) 500°C (c.vi) 600°C (c.vii) 700°C (c.viii) 20°C (cooled)

° ot S :
. » . ™

Fig. 4.6 (a) Simulated electron diffraction patterns along the [110] zone axis for per-
ovskite SrFeO3 with Pm3m symmetry, and along the [211] zone axis for brownmillerite
SrFeOsq 5 with Ibm2 symmetry, (b) Dark field TEM image of Ag/SFO with red square
corresponding to location of SAED images, (c.i-viii) SAED patterns of Ag/SFO
collected at each temperature, with construction lines drawn to guide the eye (pink
corresponding to the perovskite phase, green corresponding to the brownmillerite phase,
and blue circles indicating reflections induced by (FeOy)o chain ordering).

No major changes in the diffraction pattern were observed upon heating up to 500°C,
indicating formation of oxygen vacancies in the perovskite structure without an overall
phase change. However, at 600°C, additional reflections emerged, and became more

intense with successive scans (shown in Figs. 4.6¢.vi-viii), corresponding to formation of
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a brownmillerite phase aligned along the [221] zone axis, as expected for topotactic phase
transition of perovskite to brownmillerite structure (Batuk et al., 2023). Additional
reflections also emerged in the vicinity of the central spot (circled in Fig. 4.6¢.viii),
corresponding to interlayer ordering of (FeOy)s chains in the brownmillerite structure
(Batuk et al., 2023; D’Hondt et al., 2008). After cooling to room temperature under
vacuum, reflections were visible corresponding to both brownmillerite and perovskite
structures, suggesting incomplete conversion of SrFeO3_5 to SrFeOs 55, and substantial
heterogeneity through the depth of the sample. Hence, the SAED patterns were
in agreement with the EELS measurements reported in Fig 4.5, where the oxygen
stoichiometry at each point on the sample exceeded (3 - §) = 2.5 even at 700°C,
suggesting a mix of perovskite and brownmillerite phases and confirming partial

reduction of the perovskite under vacuum at 700°C without complete conversion to
SI'FGOQ.g).

4.3.2 Surface characterisation
Near-ambient pressure X-ray photoelectron spectroscopy

To characterise the chemical environments at the surface of the samples, near-ambient
pressure X-ray photoelectron spectroscopy (NAP-XPS) measurements were performed
on pelletised samples of SFO and Ag/SFO. Alongside NAP-XPS measurements, pho-
tographs of the sample under investigation were taken periodically, shown in Fig. 4.7.
During heating of the samples under 0.25 mbar Hy in the NAP-XPS instrument, a
change in colour was visible at the surface of the pellets, from black, corresponding
to perovskite SrFeO3_gs, to orange, corresponding to brownmillerite SrFeOs 5 (Gebers
et al., 2023). For SFO, upon heating to 357°C, an orange brownmillerite region began
to form at the centre of the pellet, then spread outwards over the surface, covering
the majority of the surface after 41 min. After storing the sample for 24 h, the entire
surface of the pellet was covered by the orange outer layer of SrFeO, 5. Upon switching
the gas atmosphere to 1 mbar O, the pellet of SFO returned to a uniform black
colour within 20 min. For the pellet of Ag/SFO, reduction of SrFeO3_s to SrFeOy 5
was visible at lower temperatures, with initial formation of an orange surface layer at
177°C, approximately in line with the findings of Wang et al. (2021) for thin films of
Ag/SrFeO;_s, and nearly complete coverage after heating to 297°C. The formation of
the orange layer of brownmillerite at a ¢. 180°C lower temperature for Ag/SFO than
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SFO was in agreement with the findings from Section 4.3.1 that the presence of Ag on

SrFeO3_s aided formation of SrFeOs 5 during reduction in Hs.

SrFe0;5, 357°C After 5 min exposure
0.25 mbar H, 24 h later to 1 mbar O, at 357°C

Ag/SrFeO, 5,
during heating
under
0.25 mbar H,

Fig. 4.7 Photographs of samples of SrFeO3 5 and Ag/SrFeO3 5 in the NAP-XPS
instrument. Orange layer is SrFeO, 5, black bulk is SrFeOs.

From NAP-XPS scans of the Ols region for SFO at room temperature (shown in
Fig. 4.8a), three distinct oxygen species were detected: SrFeOs-lattice oxygen, SrO-
lattice termination oxygen, chemisorbed oxygen species on the surface of the strontium
ferrite (Crumlin et al., 2012; Stoerzinger et al., 2020; Zhou et al., 2023), and residual
carbonate impurities (Abd El-Naser et al., 2021; Falcon et al., 2002). The presence
of residual carbonate on SFO and Ag/SFO up to 177°C was confirmed from the Cls
spectra, shown in Appendix C, Fig. C.4. A full description of peak fitting parameters
and assignments is given in Appendix C, Table C.1. For the sample of Ag/SFO at
room temperature (Fig. 4.8d), an additional peak was detected at c¢. 532.5 eV, assigned
to Ag-O, species (Pu et al., 2022; Schon, 1973).

Upon heating SFO in 0.25 mbar H,, the proportion of surface O species declined,
with a rapid decrease above 357°C (shown in Figs. 4.8b and 4.9a, with further decon-
voluted XPS peaks shown in Appendix C, Fig. C.2), and a corresponding increase in
the relative fraction of bulk SrFeOj lattice oxygen was detected (Stoerzinger et al.,
2020). An overall shift in binding energy for SrFeOj3 lattice oxygen of ¢. +1.5 eV was
observed relative to the measurements at room temperature, corresponding to a shift
in the Fermi level for the reduced oxide (Nenning et al., 2016). The differences in
binding energy between peaks in the Ols spectrum remained approximately constant
(£0.25 eV)).

When the gas environment was switched to 1 mbar O, (while maintaining constant
total pressure at 5 mbar), the proportion of surface oxygen species on SFO recovered
rapidly, from 26.6 at% to 56.0 at% after 20 min exposure (shown in Fig. 4.8¢c). Upon

cooling back down to room temperature under 1 mbar O,, the proportion of surface
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(a) SrFeO;_s, 26°C (d) Ag/SrFeO;_;, 26°C
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Fig. 4.8 NAP-XPS Ols spectra of SrFeO;_; (a-c) and Ag/SrFeO;_5 (d-f) under
0.25 mbar Hy and 1 mbar O,. Circles indicate experimental measurements, solid black
lines indicate overall fitted curve, shaded areas correspond to individual fitted peaks,
dashed lines correspond to fitted baseline, and solid grey lines correspond to difference
between fitted curve and measurements. Percentage areas estimated for each peak
are given, corresponding to the approximate proportion (at%) of each species at the

surface.
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oxygen species continued to gradually increase, reaching c. 65 at% at 20°C (Fig. 4.9b).
Additionally, two further peaks at c. 538-540 eV were observed, corresponding to
physisorbed O, molecules at the surface of the sample (Puglia et al., 1995), and

molecules of oxygen gas in between the sample and the detector (Avval et al., 2019).

(a) SrFeO;_;, Reduction (b) SrFeO;_s, Oxidation
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Fig. 4.9 Changes in surface composition with temperature for SrFeO3_s (a-b) and
Ag/SrFeO;3_s (c-d) under reducing (0.25 mbar Hy) and oxidising (1 mbar O9) conditions,
determined by NAP-XPS.

For Ag/SFO, upon heating under 0.25 mbar Hs, the proportion of surface O
started to decrease at a lower temperature of 117°C, falling to around 6 at% by
357°C, whereupon the fraction of Ag-O, species also began to rapidly decline (shown
in Figs. 4.8e and 4.9c, with further deconvoluted XPS peaks shown in Appendix C,
Fig. C.3). The total fraction of non-lattice oxygen surface species (i.e. Ag-O, plus
surface O) declined steadily throughout heating under Hy, reaching a final value
of 12.5 at% at 433°C. The final fraction of total surface oxygen on Ag/SFO was
substantially lower than the fraction of surface O detected on SFO at 439°C, showing
that the presence of Ag aided the removal of surface oxygen.

When the gas environment over Ag/SFO was switched to 1 mbar Oy, the fraction
of Ag-O, species rapidly increased, reaching a steady value of 37 at% within 20 min
(Fig. 4.8f) and remaining approximately constant throughout reoxidation (Fig. 4.9d).

By contrast, the fraction of surface oxygen increased gradually throughout cooling,
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recovering to the initial value of 16 at% when the sample was cooled to room tempera-
ture. To better understand the behaviour of the surface oxygen species immediately
after the gas switch from a reducing to oxidising atmosphere, rapid (20 s) scans of
the Ols region for the sample of Ag/SFO were collected, shown in Fig. 4.10a. Given
the relatively lower resolution of the rapid scans, surface O and Ag-O, could not be

distinguished reliably, and so were fitted to a single peak.
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Fig. 4.10 (a) Rapid (20 s) scans of Ols region immediately after gas switch from
0.25 mbar Hy to 1 mbar O,, (b) estimated composition of surface species after
gas switch, (c¢) composition of gas in sample chamber, measured by online mass
spectrometry.

For the first 5 min after changing the set-points of the mass-flow controllers used to
supply gas to the NAP-XPS sample chamber, no change was observed in the surface
composition of Ag/SFO (shown in Fig. 4.10b), as a result of the delay between changing
the gas supply, and the atmosphere around the sample changing. After approximately
5 min, the fraction of Hy in the sample chamber began to decrease and the fraction of
O, began to increase (monitored by online mass spectrometry, shown in Fig. 4.10c), and
a peak at binding energy c. 532 eV, corresponding to the Ag-O, and surface O species,

began to emerge almost immediately, with a corresponding increase in estimated
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fraction of surface O and Ag-O, species, reaching a steady state approximately 10 min
after the gas switch. The position of the lattice oxygen peak also shifted back from
530 eV to c¢. 529.5 eV when the O, entered the sample chamber, as the surface of the
sample began to re-oxidise, resulting in a partial reverse of the shift in Fermi level

observed previously.
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Fig. 4.11 NAP-XPS scans showing changes in S2p spectrum for Ag/SrFeO3_s during
reduction and oxidation, with regions corresponding to sulphate and sulphide species
indicated.

From XPS survey spectra of Ag/SFO, peaks in the S2p binding energy region were
observed, and hence, scans of the S2p region were collected during in-situ experiments,
shown in Fig. 4.11. At ambient conditions prior to heating, a single asymmetric peak
was observed at binding energy c¢. 169.0 eV (the asymmetry in the overall peak was
caused by overlapping S2ps/, and S2p; 2 sub-peaks). The binding energy was consistent
with the presence of silver sulphite or sulphate (AgsSO3; and AgySO,) species from
reaction of Ag with trace sulphur-containing compounds in laboratory air (e.g. HyS,
SOy, carbonyl sulphide) (Mcmahon et al., 2005; Sanders et al., 2015).

Upon heating in 0.25 mbar Hs, at 357°C, the intensity of the peak at 169.0 eV
started to decline, fully disappearing at 433°C, and, a new peak emerged at lower
binding energy, c. 161.5 eV. The binding energy of the new peak was consistent with
formation of silver sulphide, AgsS (Kaushik, 1991; Sanders et al.,, 2015). When the
gas atmosphere was switched to 1 mbar O,, the sulphide peak disappeared, and the
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sulphate peak re-emerged, suggesting reaction of Ag,S with oxygen to form AgySO,.
Hence, the S2p spectra reported here suggest that sulphur impurities at the surface
of Ag on Ag/SFO underwent redox activity during chemical looping in Hy and O,
alongside SrFeO3_s and AgO, surface species. However, as the Ols binding energy of
Ag>S0, species at c. 531.5 eV overlapped with the peaks corresponding to Ag-O, and
surface O, the reactions of Ag,SO, were not verified by further deconvolution of the

measured signals in the O1ls region.

Temperature programmed reduction (H,-TPR)
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Fig. 4.12 Temperature-programmed reduction of SFO and Ag/SFO in 5 vol% Ha,
with temperatures corresponding to centre of each fitted component, and total H,
consumption for each feature. Samples were cleaned in-situ of carbonate and other
impurities at 650°C in air for 3 h prior collecting the TPR measurements shown in the
figure. Grey line above TCD signal indicates difference between measured values and
fitted curves; flat regions in difference curve correspond to regions where peaks were
not fitted.

To confirm the differences in surface behaviour during reduction, Ho-TPR measure-
ments up to 700°C were performed for SFO and Ag/SFO, as shown in Fig. 4.12, with
Gaussian curves fitted to deconvolute each observed peak in consumption of Hs.

The sample of SFO showed a single, broad peak in hydrogen consumption over
the range 400-600°C, well-described by two components centred at 496°C and 562°C.
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Contrastingly, the sample of Ag/SFO showed two distinct features: a large, broad
peak between 200-400°C, fitted to three Gaussian components at 275°C, 304°C, and
359°C, and a shallow peak between 490-520°C, described by two peaks at 517°C and
529°C. The differences between the two samples under Ho-TPR suggest that the peak
at 200-400°C for Ag/SFO corresponds to removal of adsorbed AgO, surface species, as
detected by NAP-XPS, discussed in further detail in Section 4.4.2. Total hydrogen
consumption for both samples was similar, at 1.9-2.0 mmol g~!, corresponding to a
final non-stoichiometry of approximately (3 - §) = 2.5 4 0.05, as expected for reduction
in Hy up to 700°C from XRD measurements.

In-situ Raman spectroscopy

Raman spectroscopy with simultaneous heating under 5 vol% Hy was used to identify
the Ag-O, species detected at the surface of Ag/SFO from NAP-XPS and H,-TPR,
with the measured spectra shown in Fig. 4.13a. All samples were calcined overnight in
air prior to collecting Raman spectra, to remove surface impurities. The shaded bands
span reported wavenumber ranges of peaks corresponding to different Ag-O, species:
atomic Ag-O at 680-800 cm™', peroxide Ag-O2~ at 880-1020 cm ™', and superoxide
Ag-O3 at 1020-1080 cm ™! (Alzahrani and Bravo-Sudrez, 2023; Li et al., 2023; Wang
et al., 1999; Zhao and Carpenter, 2013), with some overlap between Ag-O and silver
oxide (bulk Ag,O), and between Ag-O3~ and AgyCOs, shown in Fig. 4.13b.

For Ag/SFO at room temperature in air, clear peaks were observed in the wavenum-
ber ranges corresponding to atomic Ag-O, peroxide Ag-O;, and superoxide Ag-O%~.
No peaks in the regions of interest were observed on bare SFO without Ag, indicating
minimal contribution from carbonate impurities or other species in the SFO support, as
SrCOj has a characteristic Raman band at around 1070 cm™ (as shown in Chapter 5,
Fig. 5.2). For metallic Ag supported on Al;O3, strong Raman bands were detected at
686 and 1052 cm™!, assigned to atomic oxygen and superoxide respectively. A very
weak band was detected at 990 cm ™!, suggesting that minimal peroxide Ag-O3~ was
present on the Ag/Al,O3, as reported by Li et al. (2023). The sample of AgaO/Al;03

1 at slightly lower wavenumber than the

showed a Raman peak at around 668 cm™
peak detected in the Ag-O region for Ag/Al,O3 and Ag/SFO. The sample of AgsCO3
showed a peak at 1065 cm ™!, overlapping with the superoxide region, which halved in
intensity upon collecting a second scan at the same point, as a result of beam damage

(shown in Appendix A, Fig. A.1) to the photosensitive sample (Dai et al., 2012).
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Fig. 4.13 (a) In-situ Raman spectroscopy of Ag/SrFeO3_s showing removal of O,
surface species under 5 vol% Hs, with shaded wavenumber ranges from literature, (b)
reference scans at room temperature. Reference scans are normalised with respect to

maximum intensity detected in each scan.

105



In-situ measurement of oxygen transport mechanisms in Ag/SrFeO;_;

Upon heating the sample of Ag/SFO to 200°C in air, all three main peaks remained,
although the relative intensity of the atomic oxygen and superoxide peaks somewhat
declined, possibly indicating removal of trace silver oxide and carbonate contaminants.
With gas flow through the sample stage switched to 5 vol% Hy in Ny, little change was
observed at 200°C, then, upon heating to 250°C, the intensity of the peak corresponding
to atomic oxygen declined, and almost entirely disappeared after three scans (¢. 15 min
dwell time at 250°C). With further heating to 300°C, the atomic oxygen feature
fully disappeared, and over the course of three successive scans, the intensity of the
superoxide peak began to decline. Then, at the highest temperature point investigated
of 350°C, the superoxide peak disappeared entirely, and after two scans, the peroxide
peak also disappeared. Hence, the temperatures of desorption of atomic oxygen,
superoxide, and peroxide detected via Raman spectroscopy were in good alignment
with the centres of the deconvoluted peaks fitted to Hy-TPR measurements for Ag/SFO.
In addition, two prominent features at c. 1350 and 1580 cm ™! emerged, corresponding
to deep reduction of SrFeOs3_s and possible formation of brownmillerite SrFeO, 5 at
the surface of the sample pellet (Barkalov et al., 2022), in line with the observations
shown in Fig. 4.7, where an orange brownmillerite surface layer formed at the surface

of the SrFeO3_s pellet under reducing conditions at ¢. 350°C.

106



4.4 Discussion

4.4 Discussion

4.4.1 Bulk reduction of SrFeO;_;

The XRD results in Fig. 4.1 show that for reduction in 5 vol% Hs, the presence of Ag
on SrFeQO;_; aided phase transition from perovskite to brownmillerite, decreasing the
temperature required by 200°C as compared to unmodified SFO.

Wang et al. (2021) also showed from high-temperature XRD measurements that
noble metals deposited on strontium perovskites reduced the temperature required for
transformation from perovskite to brownmillerite, albeit at lower overall temperatures.
Samples composed of a thin film of SrFeO3_s5 grown on a SrTiOj3 substrate, with a
further layer of 1.8 nm Ag deposited at the surface, showed topotactic phase transition
to SrFeQOs 5 at 150°C, whereas for samples without the Ag film, heating to ¢. 300°C
was required to induce a phase transition. From density functional theory calculations
and TEM imaging of the Ag-SrFeO3_s, the authors postulated that the presence of the
noble metal film aided oxygen release by donating electrons to the perovskite support,
weakening Fe-O bonds by forming an amorphous interfacial layer of Ag-O-Fe bonds.
However, given the substantially higher temperatures and strong reducing agent (Hs)
required to form a brownmillerite phase from the irregular, polycrystalline samples of
SFO and Ag/SFO prepared in this study, the relative influence of such an interfacial
interaction might be less significant than the contribution of surface reactions of Ag,
discussed further in Section 4.4.2.

The TEM images, with parallel EDS and EELS mapping, shown in Figs. 4.3 and
4.5 demonstrate the changes in Fe oxidation state, and hence oxygen stoichiometry in
SrFeOj;_s, during oxygen uncoupling induced by heating in vacuo for SFO and Ag/SFO.
However, differences in reduction behavior between samples were much less pronounced
than during in-situ XRD under Hs, or during TGA under an inert atmosphere as
reported in Chapter 3.

Furthermore, Ag/SFO did not show significant localisation of reduced areas at or
near particles of Ag - instead, both samples showed growth of reduced fronts moving
inwards to the centre of the particle in an approximately uniform manner. The lack of
spatial variation in Ag/SFO was in contrast with in-situ TEM studies of other noble
metal-metal oxide systems under redox reactions, where for particles of Pd deposited
on CeO,_s nanocubes, Mahadi et al. (2020) observed a reduced region of Ce®" at
the Pd-CeQO,_s interface, which then spread through the bulk Ce*t with successive
STEM-EELS scans. However, in-situ EELS and NAP-XPS studies of NiFe,O4 under
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strong reducing conditions (Hy or CO at >850°C) showed little radial variation in
Fe valance and oxygen content within nanoparticles of the metal oxide over 10 min
reduction, with fast oxygen transport within the particles (Song et al., 2024a), and
concentration gradients in oxygen only developing within the particles over 120 min
reduction (Song et al., 2022) as the particles became deeply reduced.

Hence, for the experimental conditions applied here, with Ag/SFO uncoupling
oxygen into an inert atmosphere, given the Ag/SFO system did not show localisation of
reduced regions around Ag, relatively rapid transport of O?~ ions within the SrFeOs_s
lattice might have been sufficient to dissipate any spatial gradients in oxygen content
near Ag resulting from oxygen removal at Ag-SrFeO3_; interfaces. Instead, the particle
became reduced gradually, with transport of oxygen from the core to the surface,
resulting in a front of lower-valence Fe3* moving inwards from the edge of the particle
to the centre.

Additionally, electron diffraction images shown in Fig. 4.6 suggested partial forma-
tion of a brownmillerite phase in Ag/SFO at elevated temperature (>600°C). However,
the diffraction patterns also showed the clear presence of reflections corresponding
to a cubic perovskite phase alongside the brownmillerite, indicating heterogeneity
through the sample depth, possibly with thin layers of brownmillerite forming at
external surfaces around a perovskite core. The relatively slow phase transition in
TEM experiments is in contrast with the rapid phase transition observed in studies of
SrFeO3_s thin films (Xing et al., 2022), where brownmillerite regions expanded through
the sample within 79 s at 300°C, surrounding ‘islands’ of unconverted perovskite.

At 700°C, the average oxygen stoichiometry at the point on the sample where a
brownmillerite phase was visible (shown in Fig. 4.6b) was estimated to be ¢. SrFeOq 7,
exceeding (3 - 0) = 2.5 as would be expected for pure brownmillerite, and hence
further suggesting a mixture of perovskite and brownmillerite environments through
the sample depth. Alternatively, the higher than expected stoichiometry might indicate
formation of SrFeOs 5.5, as the estimated stoichiometry was approximately in line
with the oxygen content of (2 + §) = 2.625 measured by Xing et al. (2022) in regions
of hyper-stoichiometric brownmillerite (corresponding to an average iron valence of
c. Fe325t),

For the Ag/SFO materials investigated here, local variation in temperature and
material strain in the vicinity of nanoparticles of Ag might also have affected re-
dox properties and distribution of oxygen during reduction. Given the differences

in specific heat capacity and thermal conductivity between Ag and SrFeOs, where
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Cpag = 023 J g ' K™Y, Chsrren, s = 0.5 J g 'K and ky, = 418 W m K™
Ksrreos s = 3 W m™ K™ (Bian et al., 2023; Fulham et al., 2024; Rakshit et al., 2007;
Renner et al., 2001), local heating and cooling as a result of reaction might have
resulted in the formation of hot or cold spots in the vicinity of particles of Ag (Enger
et al., 2008; Somani et al., 1996), thereby altering the local (3 - d,,) characteristics of
the material at the nanoscale. Furthermore, local straining of the perovskite lattice
as a result of interfacial contact or partial embedding of Ag nanoparticles might have
aided local oxygen migration and vacancy formation (Mayeshiba and Morgan, 2015,
2017), facilitating reduction. Further TEM studies during reduction and oxidation
would be necessary to assess the extent of nanoparticle embedding, and hence the
influence of local strain effects.

Overall, the irregular, three-dimensional powder samples considered in this study
showed some different behaviour from the well-defined thin film samples described in
literature; however, the broad trend of Ag assisting oxygen release from SrFeO3_s was

observed clearly.

4.4.2 Surface reactions and mechanisms of oxygen transport
Changes in surface species during NAP-XPS measurements

From NAP-XPS measurements, shown in Figs. 4.8 and 4.9, multiple different oxygen
species were detected at the surface of SFO and Ag/SFO, with the relative fraction
of each species varying substantially with temperature. For both SFO and Ag/SFO,
upon heating from room temperature to >430°C in hydrogen, the proportion of oxygen
surface species decreased with temperature, with a rapid decline in chemisorbed oxygen
on SFO above 357°C.

The decrease in surface oxygen for SFO under heating is in good agreement
with the findings of Crumlin et al. (2012), where thin film and pelletised samples of
Lag gSrg.2oCo0O3_s perovskite were heated under 1 mbar O, up to 520°C. At 220°C,
peaks in the Ols spectrum were detected corresponding to chemisorbed surface oxygen
species, lattice oxygen in the bulk perovskite, and oxygen in a surface termination
layer of SrO (Rupp et al., 2017; Zhu et al., 2024), as in Fig. 4.8. For the pelletised
sample, the proportion of surface oxygen decreased by around 11% upon heating to
520°C, whereas, for the thin film sample, surface oxygen decreased by around 7% upon
heating to 370°C, and disappeared entirely at 520°C (with only lattice oxygen in the

bulk LaggSrg2Co05_s and the surface termination layer of SrO remaining).
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Here, using a stronger reducing agent (0.25 mbar H,), surface oxygen content
decreased by around 46% upon heating from room temperature to 439°C. However,
the persistence of surface oxygen even at high temperatures under a relatively strong
reducing gas indicated the difficulty of removing surface oxygen from SFO in the
absence of Ag, especially for bulk samples rather than thin films.

The samples of Ag/SFO investigated here showed markedly different behaviour
during reduction as compared to unmodified SFO, with the emergence of an additional
peak at high binding energy corresponding to Ag-O, surface species. In studies of
oxygen adsorbed on foil and powder samples of pure Ag, Rocha et al. (2012) assigned
peaks in the Ols region to a series of surface and sub-surface Ag-O species - here,
however, the overlap between Ag-O,, SrFeO3 and SrO spectra meant that Ag-O, were
grouped into a single, relatively broad peak (with FWHM constrained to < 2 eV).
Additionally, under the conditions investigated here, the fraction of low binding energy
(<528 eV) Ag-O species on Ag/SFO was negligible, as expected for measurements
taken at or above room temperature (Carbonio et al., 2018).

During reduction in Hy, the decrease in the relative area fraction of the Ag-O,
peak with successive measurements suggested removal of oxygen by reaction with
hydrogen at the surface of Ag. At each temperature investigated, the fraction of Ag-O,
greatly exceeded the fraction of chemisorbed oxygen at the surface of SrFeO3_5. The
chemisorbed oxygen on SrFeO3;_s was removed at lower temperatures for the sample
of Ag/SFO than for bare SFO. During heating, the fraction of oxygen at the surface
of SrFeO3_s declined at lower temperatures than Ag-O,, reaching <10% at 177°C,
whereas Ag-O, species gradually declined up to 357°C, then decreased sharply to
c. 10% at 433°C.

Hence, the greater fraction of Ag-O, species might indicate that at elevated temper-
atures, lattice oxygen from the SrFeO3_s support was transported from the bulk to the
surface, then rapidly migrated to Ag sites, with little chemisorbed oxygen remaining
at the surface of the SFO. Moreover, given the final fraction of total surface oxygen
was approximately 50% lower for Ag/SFO than SFO at >430°C, the mechanism of
reduction likely proceeded via Ag facilitating removal of oxygen by forming reactive
Ag-0, intermediate species, which were then able to react with hydrogen more easily
than oxygen on bare SFO.

During reoxidation of both SFO and Ag/SFO, fractions of surface oxygen, and
Ag-0O, species, recovered rapidly after 20 min exposure to 1 mbar O,, approximately

equalling the initial fractions at room temperature, and therefore supporting the finding
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from Chapter 3 that the reoxidation of SrFeO;_s-based materials is substantially more
rapid than reduction. Additionally, for SFO, the relative fraction of bulk SrFeO5_s
lattice oxygen sharply decreased upon exposure to oxygen, and the fraction of SrO
increased, with the relative fractions of all species remaining approximately constant
through further cooling. The increase in SrO could indicate a consolidation of the SrO
lattice termination layer during reoxidation after the sample had been deeply reduced.
Furthermore, during reduction, the ratio between the total areas of peaks in the Sr3d
and Fe2p regions (shown in Appendix C, Fig. C.5) remained approximately constant
for both samples, whereas, during reoxidation, the area fraction of Sr increased as the
sample was cooled. Consolidation of the SrO layer, and hence, A-site enrichment at the
surface of the perovskite after reoxidation (Crumlin et al., 2012), would be consistent
with the observed removal of the orange brownmillerite layer at the surface of the
pellet of SFO after switching to Os, shown in Fig. 4.7, and with the increase in the
ratio of areas between the Sr3d and Fe2p energy regions during reoxidation.

During rapid scans of the Ols region during reoxidation of Ag/SFO, shown in
Fig. 4.10, the peak corresponding to surface oxygen species emerged almost instanta-
neously as concentration of O, in the sample chamber rose. The centre of the lattice
oxygen peak began to shift to lower binding energy over 20 min by 0.5 eV, partially
reversing the positive shift during heating associated with a change in Fermi level for
reduced samples (Nenning et al., 2016). Upon further cooling of Ag/SFO, the fraction
of Ag-O, species remained approximately constant, and the fraction of surface O species
increased; Ag-O, remained the dominant surface oxygen species at all temperatures
during reoxidation. Hence, the NAP-XPS measurements during reoxidation suggest
that the mechanism of oxidation for Ag/SFO proceeded by oxygen being absorbed
from the gas phase to rapidly form surface Ag-O, species, which were then gradually
incorporated into the SrFeO5_4 lattice.

As well as the changes in oxygen species observed from measurement of the Ols
binding energy region using NAP-XPS, the redox activity in the S2p region provided
an insight into the catalytic activity of Ag/SrFeO3_s materials. When Ag is applied
as a catalyst for epoxidation of olefins, recent literature (Carbonio et al., 2018, 2023;
Jones et al., 2018) suggests that sulphur impurities participate in the selective oxidation
pathway by forming reconstructed Ag-SO, surface structures, which then donate oxygen
to the reaction (shown in Appendix C, Fig. C.7). Depletion of sulphate surface species
over the course of the reaction results in a decrease in selectivity towards the epoxide

product, and an increase in complete combustion, with periodic replenishment by
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addition of SO, co-fed with the olefin substantially improving the overall selectivity
(Carbonio et al., 2023).

Therefore, the depletion of AgSO,, species under reducing conditions to form sulphide
species might help explain the decrease in selectivity over time observed by Gebers
et al. (2022) during ethylene epoxidation over Ag/SrFeO3_s in a chemical looping mode.
Despite oxidation of Ag/SrFeO3_s occurring substantially more rapidly than reduction
(as demonstrated in Chapter 3), long (>10 min) reoxidation steps were required after
1.5 min reduction to achieve maximal selectivity towards the epoxide product, with
shorter oxidation times resulting in a decrease in ethylene oxide produced. If anaerobic
reduction of Ag/SrFeO3_s depletes Ag-SO,4 complexes more rapidly than they can be
replenished by lattice oxygen from SrFeOj3_s, resulting in formation of AgsS, increased
reduction time would result in a decrease in instantaneous selectivity over the course
of each reduction step, as observed by Gebers et al. (2022), even if adequate oxygen
were available from the SrFeOs3_s support. Then, during exposure to air, reaction
between AgyS and gaseous O, would gradually replenish the sulphate species, restoring
selectivity for the subsequent chemical looping cycle.

Future work considering the transport of oxygen during chemical looping epoxidation
over Ag/SrFeOj3_s should consider the dynamics of Ag-SO, species during reduction
and oxidation, and, investigate whether co-feeding SO5 helps maintain the population of
selective Ag-SQOy sites, as demonstrated for pseudo-steady state epoxidation (Carbonio

et al., 2023).

Identification of oxygen species from H,-TPR and Raman measurements

To distinguish the multiple different surface oxygen species identified in this study,
H,-TPR measurements were deconvoluted by fitting Gaussian curves to major features,
shown in Fig. 4.12. For both samples of SFO and Ag/SFO, a prominent peak in
hydrogen consumption was observed at around 500°C, which was well-described by
two Gaussian peaks. However, for the sample of Ag/SFO, the area of the peak was
74% lower than for the equivalent peak for SFO without Ag. Furthermore, the sample
of Ag/SFO showed a second, larger feature, composed of three deconvoluted peaks,
over the temperature range 200-400°C. The three deconvoluted peaks, centred at 275,
304, and 359°C, were assigned to the reaction of Ag-O, Ag-O5, and Ag-O3~ species
respectively, as detected by Raman spectroscopy (shown in Fig. 4.13), with good
agreement between Hyo-TPR and Raman in temperatures of desorption under 5 vol%
H,. The low temperature peak detected in Ho-TPR for Ag/SFO might also contain
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some contribution from surface O species on SrFeOs3_s, and AgSO, species, both
found to decline during reduction in the temperature range 200-400°C from NAP-XPS
(Figs. 4.9 and 4.11). The higher temperature feature, present for both samples at
around 500°C, was assigned to reaction of hydrogen directly with the lattice oxygen in
SrFeO;_s.

A similar process of peak-fitting was applied to deconvolute measurements for
Ho-TPR of SrFeO3_s, and Ag/SrFeO3_s (15 wt% Ag), reported by Gebers et al. (2023)
(shown in Appendix C, Fig. C.6), with the temperature positions of the fitted peaks in
good agreement with the measurements reported in Figs. 4.12 and 4.13 from Hy-TPR
and Raman spectroscopy. Additionally, from Ho-TPR measurements of batches of
Ag/SrFeO;_s synthesised under different calcination conditions, Marek and Garcia-
Calvo Conde (2021) observed a similar pattern of two distinct peaks in Hy consumption,
with the first in the region 200-400°C deconvoluted as four sub-peaks, centred at 244,
309, 399, and 439°C for a sample calcined in air at 650°C. The higher temperature
peaks were detected in the region 650-800°C, somewhat higher than for the samples
investigated here, possibly suggesting a less reactive SrFeOs_s support.

The findings from Ho-TPR of Ag/SFO also aligned with studies of Ag supported
on CeOs_s (Wang et al., 2023). The presence of Ag aided removal of oxygen from
CeQs, resulting in a shift in the peak corresponding to reduction of bulk CeOs_s from
529°C to 494°C, and introduced a new peak at 100-300°C corresponding to removal of
surface oxygen from silver.

Assuming that the only consumption of hydrogen during Ho-TPR was reaction with
oxygen to form water, the number of moles of Hy consumed should equal the number
of moles of O atoms removed from the samples. Hence, the total Hy consumption in
the lower temperature feature for Ag/SFO exceeded the theoretical amount of oxygen
available from absorbed oxygen on Ag by three orders of magnitude, estimated at
6.4 pumolp g4s g~ ! for 10wt% Ag on SrFeOs;_s, and was three times larger than the
maximum oxygen available if all Ag was present as Ag,O, estimated at 0.46 mmol g*
(Gebers et al., 2022). Therefore, for the sample of Ag/SFO, the additional oxygen
removal at lower temperature came at the expense of oxygen removal in the peaks
at ¢. 500°C. Moreover, the consumption of hydrogen at low temperatures (<300°C)
over Ag/SFO was in agreement with previous studies of catalytic combustion of Hy
over Ag. Dokuchits et al. (2011, 2012, 2015) demonstrated that during combustion
of Hy in O in the presence of particles of metallic Ag, O, molecules adsorbed on the

surface of Ag and dissociated to form reactive surface Ag-O species, which then reacted
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with Hy to form HyO in the temperature range 150-200°C, with minimal adsorption of
H, on Ag (Dokuchits et al., 2015; Hillary and Stoukides, 1988). Hence, the Ho-TPR
results support the hypothesis established in this Chapter that for Ag/SFO, oxygen
is removed from the bulk of SrFeOs3_s during reduction via the formation of Ag-O,

intermediates, allowing reaction at lower temperatures than for bare SrFeO3_s.

Proposed mechanisms of oxygen transport

(a) ? (b) @@

Fig. 4.14 Simplified mechanisms proposed for oxygen transport from bulk SrFeO3_s to
the surface of Ag nanoparticles: (a) Diffusion through bulk Ag, proposed by Chan
et al. (2018b), (b) Spillover of oxygen at the Ag-SrFeO;_s-gas interface, analogous to
the mechanism of oxygen removal from Ag/CeOy_s proposed by Lee et al. (2021).

From initial studies of the Ag/SrFeO;_; system, Chan et al. (2018b) hypothesised
that oxygen migrated from the SrFeOs_s lattice to the surface of Ag by diffusion of
atomic oxygen species through bulk Ag, to form atomic Ag-O surface species which
were then removed during reaction with a reducing gas (shown in Fig 4.14a). However,
other mechanisms of oxygen transport are possible for oxygen release in metal-metal
oxide systems, including spillover of oxygen atoms from the surface of the oxide to
the adsorb at the surface of the metal (Lee et al., 2021; Ruiz Puigdollers et al., 2017)
(shown in Fig. 4.14b), and vice-versa during absorption of oxygen from the gas phase
into the oxide support (Leo et al., 2009).

Given when oxygen is removed from the lattice of SrFeO3_s during reduction, the
initial state is as monoatomic O7,... ions, the presence of diatomic peroxide and
superoxide species at the surface of Ag/SFO detected by Raman spectroscopy was
somewhat surprising. To explain the presence Ag-O, and Ag-O3~ at the surface

of Ag/SFO, the diatomic oxygen species might act as an intermediate during the
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formation of atomic Ag-O species. Deng et al. (1995) found from that during methanol
oxidation in air with in-situ Raman spectrocopy, Ag-O3~ (peroxide) species, formed
by absorption of O, from the gas phase, were a precursor to the formation of reactive
Ag-O species.

Moreover, previous studies of chemical looping over iron-based oxygen carri-
ers (Huang et al,, 2022; Song et al., 2022; Wei et al., 2010) suggested that oxy-
gen species at the surface of the oxide reach a dynamic equilibrium of the form
207 hiee = 202, = 20,,, = O%;ds = 05 445 = Oz gas, With inter-conversion between
lattice oxygen ions and diatomic species. Huang et al. (2022) proposed that during
reduction of NiFe,O, in Hy, the mechanism of reduction proceeded by O7;.. ions
combining at the surface of the oxide to form peroxide O3, which then reacted with Hy
by forming hydroxyl OH™ ions, and ultimately water. Gao et al. (2020) also determined
that during chemical looping dehydrogenation of ethane over Li;COj3/La,Sr;  FeOs_s
composites, peroxide species formed at the Li,CO3-La,Sr; FeO3_s interface by reduc-

tion of Fe'T to Fe3t, then acted as the active species in the oxidation reaction.

2—

lattice t00s to form peroxide ions occurred in SrFeOs_g,

Hence, if similar reactions of O
the mechanism of reduction could proceed by spillover of the peroxide ion at the Ag-
SrFeO;_s interface to form Ag-O3~ on the surface of Ag, followed by dissociation to form
Ag-O species, which react with the reducing gas (as shown in Fig. 4.14b). Furthermore,
from NAP-XPS of Ag/SFO (shown in Fig. 4.9¢), the depletion of chemisorbed oxygen
species (including peroxide) on the SrFeOs3 s support at lower temperatures than
Ag-0, species might indicate that the transfer of peroxide from the surface of SFO to
Ag proceeded more rapidly than removal of Ag-O, by Hs, resulting a lower measured
fraction at higher temperatures. However, the potential role of the superoxide Ag-O3
species in such a mechanism remains unclear.

Alternatively, in the absence of spillover of diatomic species at the Ag-SrFeOs_s
interface (i.e. if oxygen transport proceeded primarily via diffusion of atomic species
through Ag, as shown in Fig 4.14a), a different explanation for the presence of diatomic
oxygen species would be required. Given the material was exposed to air prior to
reduction, diatomic species might have formed at the surface of Ag from adsorption of
molecular oxygen from exposure to air (Zambelli et al., 2002). Therefore, if atomic
Ag-O species were preferentially removed by Hs (as indicated by the rapid decline in
atomic oxygen Raman peak intensity with heating), the residual diatomic species might
act as relatively inert spectator molecules. Then, upon heating to higher temperature,

the diatomic species could react with hydrogen and become removed, but otherwise
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have little role in the transport of oxygen from SrFeOs_;. However, from the Ho-TPR
measurements of Ag/SFO reported here and by Gebers et al. (2023), the deconvoluted

L of oxygen removed,

peaks assigned to diatomic species comprised 0.3-1.0 mmol g~
greatly exceeding the maximum estimated amount of adsorbed O, on Ag (6.4 ymol g™ 1).
Therefore, the diatomic oxygen species detected on Ag likely formed as an intermediate
in the overall mechanism of reduction, rather than being merely residual chemisorbed
oxygen from air, suggesting that diffusion of atomic oxygen through Ag was not the
only step in removal of oxygen from Ag/SFO materials.

To further clarify the proposed mechanism of oxygen transport, and to confirm the
manner in which diatomic oxygen species might participate as intermediates during
reduction of Ag/SFO in Hy, future work could include isotopic exchange studies
(Bouwmeester et al., 2009), with a sample of Ag/SrFeO3_s exposed successively to
180, and H,. Then, using Raman spectroscopy and mass spectrometry to track the
exchange of oxygen isotopes between the SrFeO3_5 and the Ag surface (Mestl et al.,
1994; Stangl et al., 2023), and between the Ag surface and the gas phase, the pathway
of oxygen into and out of the SrFeO3_s lattice, and the intermediate species involved,
could be further refined.

Additionally, the relative distribution of Ag-O, species on nanoparticles of Ag was
found by Li et al. (2023) to be affected by interactions between the Ag and the support
(in their study, a-Al;O3 or SiOy). When the materials were used as catalysts for
the epoxidation of olefins (e.g. ethylene) by O,, Ag-O5 species favoured the epoxide
product, and Ag-O and Ag-O3~ species favoured the complete combustion pathway.
Furthermore, Lee et al. (2019) found that when using Ag/CeQO,_s as a catalyst for
the oxidation of soot, the proportion of different oxygen species was influenced by the
fraction of oxygen vacancies in the vicinity of the Ag, with higher concentrations of
vacancies favouring Ag-O~ and Ag-O5 over Ag-O2~. During chemical looping processes,
the fraction of oxygen vacancies in the oxygen carrier support changes continuously
during each reduction cycle as the material donates oxygen to the reaction, meaning
the distribution of selective and non-selective surface species might vary over the course
of each reduction step. Hence, to further understand the mechanisms of reactions of
oxygen in Ag/SrFeO;_s materials during chemical looping, future work should consider
whether the trends in desorption of surface species under Hy apply for removal of
oxygen by other gases (e.g. olefins), and, whether modification of the SrFeO3_s support

influences the mechanism of reduction and distribution of oxygen surface species.
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4.5 Conclusions

In this Chapter, the presence of Ag nanoparticles at the surface of particles of SrFeOs_s
was found to strongly influence the reactive properties of the oxygen carrier during
reduction in Hy. From in-situ XRD experiments, the sample of Ag/SrFeO3_s underwent
phase transition to brownmillerite SrFeO, 5 under 5 vol% H, at 300°C, as compared
to unmodified SrFeO3_s which remained in the perovskite phase up to 500°C. Both
materials rapidly returned to perovskite form after switching to air at 800°C. From
TEM experiments, heating SrFeO3_s and Ag/SrFeO3;_s from room temperature to
700°C, both samples showed a decrease in average oxygen stoichiometry, with reduced
regions moving inwards from the edge of the particles. However, for Ag/SrFeO;_s,
localised reduction in the vicinity of nanoparticles of Ag was not observed, suggesting
that transport of oxygen within the solid material was relatively rapid as compared to
the rate of removal at the surface.

From NAP-XPS measurements during reduction and oxidation, chemisorbed oxygen
on SrFeO3_;5 was observed to deplete during a temperature ramp in hydrogen, with the
sample of Ag/SrFeO3_s; showing a more rapid rate of depletion, and, the presence of
Ag-O, surface species. At the highest temperatures investigated (433-439°C), the total
content of adsorbed oxygen species on Ag/SrFeO3_s was around 47% lower than for
SrFeO3_s, suggesting that reactive Ag-O, species aided the removal of oxygen by the
Hs reducing agent. The Ag-O, surface species were assigned from Raman spectroscopy
and Ho-TPR to atomic Ag-O, peroxide Ag-O2~, and superoxide Ag-O5. A mechanism
for reduction was proposed by which lattice oxygen from SrFeOs_s was transported to
the surface of Ag by spillover at the Ag-SrFeO;_; interface to form Ag-O32~ species,
which then dissociated to form Ag-O adatoms. However, the role of Ag-O; species

during reduction remained unclear.
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Chapter 5

Structured Ag-NayCO3-SrFeO;_

materials for chemical looping

This Chapter concerns the synthesis, characterisation, and reactive behaviour of Ag-
Nay,CO3-SrFeO3_s materials, with chemical looping epoxidation applied as a model

selective oxidation reaction.

5.1 Introduction

Structured oxygen carriers have been applied for dehydrogenation of alkanes, but have
not been investigated extensively for other chemical looping oxidation processes. In
this Chapter, chemical looping epoxidation is used as a model reaction to investigate
the applicability of protective carbonate layers to prevent over-oxidation. In chemical
looping epoxidation of ethylene to form ethylene oxide (EO) over Ag/SFO materials, the
selectivity towards EO is limited by combustion of ethylene and EO over the SrFeO5_;
support (Gabra, 2022; Marek and Garcia-Calvo Conde, 2021). Hence, in this Chapter,
structured Ag/SrFeO;_s materials were prepared incorporating a protective NagCOs
layer using the synthesis method described by Luongo et al. (2022), to determine
whether the carbonate would aid in preventing over-oxidation of ethylene and EO
during chemical looping epoxidation.

Furthermore, in Chapter 4, NAP-XPS and Raman measurements during reduction
and oxidation indicated that interactions between Ag and SrFeOs_s influenced the
transport of lattice oxygen, and that the reduction of Ag/SrFeO3_s proceeded wvia
formation of reactive AgO, intermediates. Therefore, this Chapter investigates how

the presence of an internal carbonate layer in between the Ag and SrFeOj3_g4, or, an
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external layer covering the entire surface of the particle, would affect the availability of

oxygen and reactive behaviour during chemical looping.

5.2 Experimental

A batch of SrFeO3_5 (SFO) was prepared by ball-milling, drying, and calcination, as
described in Section 2.1.1, and seived to 45-180 pm. Samples of SFO modified with Ag
and Na,CO3 were prepared by incipient wetness impregnation with AgNO3 and NaNOg
as described in Section 2.1.2. Samples of Ag/SrFeO3;_s5 and NayCO3/SrFeO5_s were
prepared (designated Ag/SFO and NCO/SFO respectively). Then, the samples were fur-
ther impregnated with Na or Ag respectively, to form NayCO3(Ag/SrFeO3_5), with an
external layer of NayCOj3 covering the nanoparticles of Ag, and Ag(NayCO3/SrFeO3_s),
with Ag nanoparticles on the outside of the NayCOs layer (designated NCO(Ag/SFO)
and Ag(NCO/SFO) respectively). The sequences of synthesis steps applied to prepare

each sample are summarised in Fig. 5.1.

SrFeO45 Ag/SrFeO, 5

AgNO4
impregnation
—_—

NaNO,

|mpregnat|cy

NaNO,
impregnation

AgNO,
impregnation

Na,CO,/SrFeO, 5 Ag(Na,CO,/SrFeO,5)  Na,CO,(Ag/SrFeO,)
Internal layer External layer

Fig. 5.1 Schematic showing summary of samples prepared by sequential impregnation
of SFO with AgNO3 and NaNQOsj, to form Ag nanoparticles and layers of NayCO3 in
the final samples. ‘Impregnation’, refers to addition of a solution of AgNO3 or NaNOs,
drying overnight, and calcination at 650-700°C, as described in Section 2.1.2.
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A sample of SrFeO3_s with NaNOj3 impregnated, but not calcined, was also prepared
for comparison with NCO/SFO, in order to verify that calcination in ambient air
resulted in conversion of nitrate to carbonate. The loading of Ag and Na for each
sample was estimated by ICP-AES analysis, as described in Section 2.2.4.

Raman spectra were collected at room temperature using a Horiba Jobin-Yvon
LabRAM HR spectrometer, as described in Section 2.2.8. Reference spectra were
collected for standards of NaNOj (Aldrich, 99%), NayCOj3 (Alfa Aesar, 98%), and
SrCO3 (Sigma Aldrich, >98%). Samples of SFO modified with Ag, and, or, NayCO3
were compressed into a flat pellet prior to collecting Raman spectra, in order to improve
signal quality. Spectra were collected at five points on each pellet and averaged.

X-ray photoelectron spectroscopy (XPS) measurements were collected under high-
vacuum using a ThermoFisher Scientific Escalab 250Xi spectrometer, as described in
Section 2.2.7, scanning the Nals, Ols, Ag3d, and Cls binding energy regions. The
energy scale was calibrated relative to the peak in the Cls spectrum corresponding to
adventitious carbon, at 284.8 eV.

Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-
EDS) measurements were performed using a Tescan Mira3 FEG-SEM, as described
in Section 2.2.6, to characterise the morphology and distribution of elements at the
surface of each sample.

X-ray diffraction patterns were collected at ambient temperature using a Malvern
Panalytical Empyrean diffractometer, as described in Section 2.2.1, with results shown
in Appendix D.1.

Thermogravimetric analysis (TGA) experiments were performed using Mettler

Toledo TGA/DSC 1 or TGA/DSC 3+ analysers as described in Section 2.2.2. Prior to
1

)

all TGA measurements, the sample was heated in air from 50-800°C at 10°C min~
then cooled to 50°C, in order to remove adsorbed surface contaminants from exposure
to laboratory air. Two different TGA programs were used. In temperature cycling
experiments, the sample was heated from 50°C to 800°C at a heating rate of 10°C min~!,
with 5 vol% Hj or Ny fed through the reactive gas capillary. Then, the sample was
cooled in air to 50°C at 10°C min~!, with four cycles of heating and cooling performed
for each sample. In isothermal TGA experiments, the sample was heated to a given
temperature in the range 300-500°C in air, then, the reactive gas was switched to
5 vol% Hs to reduce the sample for 45 min. The sample was then reoxidised in air for

15 min, with 5 cycles of reduction and oxidation performed at each temperature.
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Chemical looping epoxidation experiments were performed in a packed bed reactor,
with the experimental arrangement described in Section 2.3.2, and further detail given
in Gebers and Marek (2024). A packed bed of 1.80 g of reactive material (45-180 pm)
was assembled inside a stainless steel tube (15 mm [.D.), in between two layers of
4.0 g and 2.0 g SiC (241-559 pum, Alfa Aesar) above and below the bed respectively.
The bed was secured in place in the tube using a plug of glass wool. All gas flows

to the reactor were set to 180 mL min~!

using calibrated rotameters, giving a space
velocity of 9600 h~!. The reactor was pre-heated under air flow at 270°C for 2 h prior
to experiments, then, chemical looping cycles were performed by switching the feed
between 5.4 vol% CyH, (balance Ny, BOC) and air, with a purge step in nitrogen to
prevent mixing between ethylene and air. Five cycles of 1.5 min reduction in CyHy,
2 min purge in Ny, and 15 min oxidation in air were performed for each sample, with
additional cycles performed for some materials as described in Section 5.3.3.

Exhaust gas composition from the reactor was monitored using an on-line Fourier
Transform Infra-Red gas analyser (FTIR), with concentrations quantified for CoHy,
CO., ethylene oxide (EO), and water, as described in Section 2.3.2.

Average conversion of CoHy over each cycle, X, average selectivity towards EO, S,
and percentage yield of EO, Y, were estimated by integrating measurements of outlet
gas concentrations, as shown in Egs. 5.1, 5.2, and 5.3 (Gebers et al., 2022), assuming a
constant molar flowrate of gas through the reactor. The term y; corresponds to the
mole fraction of each species in the reactor outlet, yc,m, in corresponds to the mole
fraction of CoHy in the reactor feed (5.4 vol% for all experiments) and t,.4 corresponds
to the duration of each reduction step (1.5 min for all experiments). The integration
range, tgart — tena Was taken between the time point in each cycle when COy first
exceeded 20 ppm, and when ethylene concentration reached a maximum value. The
factor of 0.5 for CO, was included to account for the complete combustion of one mole
of CoHy forming two moles of CO,. No other products, including CO, were detected
above 20 ppm from FTIR measurements of gas concentrations, and so were omitted

from subsequent analysis.

frd (ypo + 0.5yco,) dt

X — y tstart (51)
tsetzm (ngH4 + yro + 0. 5y002) dt
G e, (yp0) dt 52)

Yend (youm, + yro + 0.5yco, ) dt
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Y=XxS8 (5.3)

The carbon balance for each experiment was determined from Eq. 5.4.

C . — ttsetz;it (yCQH4 + Yro + 0.5y002) dt
bal —

(5.4)
yCzH4 X t?"ed

5.3 Results

5.3.1 Characterisation of prepared materials

Assuming full conversion of NaNOj3 to Nay,COg3, the weight fractions of Ag and
Nay;COj3 for each sample were estimated from ICP-AES measurements (shown in
Table 5.1). Some deviation from target loadings was observed, with the sample of
NCO(Ag/SFO) showing a somewhat higher than expected loading of NayCO3. The
sample of Ag(NCO/SFO) showed a lower than expected loading of NayCOj3, with high
variance between measurements (in the range 0.43-7.71 wt% NaoCOs3); hence, the value
quoted in Table 5.1 represents the average over three repeat measurements, with high
associated uncertainty. The variation in measured Na,COj3 loading from ICP-AES
measurements might have been caused by partial dissolution of the internal carbonate
layer during impregnation with aqueous AgNOj solution, as Nay,COg is partially soluble
in water (Eggeman, 2001). However, the liquid containing redissolved Nay,COj3 during
impregnation of NCO/SFO with AgNOj3 would be expected to remain within the pores
of the solid sample, and therefore the origin of the discrepancy in loading of NayCOs3
between NCO/SFO and Ag(NCO/SFO) remains somewhat unclear. Hence, although
comparisons between Ag/SFO and Ag(NCO/SFO), and Ag/SFO and NCO(Ag/SFO)
can be made reliably, direct comparisons between Ag(NCO/SFO) and NCO(Ag/SFO)
should be treated with caution, given the large difference in loading of NayCOs.
From Raman spectroscopy measurements of NaNOjs, SrCO3 and Nay,COj3 standards,
shown in Fig. 5.2, characteristic Raman peaks were detected at 1067, 1074, and
1080 cm™! respectively. A shift in peak centre from 1069 cm™' to 1079 cm™! was
observed for the sample of SFO impregnated with NaNOj3 before and after calcination,
in good agreement with the peak positions of the NaNO3 and Nay;COg3 standards. Hence,
calcination in static air at 700°C was sufficient to induce decomposition of NaNOgs and

reaction with atmospheric COs to form NayCOg, with no residual NaNOj3 detected
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Table 5.1 Loadings of NayCO3 and Ag, determined from ICP-AES measurements of
Na and Ag fraction, assuming all Na was present as NayCOg3. The values reported for
Nay;CO3 and Ag content in Ag(NCO/SFO) represent the average values over three
measurements, with the range given in parentheses.

Sample Abbreviation ~ NayCOjz (wt%) Ag (wt%)
Ag/StFeO; Ag/SFO 0.00 10.7
NayCOj3/SrFeO3_s NCO/SFO 9.54 0.00
Ag(NasCOs/StFeOs_5)  Ag(NCO/SFO)  2.93 (0.43-7.71) 9.69 (8.84-10.31)
Nay,CO3(Ag/SrFeO3_5) NCO(Ag/SFO) 14.1 10.0

after calcination. For Ag(NCO/SFO) and NCO(Ag/SFO), clear peaks corresponding to
NayCO3 were detected, indicating that full conversion of NaNO3 was achieved for both
samples, despite the low total loading of NayCO3 on Ag(NCO/SFO) detected from
ICP-AES measurements. No Raman bands in the region 1060-1080 cm™! corresponding

to nitrate or carbonate species were observed for the sample of Ag/SFO, as expected.

Ag/SrFeOg,g NagCO;;/SrF603,5
NaNO;3/SrFeO;_; Ag(NayCO3/SrFeO3_5)

NayCO3(Ag/SrFeO5_5)

(v) iy

Intensity (-)
ﬁc

NaNOj standard
SrCOj3 standard
Nay,COj3 standard

P

'
= 1

200 400 600 800 1000 1200 1400 1600 1800 1000 1020 1040 1060 1080 1100
Wavenumber (cm ') Wavenumber (cm ')

Fig. 5.2 Raman spectra (a) showing shift in peak following conversion of NaNOj to
NayCOj3 after calcination in air, with zoomed-in section in dashed box shown in (b).
Vertical lines between peaks added to guide the eye.

X-ray diffraction measurements (reported in Appendix D, Fig. D.1) for the prepared
materials showed the presence of the SrFeO3_s and Ag phases, with minimal SrCOg3
or other impurities. Hence, the addition of the NayCOj3 layer did not alter the phase
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structure of the strontium ferrite support, as a change from, for example, perovskite
to Ruddlesden-Popper, would alter the reactive properties of the material (Gabra
et al., 2021). Furthermore, carbonation of the SrFeO3_s did not occur during material
preparation, as an increase in strontium carbonate content might have decreased
the reactivity of the SFO-based material (Marek and Garcia-Calvo Conde, 2021).
However, diffraction peaks corresponding to crystalline Na,COg3 showed very low
intensity, suggesting a largely amorphous carbonate phase.

From XPS measurements (with fitting constraints and peak assignments given in Ap-
pendix D, Table D.1), all samples impregnated with NaNO3 (NCO/SFO, Ag(NCO/SFO)
and NCO(Ag/SFO)) showed an appreciable signal in the Nals region of binding ener-
gies, shown in Fig. 5.3a. The measured Nals peak intensity was approximately 78%
lower for Ag(NCO/SFO) than for NCO/SFO, as expected from the lower loading of
NayCOg3 detected from ICP-AES analysis.

All three samples showed a major peak at 1071.6-1071.7 eV, corresponding to a
majority of Na being present as NayCO3 (Hammond et al., 1981), and a shallow,
broad peak centred at 1072.8-1073.0 eV, assigned to residual sodium oxide formed
during synthesis (Barrie and Street, 1975; Savintsev et al., 2016), and hydroxide
surface impurities from exposure to moisture in laboratory air (Citrin, 1973). The
XPS measurements of the Ag3d region for samples impregnated with Ag, shown in
Appendix D, Fig. D.2a, confirmed the presence of metallic Ag for all samples, with
the main Ag3ds/, peak at 368.3-368.7 eV (Seah et al., 1998).

From measurements of the Ols binding energy region, shown in Fig. 5.3b, four peaks
corresponding to oxygen species were detected at binding energy values of approximately
528.5, 529.7, 531.5, and 533.6 €V, assigned respectively to lattice oxygen in bulk
SrFeO3_s, lattice oxygen in the SrO surface termination layer, carbonates and surface
O and Ag-O, species, and hydroxide impurities (Barrie and Street, 1975). Surface
carbonate species were confirmed to be present on all samples from measurements of
the C1s region, shown in Fig. D.2b.

The presence of carbonate species on Ag/SFO, detected from the Ols and Cls
spectra, suggested contamination of the surface from contact with laboratory air during
handling. Carbonation of the bulk solids in Ag/SFO to form strontium carbonate
was ruled out from XRD and Raman measurements, where no SrCOj3 peaks were
detected. Broad overlap between the binding energy regions expected for oxygen in
carbonate species meant that sodium carbonate could not be distinguished reliably

from surface oxygen on SrFeO3_s and Ag, as previously discussed in Sections 4.3.2 and
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Fig. 5.3 XPS spectra corresponding the (a) Nals and (b) Ols and Na KLL binding
energy regions. Circles indicate normalised experimental measurements, solid black
lines indicate overall fitted curve, shaded areas correspond to individual fitted peaks,
dashed lines correspond to fitted baseline, and grey solid lines correspond to difference
between fitted curve and measurements. Percentage areas estimated for each peak
are given, corresponding to the approximate proportion (at%) of each species at the

surface.
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4.4.2. For the samples of NCO/SFO and NCO(Ag/SFO), a weak, broad peak centred
at 535.9-536.2 eV was detected, corresponding to Na KLL Auger electrons (Shchukarev
and Korolkov, 2004).

From SEM-EDS maps shown in Fig. 5.4, Na was found to be approximately uni-
formly distributed over the surface of NCO/SFO, NCO(Ag/SFO) and Ag(NCO/SFO),
overlapping with the Ag signal for samples containing both Ag and Nay;COs3. Given
the lower loading of NayCOj achieved on the sample of Ag(NCO/SFO), the signal
intensity for Na was substantially lower than for the other samples, and so a longer

scan time (c. 5 min, as opposed to ¢. 1 min for the other samples) was applied to
collect the EDS map. No Na was detected by SEM-EDS on the sample of Ag/SFO.

Na,CO,4/SrFeO; 5

Ag(Na,CO,4/SrFeO;5) Na,CO4(Ag/SrFeO;5) Ag/SrFeOg;

Fig. 5.4 EDS maps showing distribution of Na, Ag, Sr and Fe on NCO/SFO, Ag/SFO,
NCO(Ag/SFO) and Ag(NCO/SFO).

From SEM images, shown in Fig. 5.5, nanoparticles of Ag were visible on the surface
of Ag/SFO and Ag(NCO/SFO), but were not readily visible on NCO(Ag/SFO) despite
being present in the EDS map, confirming that the Ag particles were covered by the
layer of NayCOj3. For Ag(NCO/SFO), some regions of the sample showed elongated

127



Structured Ag-Na,CO;-SrFeO;_ s materials for chemical looping

particles of Ag (shown in Fig. 5.5¢.1), and other regions showed approximately spherical
particles (shown in Fig. 5.5¢.ii). The overall size distributions of particles of Ag
deposited on Ag/SFO and Ag(NCO/SFO) were approximately equal, with a Sauter
mean diameter of 77.8-80.0 nm, within one standard deviation of the materials prepared

and characterised in Chapters 3 and 6.

(d) Size distriutions of Ag particles

Zo6
3 [CJAg/sFO Ag/SFO Sauter mean: 80 nm
e [ 1Ag(NCO/SFO) STDEV: 19.3 nm
] 0.4 Ag(NCO/SFO) Sauter mean: 77.8 nm
o STDEV: 19.5 nm
-
o
e 0.2
o
=
(4]
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Fig. 5.5 SEM images of (a) Ag/SFO, (b) NCO(Ag/SFO), and (c.i and ii)
Ag(NCO/SFO), with particles of Ag circled in blue, and (d) measured particle size
distributions for Ag on Ag/SFO and Ag(NCO/SFO)

From the SEM-EDS images, the layer of Nay,CO3 was assumed to cover the entire
surface of the sample of Ag(NCO/SFO) and NCO(Ag/SFO), in line with previous

studies (Luongo et al., 2022). However, future work could estimate the true surface
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coverage of NayCOj3, and hence, the fraction of exposed SrFeOs3_s, by exposing the
samples to a probe molecule able to preferentially adsorb to SrFeOs_s, but not NayCO3
(or wice-versa), and measuring the difference in quantity adsorbed between Ag/SFO,
Ag(NCO/SFO) and NCO(Ag/SFO).

5.3.2 Thermogravimetric analysis

From temperature ramping experiments in the TGA under reducing atmospheres
between 50-800°C, shown in Fig. 5.6, differences in the minimum temperature required
for reaction (Tppser) Were observed between samples.

For both reducing gases (5 vol% Hj in No, and pure Ny), samples showed T, s values
in the order Ag/SFO < Ag(NCO/SFO) < NCO(Ag/SFO) < SFO ~ NCO/SFO, with
lower values of T, indicating greater availability of oxygen. The differences between
samples were markedly greater under stronger reducing conditions in 5 vol% Hs, with an
overall range of 160°C between the T, values of SFO and Ag/SFO, whereas, during
reduction under Ny, the total range of T, values was around 60°C. In particular,
under reduction in Ny, all samples apart from Ag/SFO showed T, values within 10°C
of one another, whereas, under 5 vol% Ho, the trend in T},,..; values was more apparent,
with differences of at least 20°C between all samples. The values of T, in Ny for
SFO and Ag/SFO were in reasonable agreement with the equivalent measurements
reported in Fig. 3.9, with differences ascribed to batch-to-batch variability between
samples.

During reduction in 5 vol% Hy up to 800°C, the samples containing NayCO3 showed
a permanent mass loss between cycles, with the samples losing approximately 2.5wt%
of their initial mass after four redox cycles. A pure sample of NayCO3 heated in the
TGA under 5 vol% Hs, or Ny, up to 900°C at 10°C min~!, started to lose mass at
around 840°C, losing ¢. 8wt% mass over the course of one temperature ramp cycle
(shown in Fig. 5.7), with little difference between decomposition in Hy or Ny. However,
samples of NCO/SFO showed a permanent mass loss during TGA cycling up to 800°C
in 5 vol% H,, but did not show a permanent loss during ramping experiments with Ny
as the reducing gas. Hence, contact between sodium carbonate and iron in SrFeO5_g
might have increased the rate of decomposition of NayCO3 at lower temperatures, by
catalysing the reaction between Nay,CO3 and Hy to form Nay,O, HoO, and CO or CHy
(Lux et al., 2018).

The trend in reactivity between samples with respect to Hy was confirmed by

isothermal TGA measurements, shown in Fig. 5.8, where each sample was held at a
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Fig. 5.6 Mass changes during temperature ramping from 50-800°C with reduction in
(a) 5% Hs in Ny and (b) Ny, and oxidation in air, (¢) T,uset values during reduction
in Hy and (d) in Ny. Error bars in (c) and (d) correspond to standard deviation over
4 cycles. T,,s: was defined as the temperature at which the maximum change in rate
of mass loss with respect to time occurred, identified as described in Section 2.2.2.
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Fig. 5.7 Decomposition of pure NayCO3 and SrCOj3 during temperature ramping in
the TGA from 50-900°C at 10°C min~!, with reactive gases (a) 5 vol% Hy and (b)
Ny during heating, and air during cooling. The decomposition behaviour of SrCOs,
showing a greater mass loss under 5% H, than under pure Ny, was in good agreement

with Reller et al. (1991).

temperature between 300-500°C, and subjected to three chemical looping cycles of

45 min reduction in 5 vol% Hs, followed by 15 min oxidation in air.
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Fig. 5.8 Isothermal reduction and oxidation of Ag-Nay;CO3-SrFeO3_s materials in Hy
at 300-500°C, showing changes in sample mass

At 300°C, Ag/SFO reduced rapidly, reaching a stable mass within ¢. 20 min,
whereas SFO lost mass slowly, and NCO/SFO did not show any mass change. The
mixed samples of Ag(NCO/SFO) and NCO(Ag/SFO) showed almost identical reduction
patterns to one another, with intermediate rate of mass change between unmodified
SFO, and Ag/SFO. Hence, the intermediate rate of reaction supports the finding from
Fig. 5.6 that the presence of NayCOj3 in mixed Ag-Na,CO3 samples partially inhibited
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the enhancement to oxygen availability from interactions between Ag and SrFeO;_s,
while allowing some improvement in reactivity as compared to bare SFO.

Reduction at 400°C showed a similar trend, as Ag/SFO, Ag(NCO/SFO) and
NCO(Ag/SFO) all reduced rapidly, reaching a stable mass within ¢. 10 min, whereas
SFO and NCO/SFO lost mass more slowly, indicating the enhancement to oxygen
availability from the presence of Ag with or without Nay,CO3. Over the course of 45
min of reduction, SFO reached approximately the same final mass as the samples
containing Ag, whereas, the sample of NCO/SFO showed a total mass change that
was approximately 35% lower, suggesting that the presence of NayCO3 at the surface
of SFO actively inhibited reaction.

At 500°C, all materials reduced rapidly and reached a stable mass within 10 min,
with minimal difference observable between samples. No permanent mass loss was
observed from isothermal cycling up to 500°, with all samples returning to their original
mass after 15 min oxidation in air.

During isothermal reduction in 5 vol% Ha, little difference in reactive behaviour
was observed between Ag(NCO/SFO) and NCO(Ag/SFO), despite the considerable
difference in NayCOj3 loading detected from ICP-AES measurements. However, marked
differences between the samples were observed during isothermal TGA experiments

where the reducing gas was changed to 5.4 vol% ethylene, shown in Fig. 5.9.
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Fig. 5.9 Comparison between NCO(Ag/SFO) and Ag(NCO/SFO) during isothermal
reduction in 5 vol% Hy (solid lines) and 5 vol% CyHy (dashed lines), both balance N,
with re-oxidation in air.

At all temperatures during reduction in CoHy, Ag(NCO/SFO) lost mass more
rapidly than NCO(Ag/SFO), reaching a greater extent of overall reduction at 300°C
and 400°C, and reaching a steady state more rapidly at 500°C. For NCO(Ag/SFO),
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reduction in CoHy was substantially slower at all temperatures than reduction in
H,, whereas, for Ag(NCO/SFO), rate of reduction in ethylene was approximately
equal to or slightly faster than reduction in hydrogen. Therefore, the differences in
reactive behaviour with Hy and CyHy indicate that the location of the Nay,COj3 layer
within the sample altered the reaction mechanism between the reducing gas and the
Ag-NayCO3-SrFeO5_5, with exposed Ag sites necessary for rapid reaction in CoHy,

discussed in further detail in Section 5.4.
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5.3.3 Performance in chemical looping epoxidation

The concentrations of EO, CO,, and HyO in the exhaust stream from the packed
bed reactor during chemical looping epoxidation experiments at 270°C are shown in
Fig. 5.10, with peaks corresponding to production of products during the 1.5 min
reduction steps in CoHy. All measurements showed an average carbon balance within
100 £ 10%.
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Fig. 5.10 Concentrations of reaction products measured by the FTIR during five cycles
of chemical looping epoxidation at 270°C over 1.80 g of: (a) NCO/SFO, (b) Ag/SFO,
(c) Ag(NCO/SFO), and (d) NCO(Ag/SFO). EO = ethylene oxide.

For NCO/SFO, shown in Fig. 5.10a, no appreciable concentration of EO or CO,
was detected (the low peaks corresponding to HyO were attributed to residual cross-

sensitivity of the FTIR instrument between water and unreacted ethylene). For Ag/SFO
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and Ag(NCO/SFO), shown in Figs. 5.10b and 5.10c respectively, the CoHy reacted to
form EO and CO,. The average peak concentration of EO over Ag/SFO was 2510 ppm
over the 5 cycles, in good agreement with the concentration of ¢. 2500 ppm EO achieved
by Marek and Garcia-Calvo Conde (2021) for a sample prepared under equivalent
conditions. The sample of Ag(NCO/SFO) showed slightly lower peak concentrations
of 2130 ppm EO; however, approximately 53% less CO, was produced (6730 ppm
vs 14300 ppm for Ag/SFO for the second and subsequent cycles), resulting in higher
selectivity of 36% as compared to 23% for Ag/SFO.

For NCO(Ag/SFO), no carbon-containing reaction products were detected at 270°C,
indicating minimal reaction of ethylene. To determine whether higher temperatures
would be sufficient to allow for reaction of CoHy over NCO(Ag/SFO), two further
chemical looping cycles were performed at 300°C and 350°C, shown in Fig. D.3. No EO
was detected at either temperature, however, at 300°C and 350°C, peak concentrations
of 209 and 725 ppm CO, respectively were observed. Furthermore, the overall carbon
balance was substantially lower than for all measurements at 270°C (78.6% wvs 90.6-
101.7%), suggesting deposition of carbon from CyH, as a result of coking. Hence, the
results agreed with the TGA measurements reported in Fig. 5.9, indicating that an
exposed Ag surface (present in Ag/SFO and Ag(NCO/SFO) but absent in NCO/SFO
and NCO(Ag/SFO)) was necessary for reaction with CoHy at 270°C, and for formation
of EO.

The selectivity towards EO, conversion of CyHy, and overall percentage yield of
EO (calculated using Eqgs. 5.1, 5.2, and 5.3) are shown in Fig. 5.11.
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Fig. 5.11 Comparison of (a) selectivity towards EO, (b) conversion of CoHy, and (c)
yield of ethylene oxide during chemical looping epoxidation over 5 redox cycles.
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For NCO/SFO and NCO(Ag/SFO), no appreciable conversion of CoH, was detected,
and hence selectivity and yield were zero for all cycles. For Ag/SFO, the material
showed stable selectivity towards EO of 23.1 4+ 0.3%, whereas for Ag(NCO/SFO),
selectivity gradually increased over successive cycles, stabilising at approximately 36.0%

after the ninth cycle (shown in Fig. 5.12).
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Fig. 5.12 Conversion of ethylene and selectivity towards EO over 9 cycles of chemical
looping for Ag(NCO/SFO).

For both Ag/SFO and Ag(NCO/SFO), conversion dropped between the first and
second cycle, then remained approximately stable for all successive cycles, in line with
previous studies of chemical looping epoxidation over Ag/SFO (Damba et al., 2024;
Gebers et al., 2022; Marek and Garcia-Calvo Conde, 2021). For all cycles, the selectivity
towards EO was higher for Ag(NCO/SFO) than Ag/SFO, whereas, the conversion of
CoHy was higher for Ag/SFO than Ag(NCO/SFO). Overall yield was similar for both
samples, at approximately 4.3 & 0.3% for the second and subsequent cycles, indicating
that differences in conversion and selectivity approximately cancelled out. Assuming
equal availability of oxygen from the strontium ferrite core (i.e. assuming equal initial
oxygen stoichiometry of the SrFeOs_; for all samples, and neglecting the presence of
any impurity phases, as discussed in Chapter 2, Section 2.1.1), a greater proportion of
available oxygen from Ag(NCO/SFO) reacted with ethylene to form EO rather than
CO,, with less oxygen reacting overall as compared to Ag/SFO. Hence, the layer of
NayCOj selectively inhibited complete combustion of ethylene, without substantially
decreasing the amount of oxygen available for selective oxidation to form EO, with

potential mechanisms discussed in Section 5.4.

136



5.4 Discussion

5.4 Discussion

The TGA measurements reported in this Chapter (shown in Figs. 5.6 and 5.8) were in
good agreement with the findings in Chapter 3, where the presence of Ag decreased
the temperature required for reduction of SrFeO3_s, and the improvement in oxygen
availability was greater in the case of reaction between oxygen and an active reducing
gas (5 vol% Hs), as opposed to oxygen uncoupling into an inert atmosphere (Ns).
Furthermore, addition of NayCO3 showed no enhancement in oxygen availability for
SFO in the absence of Ag, and, partially inhibited the improvement from Ag in mixed
samples. The external layer of NayCOj in the sample of NCO(Ag/SFO) showed a
slightly greater degree of inhibition (i.e. a smaller decrease in T,,s; With respect to
unmodified SFO) than the internal layer in Ag(NCO/SFO), however, the difference
might be attributable to the large variation in estimated loading of NasCO3 between
the two samples.

Moreover, little difference in 7). between reduction in Hy and Ny was observed
for SFO and NCO/SFO, suggesting that in the absence of an Ag catalyst to mediate
reactions between Hy and Ag-O, species, uncoupling of Oy molecules was the primary
mechanism of oxygen release.

Comparison between reduction of NCO(Ag/SFO) and Ag(NCO/SFO) in Hy and
CyHy, shown in Fig. 5.9, suggested two distinct mechanisms of reduction. At all temper-
atures investigated over the range 300-500°C, rate of reaction in Hy was approximately
equal for Ag(NCO/SFO) and NCO(Ag/SFO), whereas, during reduction in CyHy,
rates of reaction were substantially slower for NCO(Ag/SFO) than for Ag(NCO/SFO).
Luongo et al. (2022) established that for NayCOj3/SrosCag2FeO3_s materials prepared
using a similar method to the NCO/SFO material used in this Chapter, the NayCOj3
layer was impermeable to CoHg and CoH, gases during oxidative dehydrogenation of
ethane, while allowing transport of Oy from the perovskite core to the surface of the
carbonate layer. Furthermore, in Chapter 4, the reaction of reducing gases with Ag-O,
intermediate species was determined to substantially enhance the rate of reduction of
Ag/SFO.

Hence, the observed reactive behaviour in Hy and CoHy can be explained by the
differing abilities of the reducing gases to penetrate the NayCOg3, with respect to the
relative positions of the Ag particles. For reduction of Ag(NCO/SFO) in Hs, oxygen
can diffuse through the carbonate layer to form Ag-O, species, which would then be

able to react rapidly with Hs, in a similar matter to reduction of Ag/SFO (shown in
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Fig. 5.13a). Similarly, during reaction of NCO(Ag/SFO) in hydrogen, Hy molecules
can diffuse into the NayCOj3 (Deng et al., 2022; Reller et al., 1991), allowing reaction
at the particles of Ag underneath the carbonate layer (shown in Fig. 5.13b).

Contrastingly, during reduction in ethylene, CoH, can readily react with oxygen at
the surface of Ag on Ag(NCO/SFO) (Fig. 5.13c), but would not be able to diffuse into
the NayCOj3 layer in NCO(Ag/SFO) to access the Ag sites, resulting in slow reaction
(Fig. 5.13d).

(a) Ag(Na,CO,4/SrFeQ,) — H, (b) NaZCO3(Ag/SrFeO3) -H,
(OBN y~ (o) ?
(c) Ag(Na,CO,/SrFeO,) - C,H, (d) Na,CO,(Ag/SrFe0,) — C,H,

. )~ e, - ©-¢ - Hes
% - 000

Fig. 5.13 Proposed reaction mechanisms of Ag(NCO/SFO) and NCO(Ag/SFO) with
(a,b) Hy and (c,d) CoH,y during isothermal gas cycling in the TGA, with diffusion of
Hsy and O species, but not CoHy, through the carbonate layer.

The differences in reactivity with CoHy between Ag(NCO/SFO) and NCO(Ag/SFO)
were reinforced by observations from packed bed experiments, reported in Figs. 5.10 and
5.11. During chemical looping cycles, Ag(NCO/SFO) showed around 14% conversion
of ethylene to EO and CO, at 270°C, whereas NCO(Ag/SFO) showed little to no
formation of EO or CO, at 270°C. At higher temperatures, 300°C and 350°C, shown
in Fig. D.3, some combustion of CoH, was observed over NCO(Ag/SFO), but with no
EO formation, confirming that access of ethylene to exposed Ag sites was necessary to
form EO.

For the sample of Ag(NCO/SFO), improved selectivity towards EO was achieved as
compared to Ag/SFO, indicating that the presence of the carbonate layer might have
inhibited non-selective oxidation pathways. During oxidation of CoHy over Ag/SFO, a
small fraction of CoHy reacts directly with the SFO support to form COy and HyO
(Marek and Garcia-Calvo Conde, 2021), and, some of the EO formed by selective
oxidation is over-oxidised to COs and HoO (Gabra, 2022). For the Ag(NCO/SFO)
material, access to the SrFeO3_s surface by CoHy and EO might have been blocked
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by the layer of Na,COg, preventing direct reaction, thereby inhibiting the extent of
non-selective oxidation (shown in Fig. 5.14). As the concentration of EO produced only
slightly decreased between reaction over Ag/SFO and Ag(NCO/SFO), the carbonate
layer might have primarily inhibited the non-selective reaction pathways, with limited
decrease to the extent of selective oxidation to form EQO. Therefore, future mechanistic
studies could also measure the relative rates of diffusion of oxygen, hydrogen, ethylene,
and EO through Na,COgs, in order to verify whether the mechanisms of Nay;COj5

inhibiting complete combustion proposed in Figs. 5.13 and 5.14 are feasible.

Ag(Na,CO,/SrFeO, ;) (Internal layer)

AQ/SrFeO, 5

Fig. 5.14 Proposed reaction mechanisms of CoHy oxidation over (a) Ag/SFO and (b)
Ag(NCO/SFO), with the layer of NayCOj in (b) preventing direct reaction between
the SrFeO3_s support, and CoHy or EO.

Alternatively, Gao et al. (2020) found that for oxidative dehydrogenation of ethane
via chemical looping over LaggSrgoFeOs3_g, coated with a molten layer of Li;COg, the
presence of the carbonate layer influenced the distribution of oxygen species at the
surface of the material. Peroxide O3~ species, selective for ODH, were transported
through the carbonate layer more easily than non-selective atomic oxygen O~ species,
and hence selectivity towards ethylene was improved. As discussed in Chapter 4,
atomic, peroxide, and superoxide species were detected at the surface of Ag/SFO by
Raman spectroscopy, with the relative proportion of each species changing during
reduction. Hence, future studies could consider applying in-situ Raman spectroscopy
to measure the Ag-O, species on Ag/SFO and Ag(NCO/SFO) during chemical looping,

to determine whether the the distribution of oxygen species was influenced by the
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internal layer of Na,COg3, and whether the carbonate layer influenced transport of
oxygen from the SFO lattice to the surface of Ag.

Additionally, impregnation of Ag nanoparticles on top of the NayCOj3 resulted in
a different particle morphology at a similar overall size distribution, with elongated
particles of Ag (shown in Fig. 5.5), possibly affecting selectivity towards EO (Marek
and Garcia-Calvo Conde, 2021).

As observed from EDS maps in Fig. 5.4, Na was distributed over the surface of
NCO(Ag/SFO), and, given that no appreciable reaction with ethylene was observed
in the packed bed (as shown in Fig. 5.10d), the NayCOj layer was assumed to fully
cover the Ag nanoparticles at the surface of the material. However, given the relatively
large interaction volume of EDS measurements, the thickness and uniformity of the
carbonate layer could not be readily quantified.

Furthermore, the target loading of 10 wt% NayCO3 used here was chosen arbitrarily,
and the true loading for the most selective sample, Ag(NCO/SFO) was likely somewhat
lower, estimated at around 2 wt% from ICP-AES measurements. Hence, future work
would need to confirm that the differences in conversion and selectivity between
Ag/SFO and Ag(NCO/SFO) were indeed caused by the layer of NayCO3 acting as a
diffusion barrier, by investigating alternative synthesis and characterisation methods,
allowing for a well-defined carbonate layer of known thickness covering the material.
Understanding the source of the discrepancy between target and actual loading of
NayCO3 during the preparation of Ag(NCO/SFO) would also aid further research into

the reactive properties of the material.

5.5 Conclusions

Composite oxygen carriers composed of SrFeO3_s impregnated with Ag nanoparticles
and a layer of NaoCOg3 were prepared by sequential impregnation with nitrate precursors
and calcination in laboratory air, and characterised by Raman spectroscopy, SEM, and
XPS. From TGA measurements, the presence of an internal or external layer of NayCO3
was found to partially inhibit reduction under mild (Ny) or strong (5 vol% Hj) reducing
atmospheres. During reduction in 5 vol% Hs, the minimum temperatures required
for reduction of Ag(NayCOj3/SrFeO3_5) and NayCO3(Ag/SrFeOs_s) were 260°C and
290°C respectively, as compared to 200°C for Ag/SrFeO3_s5. The samples with internal
and external layers of NayCOj3 reduced at an almost identical rate at 300°C under
5 vol% Hs, whereas, under 5 vol% CsHy, Ag(NayCO3/SrFeO3_s) lost mass considerably
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more rapidly than NayCO3(Ag/SrFeO3_s). Hence, the ability of the reducing molecule
to access the surface of Ag, and hence the reactive Ag-O, surface species identified in
Chapter 4, was determined likely to be necessary for rapid reduction.

During chemical looping epoxidation at 270°C, samples with an external layer of
NayCOj (i.e. NagCO3/SrFeO;_5 and NayCO3(Ag/SrFeO3_5)) were inactive, whereas,
Ag(NayCO3/SrFeO3_s) showed higher selectivity towards EO than Ag/SrFeO;_s (36%
vs 23% respectively), albeit with similar overall yield (around 4.3%). The carbonate
layer was hypothesised to mitigate complete combustion of CoH, and EO by preventing
access to the surface of the SrFeO3_s oxygen carrier, while allowing reaction at selective
sites on the exposed surface of Ag nanoparticles. The results demonstrate that
incorporating an internal carbonate layer to prevent over-oxidation could be a useful

strategy for improving selectivity in chemical looping oxidation processes.
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Chapter 6

Selective formation of propan-1-ol
from propylene using chemical

looping

The Chapter discusses the preparation and characterisation of mixed Ag-AgCl-Au
catalysts supported on SrFeOs_s, for use in chemical looping oxidation of propylene,
with propan-1-ol forming as the preferred product over AgCl-AgAu materials. Sections
from this Chapter have been published in Harrison and Marek (2022), with all sections

reproduced in this Dissertation comprising solely my own work.

6.1 Introduction

Selective oxidation of propylene to form value-added Cs products, such as propylene
oxide (PO), allyl alcohol (AA), and propan-1-ol, is a significant challenge in heteroge-
neous catalysis (Li et al., 2007; McCoy, 2001; Trent, 2000). In particular, catalysts
for producing propylene oxide from propylene using air as the oxidising agent have
been studied extensively (Khatib and Oyama, 2015; Terzan et al., 2020), but are not
yet commercially competitive, despite the environmental and economic problems of
the incumbent chlorohydrin and hydroperoxide processes (Trent, 2000). Production of
propan-1-ol directly from propylene is also challenging as a result of the preferential
formation of the secondary alcohol isomer, propan-2-ol, under most reaction conditions
(Li et al., 2007).

In this Chapter, Ag, AgCl, and Ag/Au catalysts, supported on SrFeO3_; perovskite,

were investigated for chemical looping oxidation of propylene. Catalysts containing AgCl
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and, or Au were found to give low levels of complete combustion, and high selectivity
towards propan-1-ol. Interestingly, the AgCl and AgCl/Au catalysts produced a
substantially different distribution of products as compared to typical distributions
reported for direct epoxidation of propylene over Ag- and Au-based catalysts (Khatib
and Oyama, 2015). The results provide an insight into potential future challenges
in applying a chemical looping approach to propylene oxidation, and indicate that
catalysts composed of AgCl and, or AgAu alloy supported on SrFeOs_s might be

suitable for production of propan-1-ol from propylene via a chemical looping approach.

6.2 Experimental

Samples of SrFeO3 5 (SFO) modified with Ag, AgCl, and Au were prepared by
incipient wetness impregnation, as described in Section 2.1.2, with a summary of
samples prepared given in Table 6.1. Samples of Ag/SFO were prepared by dropwise
addition of AgNOj followed by drying at 120°C for 12 h, and calcination at 650°C
for 5 h, whereas, AgCl/SFO was prepared by adding AgNOj, then adding excess
concentrated hydrochloric acid to convert the Ag to AgCl, followed by drying and
calcination as previously.

For samples containing gold, two preparation methods were used to impregnate Au
onto SFO. In the first method (termed ‘direct impregnation’, with Au-D designation
in sample codes), AuCl; was dissolved in deionised water, then brought to pH 8 by
addition of NaOH solution. The resulting alkaline solution was then added dropwise
to SFO, followed by drying and calcination at 650°C.

A series of mixed AgCl/Au-D catalysts supported on SFO, with target metal
loadings z wt% Ag and (10-z) wt% Au (z = 2.5, 5, 7.5), was prepared by varying
the volume of AgNOj3 and AuCls solutions added. The AgNOj3 reacted with AuCls in
solution to form AgCl and Au or AgAu. The solutions of Ag and Au precursor were
prepared separately, then added sequentially to the support material in appropriate
ratios to achieve the desired loading, followed by drying and calcination. Catalysts
prepared by impregnation with AgNO3 and AuCl; were designated zAgCl/(10-z)Au-
D/SFO.

One batch of SFO modified with Ag and Au was also prepared by impregnating SFO
with AgNO3 and AgCl; solutions, followed by drying at 120°C and calcination at 700°C
for 5 h. Calcination at 700°C as opposed to 650°C induced thermal decomposition of
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some of the AgCl (Siddiqui et al., 2013). The sample calcined at 700°C was designated
Ag-AgCl/Au-H/SFO.

For chloride-free catalysts containing gold, a ligand complexation method from
Murayama et al. (2017) was used, described in more detail in Section 2.1.2. Briefly,
a solution of HAuCly, NaOH, and f-alanine was prepared in 70% ethanol, to form
a Au-(p-ala) complex (shown in Fig. 6.1). The Au-(f-ala) precipitate was separated
by centrifugation, dried in a dessicator, then dissolved in water and added dropwise
to SFO, followed by drying at 120°C and calcination at 650°C. Materials containing
Au prepared using Au—(f-ala) were designated Au-L. The resulting Au loading was
determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES) to

be 0.02 wt%, the lowest of all gold-containing materials that were prepared here.

s
I
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Fig. 6.1 Structure of the Au-(/3-ala) complex formed during peparation of Au-L samples,
proposed by Murayama et al. (2017).
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Table 6.1 Summary of catalyst samples used in chemical looping experiments, with a
target total metal loading of 10 wt% for each sample. Catalyst loadings were estimated
using X-ray diffraction (XRD) and ICP-AES measurements. Letter codes for samples
containing gold refer to the method used to add Au to the surface of the material, as
described in Section 2.1.2: D - impregnated with AuCls, H - impregnated with AuCls
followed by calcination at 700°C to partially decompose AgCl, L - impregnated with
chloride-free Au-(/-ala). Samples not containing gold were all prepared by incipient
wetness impregnation, followed by drying, and calcination at 650°C.

Sample Catalyst Estimated loading (wt%)
Ag/SFO Ag 11.8% Ag
Au-D/SFO Au 7.3% Au
AgCl/SFO AgCl 1.1% Ag, 8.8wt% AgCl
r = 2.5: 3.4% AgCl, 7.9% AgAu
"””AgCI/fg‘?/g“‘?Dg SFO AeCl/Au =5 51% AgCl, 5.1% AgAu
(v =25,5,75) z = T7.5: 6.9% AgCl, 5.1% AgAu
Ag-AgCl/Au-H/SFO Ag/AgCl/Au 3.4% AgCl, 8.8% (Ag + AgAu)
Ag/Au-L/SFO Ag/Au 4.6% Ag, 0.02% Au

Sample Catalyst precursors used Heat treatment
Ag/SFO AgNOs3 (49) 120°C (12 h), 650°C (5 h)
Au-D/SFO AuCls (49) 120°C (12 h), 650°C (5 h)
AgCl/SFO AgNOs3 (49), conc. HCl(gq) 120°C (12 h), 650°C (5 h)
rAgCl/(10-x)Au-D/SFO o o
(.’E _ 2'57 5’ 75) AgNO&(aq), AuC137(aq) 120°C (12 h), 650°C (5 h)

Ag-AgCl/Au-H/SFO
Ag/Au-L/SFO

AgNO&(aq), AUCI&(aq)
AgNOs3 (4q), Au-(S-ala)(qq)

120°C (12 h), 700°C (5 h)
120°C (12 h), 650°C (5 h)
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Powder X-ray diffraction (XRD) patterns were measured as described in Sec-
tion 2.2.1, using a Bruker D8 Advance diffractometer. Phase compositions were
estimated using Rietveld refinement.

Scanning electron microscopy (SEM) images were taken as described in Section 2.2.6
using a Tescan Mira3 FEG-SEM, with secondary electron (SE) and back-scattered
electron (BSE) detectors in parallel. Scanning transmission electron microscopy (STEM)
images and EDS maps were taken at room temperature as described in Section 2.2.5,
using a Thermo Scientific (FEI) Talos F200X G2 TEM.

X-ray photoelectron spectroscopy (XPS) measurements were collected under high-
vacuum using a ThermoFisher Scientific Escalab 250Xi spectrometer, as described in
Section 2.2.7, scanning the Ag3d, Au4f, Ols, CI2p, and Cls binding energy regions.
The energy scale was calibrated relative the Au 4f;,5 peak on gold foil, at 84.00 eV.

The catalytic performance of the prepared materials was determined using a packed
bed reactor, described in Section 2.3.2. A packed bed of 1.5 g active material, in
between two layers of SiC (241-559 pm, Alfa Aesar, 2.00 g below the bed and 3.00 g
above the bed), was assembled in a quartz reactor tube, with gases fed sequentially.

The gases used in experiments were 5 vol% propylene (balance Ar, BOC, 4.96
or 5.13 vol%) for reduction, Ny (99.994+%, BOC) for purging, and compressed air
(99.99+%, BOC) for re-oxidation. Gas flows to the reactor were set to 200 mL min~"
(NTP). Reduction and oxidation cycles were performed by passing gases over the
material in the sequence N,-C3Hg-No-air. Generally, in a single cycle, the active bed
was reduced in C3Hg for 1.5 min, followed by a 2 min purge step in Ny, and then
re-oxidised in air for 15 min. The effect of reduction time was also investigated, varying
the reduction time from 1.5 min to 60 min, but keeping the 2 min purge in Ny and 15
min reoxidation in air. The active bed was periodically regenerated by heating the
packed reactor tube to 650°C for 5 h ez-situ in a muffle furnace under static air.

The exhaust gas from the packed-bed reactor was manually sampled from a port
immediately downstream of the bed, using a gas syringe, then injected into an Agilent
7890A gas chromatograph as described in Section 2.3.3. Samples were collected 45 s
after the start of each reduction step in C3Hg/No. The response of the GC to propylene
and propylene oxide (PO) was determined using a certified calibration mixture of
1000 ppm propylene/1000 ppm propylene oxide (balance Ny, BOC).

Further calibration gas mixtures of propan-1-ol, propan-2-ol, acetone, propanal,
and allyl alcohol (AA) were generated using an Owlstone V-OVG vapour generator, as

described in Section 2.3.3 and shown in Appendix A, Fig. 2.7.
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The instantaneous conversion of propylene, X, defined as the ratio of the total
carbon in products to the total carbon detected, was estimated from the concentrations

measured at the reactor outlet, using Eq. 6.1.

X _ ypo + %yC’OQ + YPropan—1—ol + YAcetone T YPropanal + Yaa

6.1

YPropylene + Yyro + %yCOg + YPropan—1—ol + YAcetone + YPropanal + Yaa ( )

Given the relatively low (<10%) conversion of propylene, the total molar flowrate,

n, was taken to be approximately constant before and after the reactor. Selectivity

towards a given product i, S;, (i.e. PO or propan-1-ol) was determined using Eq. 6.2.
G Yi

S, = ' (6.2)
Yypro + gy002 + YPropan—1—ol + YAcetone + YpPropanal + YAaA

Cumulative oxygen release during extended reduction in C3Hg was estimated using
Eq. 6.3.

Orelcased = T /0 predueter (YPo + 3Yco, + YPropan—1—ol + YAcetone + YpPropanal + Yaa) dt
(6.3)
where t,cquction 1S the reduction time, and with integrals estimated using the trapez-
ium rule. The factor of 3 is applied to the CO, concentration to account for oxygen
participating in the formation of CO, and HyO during complete combustion, shown in

Eq. 6.4, with the combustion products forming in a 1:1 molar ratio.

CgH@ + 202 — 3002 + 3HQO (64)

To confirm the validity of measurements, the carbon balance over each cycle was
estimated using Eq. 6.5, where ypropyiene,miet Was taken to be equal to the concen-
tration of propylene in the feed gas. For experiments using blended mixtures of
gases, Ypropylene, intet Was determined using the GC. The overall carbon balance for all

measurements was within £10% of the expected value.

TO ene + + l + ropan—1—o + cetone + Topana +
Chal = YPropy Yro + 3Yco, + YpPropan—1—ol + YAcet YPropanal T YAA (6.5)

yPropylene,Inlet
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To determine potential side-reactions of oxidation products, chemical looping
oxidation experiments were also performed using a propylene feed stream with PO
or propanal added. An electrical tube furnace was used to heat the reactor tube
as opposed to heating tape, with the active bed placed in the isothermal region of
the furnace, using a rig previously described by Gebers et al. (2022). An inlet gas
mixture containing propylene and PO was produced by blending 5.13 vol% propylene
(balance Ar) with 1000 ppm propylene/1000 ppm propylene oxide (balance Nj), using
100 mL min~! of each mixture for a nominal composition of 2.56 vol% propylene and
500 ppm propylene oxide.

In another set of experiments, inlet gas mixture containing propylene and propanal,
or propylene and water, were produced by passing 5.13 vol% propylene through the
vapour generator at 200 mL min~!, loaded with propanal (Acros Organics, 99+%)
or deionised water, thus, generating a stream containing 5 vol% propylene and c.
1200 ppm propanal, or 5 vol% propylene and 2700 ppm H,O. The composition of
gas mixtures blended in-house was confirmed using the GC. Similarly, the reaction of
PO with hydrogen was investigated by blending 5 vol% H, (balance No; Air Liquide)
with 1000 ppm propylene/1000 ppm propylene oxide (balance Nj), for a nominal
composition of 500 ppm PO, 500 ppm propylene and 2.5 vol% Hjy. The mixture of
PO, propylene, and Hy was then passed over the active bed, with the outlet stream

composition measured using the GC.

6.3 Results

6.3.1 Material characterisation

The materials prepared were characterised using XRD, and the results are presented
in Fig. 6.2, with further XRD patterns for the series of zAg/(10-z)Au-D/SFO ma-
terials shown in Appendix E, Fig. E.1. From the XRD patterns for AgCl/SFO,
AgCl/Au-D/SFO, Ag-AgCl/Au-H/SFO, peaks at 20 = 32.2° and 46.0° were detected,
corresponding to the AgCl crystalline phase. The characteristic peaks for AgCl were
absent in the patterns for Ag/SFO and Ag/Au-L/SFO. For the AgCl/Au-D/SFO
samples, the peaks at 20 = 38.3° and 44.5° were fitted to the alloyed AgAu phase, as
the XRD patterns for metallic Ag and Au were too similar to be readily distinguishable.

The estimated compositions calculated for each sample are presented in Table 6.2.

The oxygen carrier was approximately pure SrFeOs (>95%). For the sample of
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Fig. 6.2 Sections of collected XRD patterns for Ag/SFO, Au-D/SFO, AgCl/SFO,
5AgCl/5Au-D/SFO, Ag-AgCl/Au-H/SFO, and Ag/Au-L/SFO. Circles indicate experi-
mental measurements; lines indicate fitted model using reference patterns.
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Ag-AgCl/Au-H/SFO, calcined at 700°C, Fig. 6.2 shows a less prominent AgCl peak
than in the Au-D samples calcined at 650°C, giving an AgCl loading of 3.4 wt%, as
compared to 5.1 wt% for 5AgCl/5Au-D/SFO. The decreased relative intensity AgCl
peak confirmed that calcination at 700°C induced thermal decomposition of AgCl,
which starts around 650-700°C (Siddiqui et al., 2013). No AgCl was detected in the
sample prepared using the Au-(/-ala) precursor (Ag/Au-L/SFO), where all Ag and
Au were present as metallic nanoparticles, with an estimated Ag loading of 4.6 wt%.
The mean crystallite sizes of Ag, AgCl, AgAu, and Au, estimated using Eq. 2.1, are
reported in Appendix E, Table E.1.

Estimated phase compositions suggested that all samples contained approximately
1-4wt% of impurity phases containing strontium (i.e. SrCOj3 or SrzFe,O7), as discussed
in Section 2.1.3. Therefore, XRD refinement suggested that all samples were slightly
strontium enriched, and iron deficient, suggesting either experimental error while
preparing the initial batch of SFO used in experiments, or, the presence of iron-
containing phases not readily detected by XRD, as discussed in Section 4.3.1.

In Fig. 6.3, XRD patterns are shown for AgCl/SFO as-prepared (‘Fresh’), after
15 chemical looping cycles at 260-300°C (‘Spent’), and after regeneration at 650°C
(‘Regenerated’); i.e. heated under the same calcination conditions as during synthesis,
to remove surface impurities adsorbed from air (Marek and Garcia-Calvo Conde, 2021).
All samples showed a prominent peak corresponding to AgCl, indicating that reaction
with propylene at 260-300°C or regeneration at 650°C in air did not strip the chloride
from AgCl. Contrastingly, metallic Ag catalysts promoted with Cl~ ions reported in
literature (Charisteidis and Triantafyllidis, 2020; Seubsai and Senkan, 2011) were not
stable under reaction conditions at 250-340°C, with the chloride being removed from
the surface by reaction with propylene to form halogenated products including allyl
chloride.
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Table 6.2 Phase quantification from refinement of XRD patterns for SFO support and

impregnated samples. Compositions in wt% .

For phase quantification, metallic Ag,

metallic Au, and AgAu alloy could not be distinguished unambiguously, as a result of
the closeness of the peaks to one another.

Fraction (wt%) SFO Ag/SFO 7.5AgCl1/2.5Au-D/SFO
Ag - 118 -
AgCl ; i 6.9

Au - - -
AgAu - - 5.1
SrFeO3 96.0 84.0 84.0
Sr3FesOr 2.0 2.0 0.7
SrO 0.1 0.0 0.3
SrCO; 1.5 3.0 3.0
Fraction (wt%) 5AgCl/5Au-D/SFO 2.5AgCl/7.5Au-D/SFO Au-D/SFO
Ag - - -
AgCl 5.1 3.4 ]

Au - - 7.3
AgAu 6.0 7.9 -
SrFeO3 85.0 85.0 87.0
SI‘3F€207 2.0 1.0 3.0
SrO 0.1 0.1 0.6
SrCO3 2.0 3.0 2.1
Fraction (wt%) AgCl/SFO Ag-AgCl/Au-H/SFO Ag/Au-L/SFO
Ag 1.1 - -
AgCl 8.8 3.4 ;

Au - - -
AgAu - 5.1 4.6
SrFeO3 85.0 90.0 92.0
SI’3F€207 3.0 0.0 1.0
SrO 0.8 0.3 0.0
SrCO3 1.3 1.5 2.0
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Fig. 6.3 XRD patterns for fresh, spent, and regenerated AgCl/SFO, with AgCl peaks
indicated in green. Spent sample was withdrawn from reactor tube after 15 chemical
looping cycles. The regenerated sample was produced by heating the spent sample to
650°C in air for 5 hours, followed by cooling in air to room temperature.
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The presence of AgCl on the surface of the 5AgCl/5Au-D/SFO sample was confirmed
via STEM-EDS mapping, shown in Fig. 6.4 (further STEM-EDS maps are shown in
Appendix E, Fig. E.2). Particles composed of AgCl and AgAu were detected, with
AgAu forming larger particles and AgCl smaller (Sauter mean diameter of 266 nm
and 111 nm, respectively). Low atomic fractions of Cl were detected in particles of
AgAu, and low atomic fractions of Au in particles of AgCl (<5.0 ats;% and <0.6
at 4, %, respectively for all analysed particles), demonstrating limited overlap between
the AgAu and AgCl clusters. Analysis of the AgCl particles gave a molar ratio of Ag
to Cl in the range 1-2, with an Ag:Cl ratio of 1 corresponding to pure AgCl, and an
Ag:Cl ratio of 2 corresponding to 50 at% AgCl and 50 at% Ag. Thus, Ag was present
either as particles of AgCl, clusters of metallic Ag with AgCl, or as AgAu alloy. For
areas of bare SFO support, no Ag or Au was detected, and the Sr:Fe atomic ratio was

close to 1 in all cases.

Area #3

Fig. 6.4 STEM-EDS maps of crushed particles of 5Ag/5Au-D/SFO, showing distribution
of (a) Ag, (b) Au, (c) ClI, (d) Sr. Area 1 corresponds to bare SFO support with no
Ag or Au detected, Area 2 corresponds to a particle of AgAu, Area 3 corresponds to a
particle of AgCl.
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The surface of the samples was further characterised using SEM images (shown
in Fig. 6.5). The sample of Ag/SFO, shown in Figs. 6.5a and 6.5b, with the Sauter
mean diameter of Ag particles within one standard deviation of the values reported in
Chapters 3 and 5, and showing similar surface morphology to the samples shown Fig.
5.5 and in Appendix B, Fig. 3.4. For 5Ag/5Au-D/SFO, two distinct surface particle
morphologies were visible in Figs. 6.5d and 6.5e, with larger (c. 425 nm), approximately
spherical particles, and smaller (¢. 135 nm), elongated particles visible (particle size
distributions are given in Figs. 6.5¢ and f). Additionally, the larger particles appeared
brighter in the BSE image, corresponding to greater atomic number (Lloyd, 1987),
indicating the mixture of AgAu, as compared to the smaller, darker particles, composed

of AgClL.
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Fig. 6.5 SEM micrographs and particle size distributions for Ag/SFO ((a) SE, (b) BSE,
(c) size distribution), and 5AgCl/5Au-D/SFO ((d) SE, (e) BSE, (f) size distributions).
Circled areas correspond to the different particle morphologies observed, with pink =
AgCl and blue = AgAu.
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To further identify the surface species present, XPS measurements were collected for
Ag/SFO, AgCl/SFO, and 5AgCl/5Au-D/SFO, and compared with Ag, Au, and AgCl
standards. The experimental measurements, and fitted peaks, are shown in Fig. 6.6,

with binding energy (BE) values for each peak given in Appendix E, Table E.2.
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Fig. 6.6 XPS spectra for (a) Ag3d, (b) Au4f, (c) Ols, and (d) Cl2p scans, with
deconvoluted peaks fitted to experimental measurements. Measurements calibrated
with respect to Audf;; peak at BE = 84.0 eV.

The Ag foil standard (Fig. 6.6a) showed a single main peak for each of the Ag3ds,
and Ag3dy/, binding energy levels. The binding energy measured for Ag3ds,, was
368.2 ¢V, consistent with literature values for metallic Ag® (Seah et al., 1998). The
binding energy of Ag3ds/, measured for Ag/SFO showed a minimal shift with respect
to the foil standard (<0.1 eV), indicating metallic particles of Ag. The AgCl standard
showed a single peak at 367.9 ¢V, corresponding to a shift with respect to metallic Ag®
of -0.35 eV, consistent with Gaarenstroom and Winograd (1977). The XPS spectra
for AgCl/SFO and 5AgCl/5Au-D/SFO each showed two distinct Ag3ds/, features.
The AgCl/SFO spectrum showed main peaks at 367.8 eV (assigned to AgCl), and
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369.0 eV, assigned to strongly oxidised Ag species, as reported by Lu et al. (2002) for
10% NaCl-promoted Ag. The peak at 369.0 eV might therefore correspond to Ag™
species in contact with Ojqsce in the SFO support, or in contact with strongly adsorbed
O, adatoms.

For 5AgCl/5Au-D/SFO, two main Ag3ds/, peaks at 367.4 eV and 368.6 eV were
detected. As AgCl and AgAu were known to be present at the surface as distinct
phases from the STEM analyses in Fig. 6.4, the peak at 367.4 eV was assigned to Ag(I)
in AgCl, and the peak at 368.6 eV was assigned to Ag® in particles of AgAu alloy. The
peak shift of +0.4 eV with respect to the Ag standard for AgAu was within the range
reported in previous literature studies of AgAu alloy nanoparticles (Chimentao et al.,
2006; Malathi et al., 2014).

The fitted peaks for Audf;/, for the Au foil standard, and for the sample of
5AgCl1/5Au-D/SFO, are shown in Fig. 6.6b. The Au foil standard showed a single
peak, set to 84.0 eV (Seah et al., 1998). The 5AgCl/5Au-D/SFO sample showed two
distinct peaks at 84.5 eV and 85.5 eV. Malathi et al. (2014) reported a shift of +1 eV
(with respect to an Au’ metallic standard, i.e. to 85 eV) for AgAu nanoparticles,
approximately consistent with the spacing between the two major peaks for 5AgCl/5Au-
D/SFO. Other studies (Kariuki et al., 2004; Srnova-Sloufové et al., 2004) also report
a positive shift in binding energy for Au4f;/; in AgAu alloy nanoparticles, but with
smaller magnitude (c. +0.2 eV). Therefore, the smaller peak at 84.5 eV (shown in
blue) was assigned to Au® in a local environment of Au, and the larger peak at 85.5
eV (shown in red) was assigned to Au’ in AgAu alloy (i.e. in contact with Ag?). A
small peak at around 86.5 eV was also detected, possibly corresponding to residual
unreacted AuCls from synthesis (Kim et al., 2011).

The observed difference in Au electronic states might have been caused by het-
erogeneity within particles of AgAu (¢. 200 nm in size), as no particles containing
only Au were detected from STEM-EDS composition maps (shown in Figs. 6.4 and
in Appendix E, Fig. E.2). The cause of the +0.5 eV overall shift of the Au’ peak
with respect to the metallic standard was unclear, but might have been caused by
interaction between the particles of AgAu, and the SFO support resulting in the Au
developing a partial positive charge (Casaletto et al., 2006).

The Ols spectra for Ag/SFO, 5AgCl/5Au-D/SFO, and AgCl/SFO were in good
agreement with the XPS spectra for Ag/SFO reported in Chapters 4 and 5, with the
main peaks detected corresponding to lattice oxygen in bulk SrFeOjz (shown in red),

lattice oxygen in the surface termination layer of SrO (shown in blue) (Crumlin et al.,
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2012; Stoerzinger et al., 2020; Zhou et al., 2023), and carbonate and surface AgO,
species (shown in green) (Abd El-Naser et al., 2021; Falcén et al., 2002; Schon, 1973).

The Cl2p spectra for each sample are shown in Fig. 6.6d. For Ag/SFO, no chlorine
peaks were detected, as expected. The lack of chlorine therefore confirms that the
SrCOg3, FesO3 and AgNOj precursors used to produce the material were free from
chloride impurities, and therefore any chloride species detected on the surface of other
samples must be due to treatment with HCI (for AgCl/SFO) or AuCl; (for 5AgCl/5Au-
D/SFO). The powder AgCl standard and AgCl/SFO sample showed a Cl2p;/, peak
at 198.8 eV, and 2ps/»-2p1/2 peak separation of c. 1.6 €V, in good agreement with
literature (Kaushik, 1991). A peak shift of c.-1.5 eV was observed between the 2ps/,
AgCl standard and the AgCl/SFO sample, similar to the shift reported for thin layers
(¢. 5 nm) of AgCl in contact with Ag (Qin et al., 2017). The 5AgCl/5Au-D/SFO
sample showed a single Cl2ps/; peak at 199.1 eV, corresponding to a slight positive
shift of ¢.40.3 eV with respect to the AgCl standard.

6.3.2 Performance in chemical looping experiments

Results from experiments carried out in the packed bed for 5AgCl/5Au-D/SFO are
presented in Fig. 6.7, showing considerable activity towards formation of propan-1-ol
(concentrations of 100-500 ppm measured in outlet stream). Propan-1-ol was not a
product detected in previous studies of propylene oxidation over AgCl or Au catalysts
(Charisteidis and Triantafyllidis, 2020; Geenen et al., 1982; Lu et al., 2002; Rojluechai
et al., 2007; Seubsai and Senkan, 2011). Trace amounts of PO, acetone, propanal, and
propan-2-ol (¢. 5 ppm) were also detected.

Over five cycles of reduction and re-oxidation, the outlet concentrations of propan-
1-ol and CO, remained approximately stable, indicating minimal sample deactivation
with cycling. Increasing the reactor temperature from 260°C to 300°C resulted in
greater overall conversion of propylene, from 0.5 to 1.5%, but with little effect on
selectivity towards propan-1-ol, which remained at 604+4% over the temperature range.
The approximately constant selectivity with temperature suggested the apparent rates
of the formation of propan-1-ol, and of complete combustion, had similar dependence
on temperature over the range 260-300°C, and hence, the ratio of propan-1-ol to COq
in the reaction products did not change substantially.

The effect of altering the molar flowrate of the propylene feed (n¢,pm,) to the bed
of 5Ag/5Au-D/SFO was also investigated, shown in Fig. 6.8. Doubling the residence
time in the packed bed (0.5n¢,p,) increased conversion of C3Hg (from 0.6% to 0.8%),
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Fig. 6.7 (a) Concentrations of propan-1-ol and COy and (b) calculated propylene con-
version and selectivity towards propan-1-ol (shown on left and right axes, respectively)
over the temperature range 260-300°C for 5AgCl/5Au-D/SFO.
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and decreased selectivity towards propan-1-ol to 42%. When the residence time was
halved (2n¢,m, ), the selectivity remained similar to at ne,pm, (¢.60%). The minimal
change in selectivity with temperature, and residence time of propylene gave evidence
of competing parallel and, or consecutive reactions. Possible reactions that lead to the

formation of propan-1-ol are discussed in Section 6.4.2.
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Fig. 6.8 Change in conversion of propylene, and selectivity towards propan-1-ol, over
5AgCl/5Au-D/SFO at 260°C, as a result of varying inlet flowrate. Error bars indicate
standard deviation over three redox cycles.

Longer reduction steps (120 min) were performed over two AgCl/Au-D/SFO materi-
als (shown in Appendix E.2, Fig. E.3), with total oxygen release greater than the oxygen
available from Ag,O or from oxygen adsorbed at the catalyst surface (calculations of O
availability are given in Appendix E.2). For the more active sample (7.5AgCl/2.5Au-
D/SFO), the rate of oxygen release decreased with time, as expected for chemical
looping operation (Bulfin et al., 2020). Given that the overall propylene conversion in
the cycling experiments reported in Fig. 6.7 was low, a reduction time of longer than
1.5 min was considered to be achievable without impacting the catalytic performance
(Gebers et al., 2022), as the amount of oxygen accumulated in the gaseous products
after 1.5 min of reduction corresponded to a very small change in the stoichiometry of
SrFeO3_s5 (Ad < 0.01).

To determine the feasibility of increasing the length of the reduction step in chemical
looping, redox cycling was performed over 7.5AgCl/2.5Au-D/SFO, with the duration of

the reduction step increased with each cycle, as presented in Fig. 6.9a. The conversion
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of propylene rapidly decreased with reduction time up to 8-9 min reduction (shown in
Fig. 6.9b), but declined slowly thereafter. Selectivity towards propan-1-ol remained
approximately constant at around 40% for reduction steps shorter than 10 min, as

shown in Fig. 6.9c¢.
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Fig. 6.9 Chemical looping over 7.5AgCl1/2.5Au-D/SFO, with reduction time increased
from 1.5 to 60 min. Vertical dotted lines in (a)indicate start and end of each reduction
step. Change in conversion of propylene (b), and in selectivity towards propan-1-ol

(c).

The effects of altering the Ag to Au ratio in #AgCl/(10-z)Au-D/SFO materials
on conversion of propylene and selectivity towards propan-1-ol and PO are shown in
Figs. 6.10a-c, with error bars indicating standard deviation over 5 chemical looping
cycles. Increasing the Ag fraction increased the overall conversion of propylene, but the
change was primarily driven by complete combustion rather than selective oxidation to
desired products (with product concentrations in Figs. 6.10d-f). Therefore, combustion
of propylene likely occurred on Ag sites, as previously reported in studies of propylene

oxidation with gaseous oxygen (Khatib and Oyama, 2015).
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Fig. 6.10 Average values of (a) propylene conversion, (b) selectivity towards propan-1-
ol, (c) selectivity towards PO, and concentrations (d) of propan-1-ol, (e) PO, and (f)
COg, for chemical looping over zAgCl/10-(z)Au-D/SFO materials (z = 0, 2.5, 5, 7.5,
10). Error bars show standard deviation over 5 cycles, with some error bars smaller
than the datapoint markers. Sample at z = 0 corresponds to Au-D/SFO; sample at z
= 10 corresponds to AgCl/SFO.
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Selectivity towards propan-1-ol reached a maximum of around 80% for the sample
with a loading of 2.5AgCl1/7.5Au-D/SFO, with the selectivity decreasing with higher
total Ag loading. The highest propan-1-ol concentration of 470 ppm in the outlet
stream was observed in experiments with the 7.5AgCl/2.5Au-D/SFO sample (presented
in Fig. 6.10d) at 300°C. However, the result was accompanied by a high concentration of
COs,, giving a lower overall selectivity for propan-1-ol than the sample of 2.5AgC1/7.5Au-
D/SFO.

For PO, the oxygenate product detected with second-highest concentration (shown
in Figs. 6.10c and f), altering the loading of Ag and Au in the AgCl/Au-D/SFO
samples had only limited effect on selectivity. For samples where appreciable concen-
trations of PO (up to 20 ppm) were detected at the reactor outlet, namely Au-D/SFO
and 7.5AgCl/2.5Au-D/SFO, selectivities towards PO remained low, regardless of the

operating temperature.
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Fig. 6.11 Comparison of reaction products: (a) PO, (b) propan-1-ol, and (c) CO; in
chemical looping over Ag/SFO and AgCl/SFO, in the temperature range 260-300°C.
Lines between cycles included to help differentiate samples.

Results comparing the performance of Ag/SFO and AgCl/SFO are shown in
Fig. 6.11. For the sample of Ag/SFO, a notable decrease in catalyst activity was
observed after the first chemical looping cycle, with PO concentration decreasing to near-
zero, and COy concentration more than halving for all subsequent cycles. Contrastingly,
the sample of AgCl/SFO sample showed comparatively stable performance over 5 cycles,
with substantially greater propan-1-ol concentrations than observed with Ag/SFO, and
lower concentrations of CO,. All cycles over AgCl/SFO gave low concentrations of PO
at the outlet, below 6.0 ppm. The rapid decrease in PO formation over Ag/SFO after
the first cycle suggested that PO might have formed by reaction with trace species
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which were not regenerated during oxidation, such as Ag,O or AgO, which are not
thermodynamically stable at >260°C (Karakaya and Thompson, 1992). For both
materials, raising the temperature from 260 to 300°C resulted in an increase in overall
conversion, primarily driven by an increase in complete combustion to CO,.

The effect of changing the preparation method for materials containing Au was also
investigated, with the average product distributions over 5Ag/5Au-D/SFO (calcined at
650°C), Ag-AgCl/Au-H/SFO (calcined at 700°C to induce thermal decomposition of
AgCl), and Ag/Au-L/SFO (prepared using Au—(f-ala) precursor) shown in Fig. 6.12.
The outlet gas compositions for each chemical looping cycle over Ag-AgCl/Au-H/SFO
and Ag/Au-L/SFO are shown in Fig. 6.13.
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H/SFO, and Ag/Au-L/SFO at 280°C. Error bars correspond to standard deviation
over 5 cycles.
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Under chemical looping conditions at 280°C, the Ag-AgCl/Au-H/SFO produced a
65% greater concentration of propan-1-ol than the 5AgCl/5Au-D/SFO, with an average
outlet concentration of 470 ppm propan-1-ol. However, the concentration of CO, was
also around 60% greater. Propanal, allyl alcohol, and propylene oxide, were detected
at low levels (10-20 ppm) for reaction over the sample of Ag-AgCl/Au-H/SFO, whereas
none were detected for 5AgCl/5Au-D/SFO.

E) a) Ag-AgCl/Au-H/SFO (280°C g
£ 600 (2) &8 / : / ( : ) 1200 §
~ 500 g_ _______ A A ) o
. o S —— > St WU
S 400 b ‘6 & 900 %
£ 3001 1600 g
= 200 - g
[<b] i (&)
S Joo | 300 2
8 0 b & & £ 4 0 ci]
S 1 2 3 4 5 o
O
Cycle number (-)
£) b) Ag/Au-L/SFO (280°C g
%500 .( ) g/. / . ( ). 12000 &
=400 o
= 2
£ 200 g
S 100 =
= o
8 ot % °
» 4 o
O
Cycle number (-) O

----- ©- PO wofee Acetone Allyl alcohol
------ - Propanal ¢ Propan-1-ol ---4x---CO,

Fig. 6.13 Outlet composition for each chemical looping cycle over (a) Ag-AgCl/Au-
H/SFO and (b) Ag/Au-L/SFO. Lines added to distinguish components.

For the chloride-free Ag/Au-L/SFO sample containing only small loading of Au
(0.02 wt%), a substantially different product distribution was observed, as compared
to the samples containing AgCl. The highest concentrations of PO for any sample,
averaging c. 70 ppm over 5 cycles, were detected in the outlet stream for Ag/Au-L/SFO,
alongside a slight decrease in propan-1-ol concentration as compared to 5AgCl/5Au-
D/SFO or Ag-AgCl/Au-H/SFO. However, the total selectivity towards Cs oxygenates
was markedly lower, as a result of a substantial increase in complete combustion.
Average concentrations of CO, detected were an order of magnitude greater than for

other samples containing gold, and were comparable with Ag/SFO. Furthermore, for
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reaction over Ag/Au-L/SFO, a substantial decrease in activity was measured over the
course of 6 cycles (shown in Fig. 6.13, resulting in large error bars in the averaged values
over the cycles), in a manner similar to the sample of Ag/SFO (shown in Fig. 6.11).
Hence, the presence of gold, even in minimal quantities (here, 0.02 wt% Au) was
essential for producing oxygenate products other than CO,, but the overall behaviour
of the Ag/Au-L/SFO material was dictated by the dominant metal, Ag.

In Appendix E.3, co-feeding experiments over bare SFO and Ag/SFO (shown
in Fig. E.4a) showed that under conventional oxidation with gaseous oxygen, the
materials were reactive towards complete combustion of propylene, but generated
minimal concentrations of C3 oxygenates. Chemical looping cycles over bare SFO
showed some activity towards complete combustion, but no oxygenate products (shown
in Fig. E.4b). Chemical looping cycles over Ag and AgCl/Au-D impregnated on an
inert support, Al;O3, showed little activity, confirming that the oxygen was supplied
to the reaction from the SFO support (shown in Fig. E.4c). Interestingly, the sample
of bare SFO showed greater overall activity during chemical looping than Au-D/SFO,
suggesting that unlike Ag, the presence of Au nanoparticles partially inhibited the
availability of oxygen from Au/SrFeOs_;.

6.4 Discussion

6.4.1 Effects of Cl and Au on product distribution

In this Chapter, AgCl catalysts were found to favour selective oxidation of propylene,
whereas metallic Ag favoured complete combustion, both when comparing Ag/SFO
and AgCl/SFO (Fig. 6.11), and when considering 5AgCl/5Au-D/SFO vs Ag-AgCl/Au-
H/SFO and Ag/Au-L/SFO (Figs. 6.12 and 6.13). In previous studies with gaseous
oxygen, unsupported bulk AgCl was found to be almost inert with respect to oxidation
of propylene (Lu et al., 2002; Luo et al., 2003) although a three-phase mixture of
Ag, AgCl and CuO was demonstrated to be somewhat selective towards formation of
propylene oxide (Luo et al., 2003). Furthermore, Ag promoted with 5 wt% NaCl to
form mixed Ag—AgCl catalysts, both without supports (Lu and Zuo, 1999; Lu et al.,
2002) and with non-reactive metal oxide supports (Charisteidis and Triantafyllidis,
2020), have shown appreciable conversion and selectivity towards propylene oxide and
acrolein. The lack of activity over AgCl alone is potentially caused by strong adsorption

of molecular oxygen at the surface of AgCl with limited O, () dissociation (Kim et al.,
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2018), as compared to favourable dissociation of Os over Ag to form reactive Ag-O,
sites, as discussed in Chapter 4.

The finding that the addition of Cl inhibited complete combustion, but enhanced
selective oxidation, was in line with previous investigations into the effect of Cl on
propylene oxidation (Charisteidis and Triantafyllidis, 2020; Lu and Zuo, 1999; Lu
et al., 2006, 2002; Seubsai and Senkan, 2011) However, previous studies focused on
adding small quantities of Cl as a promoter for selective reactions. In studies on
direct epoxidation of propylene with Oy (Lu et al., 2002), promotion of Ag with
NaCl to form a mixed Ag-AgCl catalyst substantially reduced the overall conversion
of propylene, accompanied by an approximately proportional increase in selectivity
towards propylene oxide. The presence of Cl~ was found to suppress total oxidation
of propylene by making adsorbed oxygen more electrophilic. Additionally, bulk AgCl
has been demonstrated to be capable of accommodating and transporting oxygen,
for example, Jayaraman and Yang (2005) used AgCl as a sorbent for pressure-swing
adsorption of oxygen, demonstrating substantial capacity for adsorption of oxygen, and
relatively rapid oxygen transport through the AgCl structure. Similarly, the results
here demonstrated that AgCl on SFO can provide reactive atomic O, species to react
with C3Hg, forming oxygenated products.

For the sample of Ag/Au-L/SFO, the loading of Au was found to be low (0.02 wt%),
and therefore the Au likely acted as a promoter for the Ag catalyst, rather than forming
bulk AgAu alloy, although the exact mechanism remains unclear. The presence of Au
strongly affected the selectivity of the reaction, with Ag/Au-L/SFO producing the
highest concentration of PO, and limited propan-1-ol (as shown in Figs. 6.12 and 6.13).
An order of magnitude more COy was detected for reaction over the Ag/Au-L/SFO
catalyst as compared to 5AgCl/5Au-D/SFO and Ag-AgCl/Au-H/SFO, with complete
combustion expected to take place on the metallic Ag surface present in Ag/Au-L/SFO.
The increase in CO4 production for the chloride-free sample also supports the hypothesis
that CI species suppress complete combustion.

Given both AgCl/SFO and Au-D/SFO showed appreciable selectivity towards
propan-1-ol, both AgCl and Au must be somewhat catalytically selective in the chemical
looping arrangement towards propan-1-ol. From Fig. 6.10, maximum selectivity towards
propan-1-ol was measured over the sample of 2.5AgC1/7.5Au/SFO, where both catalysts
(AgCl and Au) were present. However, STEM-EDS images (Fig. 6.4) showed little
overlap between particles of AgCl and AgAu, and therefore any possible synergy
between the catalysts is unclear. Furthermore, from SEM and STEM-EDS (presented
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in Figs. 6.4 and 6.5), AgCl was present as relatively small particles (¢. 100 nm), which
were likely to be catalytically active, whereas AgAu was present as larger chunks (c. 400
nm). For AgAu, the reaction might have occurred at atomic-scale Ag sites at the
surface of the large AgAu particles, as demonstrated in previous studies (Geenen et al.,
1982; Rojluechai et al., 2007).

The increase in propylene conversion with increasing ratio of Ag to Au on SFO
(shown in Fig. 6.10a) suggests a faster rate of reaction at nanoparticles of AgCl
catalyst than at the AgAu alloy. An extended reduction cycle (shown in Appendix E,
Fig. E.3) showed a markedly faster rate of total release of oxygen in reactions over
7.5AgCl/2.5Au-D/SFO as compared to 2.5AgCl/7.5Au-D/SFO. For the latter material,
the rate of oxygen release was approximately constant over 100 min, suggesting that the
process was limited by surface reactions between propylene and O, species. In contrast,
for the particles of 7.5AgCl/2.5Au-D/SFO, rate of oxygen release decreased over 100
min. Reduction times substantially longer than 1.5 min might be feasible over the
catalysts investigated, however, chemical looping over 7.5AgCl1/2.5Au-D/SFO showed
that conversion rapidly decreased for reduction times up to 8-9 min before levelling off
(shown in Fig. 6.9), and that selectivity gradually declined with longer reduction steps.
Results presented in Fig. 6.7, however, confirmed that chemical looping with 1.5 min
reduction (i.e. with more frquent regeneration of the oxygen carrier) lead to stable

selectivity across at least 5 cycles.

6.4.2 Mechanisms of propan-1-ol formation

In this work, a different product distribution was detected as compared to other studies
reported in literature (Khatib and Oyama, 2015; Terzan et al., 2020) for propylene
oxidation over Ag/Au catalysts, with propan-1-ol as a major reaction product.

While the main difference was the delivery of oxygen to reactions (here, from the
SFO support in a chemical looping mode, whereas in other studies oxygen was supplied
from the gas feed), the reason for the selective formation of propan-1-ol rather than
any other possible oxygenates was unclear. Hence, several potential mechanisms for
formation of the primary Cj alcohol were considered, starting with direct hydration of
propylene by HoO (Logsdon and Loke, 2000).

A hydration mechanism of propylene would predict formation of both primary
and secondary alcohols. Propan-2-ol is generally the favoured product, as a result of
the stabilisation of the secondary carbocation intermediate via electronic induction

from the two methyl groups on either side of the localised positive charge (Li et al.,
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2007; Logsdon and Loke, 2000). Given that <5 ppm of propan-2-ol was detected as
compared to up to 500 ppm propan-1-ol under chemical looping conditions, the direct
hydration mechanism appeared unlikely. Furthermore, addition of 2700 ppm H5O to
propylene during reduction (delivered wvia the Owlstone vapour generator described in
Section 2.3.3) did not result in a significant change in outlet concentration of propan-
1-ol (shown in Fig. 6.14), suggesting that reaction between propylene and water was
minimal. Interestingly, somewhat more PO and considerably more CO, was detected
when HyO was added to the inlet stream, suggesting that water vapour promoted both

epoxidation (Charisteidis and Triantafyllidis, 2020) and complete combustion.
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Fig. 6.14 Reaction products for reaction over 7.5AgCl/2.5Au-D/SFO, for 5vol% propy-
lene with and without 2700 ppm H,O added. Error bars indicate standard deviation
over three redox cycles.

Another possible mechanism considered involved an oxygenated intermediate, PO,
which formed and reacted further via a two-step reaction, described in Eqgs. 6.6 and
6.7. For the propan-1-ol formation step in Eq. 6.7, a list of possible reactions of PO
with hydrogen to form other C3 oxygenates were considered, summarised in Fig. 6.15,
by formation of linear or branched oxametallacycle (OMC) surface species (shown in
Fig. 6.16).

CgHG +0 — CgH(;O (66)

Cs3HgO + 2H — C3H,0H (6.7)
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Fig. 6.16 Structures of linear and branched oxametallacycle (OMC) species formed by
adsorption of C3HgO on Ag, as described by Kulkarni et al. (2012) and Bartdk et al.
(1980).
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The mechanisms shown in Fig. 6.15 involving a C3 oxygenate intermediate reacting
with hydrogen to form propan-1-ol require the presence of hydrogen in the reaction
stream. A potential source of hydrogen in the chemical looping setup could be from
propylene coking at the catalyst surface. With no oxygen present in the gas-phase
during the step when the hydrocarbon is oxidised, any hydrogen formed might be able
to go on to react with oxygenate intermediates to form propan-1-ol, or with lattice
oxygen to form water. However, in the experiments presented, no residual hydrogen
was detected in the outlet stream.

To identify the reaction of propylene in the presence of co-fed gaseous hydrogen,
2500 ppm Hs was added to propylene for reduction over 7.5Ag/2.5Au-D/SFO, with
comparison of outlet products shown in Fig. 6.17. Concentration of all Cs oxygenates
decreased as compared to the base-case without additional hydrogen, with a marked
decrease in propan-1-ol, and a marked increase in the concentration of CO,. However,
conversion of hydrogen was high, at c. 85%, suggesting that the excess gaseous Hy
preferentially reacted with surface O, species on AgCl and AgAu, or with the SFO
oxygen carrier, to form water. Therefore, the lattice oxygen available to react with
propylene to form C3 oxygenates might have been limited, with reduction of the support
and the presence of water resulting in inferior selectivity towards propan-1-ol (as shown
in Figs. 6.9 and 6.14).

| OCO. OH. mPO mPropan-1-ol @Propanal OAcetone

5000 < 500
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8 =
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Fig. 6.17 Reaction products for reaction over 7.5Ag/2.5Au-D/SFO, for propylene with
and without co-feeding of 2500 ppm H,. Error bars indicate standard deviation over
three redox cycles
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Reactions between propylene oxide and Hs, as shown in Fig 6.15, have been inves-
tigated over various metal catalysts. Bartok et al. (1980) found that for propylene
oxide, reaction over strongly electrophilic Ni or Cu catalysts resulted in the splitting of
the more sterically hindered C-O bond in the PO molecule, forming a linear oxamet-
allacycle species (shown in Fig. 6.16), which then reacted with Hy and subsequently
desorbed to form propan-1-ol or propanal (shown in Fig. 6.15, green solid lines). In
contrast, when PO and Hy were passed over less electrophilic catalysts, such as Pt or
Pd, splitting of the less sterically hindered C-O bond was favoured, forming a branched
oxametallacycle species. The branched surface species, could then react with Hy, des-
orbing to form propan-2-ol or acetone. As AgCl is highly electrophilic (Lu et al., 2002),
samples containing AgCl might behave similarly to the Ni or Cu surfaces when exposed
to PO. Therefore, propan-1-ol may form over zAgCl/(10-z)Au-D/SFO catalysts by
initial formation of PO, followed by the reaction of the PO with hydrogen at a strongly
electrophilic AgCl surface. Gold and gold—silver surfaces might be expected to behave
in a similar manner to Pt or Pd, i.e. by forming a non-electrophilic surface. The Au
surface would then be expected to favour formation of branched oxametallacycle surface
species and, consequently, secondary oxygenate products (acetone and propan-2-ol).
However, Au-D/SFO was primarily active towards formation of propan-1-ol (shown
in Fig. 6.10), with little to no selectivity towards acetone or propan-2-ol, suggesting
electrophilic behaviour and reaction via the linear oxametallacycle route. The apparent
electrophilic behaviour of Au agreed with the findings of Wang et al. (2021) that
noble metals impregnated on perovskites transfer electrons to the perovskite oxide,
resulting in an electrophilic metal surface. For reactions over Ag/SFO in the absence
of chloride (shown in Fig. 6.11), the primary reaction product was COs, caused by
catalytic combustion of propylene via allylic stripping of hydrogen (Khatib and Oyama,
2015), outweighing the contribution of any oxametallacycle species formed over the Ag
surface (Kulkarni et al., 2012).

To determine whether the mechanism of propan-1-ol formation via hydrogenation
of PO was possible, chemical looping experiments were performed with PO added
to the feed stream. Figure 6.18a compares the outlet compositions for reaction over
5AgCl/5Au/SFO, with and without 400 ppm PO added to the propylene feed stream.
Adding PO resulted in 46% less propan-1-ol in the outlet, and 5 times more CO5. When
lower concentrations (500 ppm) of propylene and PO were fed over 5AgCl/5Au-D/SFO,
as shown in Fig. 6.18b, propan-1-ol was not detected in the outlet, with acetone and

propanal as the only C3 oxygenate products with concentrations >5 ppm. Co-feeding
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2.5 vol% Hy (i.e. for a mixed feed of propylene, PO, and Hy) did not substantially
alter the distribution of products. Hence, the consumption of the additional PO added
to the feed stream to form CO; indicated that the PO competed with propylene for
adsorption sites to react with O,, with over-oxidation to form CO after adsorbing,
rather than hydrogenation to propan-1-ol. Therefore, hydrogenation of PO to form
propan-1-ol appeared to be feasible only prior to the oxametallacycle desorbing.

Kulkarni et al. (2012) proposed that for PO adsorbed onto an Ag surface, the
gaseous PO, and linear and branched oxametallacycle intermediates, are in dynamic
equilibrium with one another. Therefore, any PO added to the inlet stream would
increase the amount of all intermediates that can isomerise to propan-1-ol, but also
to other C3 oxygenates. The linear oxametallacycle is able to undergo a linear 1,2
hydrogen shift, and then desorb as allyl alcohol (shown in Fig. 6.15, blue dashed lines).
Under aerobic conditions with Oy (4 in the feed stream, Kulkarni et al. (2012) found
that any allyl alcohol formed was rapidly dehydrogenated to form acrolein, which
then fully oxidised to COs, whereas under anaerobic conditions, the allyl alcohol was
relatively stable.

Here, low levels (610 ppm) of allyl alcohol were detected in the outlet stream for
reaction of propylene over Ag-AgCl/Au-H/SFO and Ag/Au-L/SFO samples (shown in
Fig. 6.12a). Allyl alcohol adsorbed on Ag is also able to react with adsorbed hydrogen,
H, (Brandt et al., 2009; Bron et al., 2005), to form propan-1-ol (shown in Fig. 6.15,
pink dash-dotted lines). Therefore, allyl alcohol might form by reaction of propylene
with O, without rapidly dehydrogenating to acrolein, and then undergo hydrogenation
at the catalyst surface to form propan-1-ol.

Reactions between PO and allyl alcohol, and propanal and allyl alcohol, have been
reported by Imanaka et al. (1972) and Okamoto et al. (1973). A hydrogen transfer
reaction between one molecule of PO or propanal, and one molecule of allyl alcohol,
can occur to form propan-1-ol and acrolein (shown in Fig. 6.15, brown dotted lines).
Reaction between PO and allyl alcohol might occur over AgCl/Au/SFO catalysts;
however, the hydrogen transfer reaction would predict acrolein forming in a 1:1 ratio
with propan-1-ol. As no acrolein was detected in the chemical looping experiments, the
reaction between PO and allyl alcohol was deemed unlikely to contribute significantly
to overall propan-1-ol formation reported here. Furthermore, propanal was predicted
to also undergo reaction with allyl alcohol to form propan-1-ol and acrolein (Okamoto
et al., 1973). Given that adding propanal to the feed stream during reduction (shown

in Fig. 6.18¢) resulted in a moderate decrease in formation of propan-1-ol, the reaction
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between allyl alcohol and propanal was discounted as a major source of propan-1-ol in
the outlet stream.

The reaction of aldehydes and ketones (i.e. propanal and acetone) with hydrogen
over gold catalysts to form primary or secondary alcohols, respectively, has been
investigated via temperature programmed desorption studies by Pan et al. (2013, 2012).
The authors found that in the case of hydrogen atoms adsorbed on Au(111) surfaces,
hydrogenation of propanal to propan-1-ol was favoured, and that minimal hydrogenation
of acetone to propan-2-ol occurred, as the reaction pathway to form propan-2-ol was
not thermodynamically favourable. To determine if propan-1-ol formation via propanal
was feasible, ¢. 1200 ppm propanal was added to the 5 vol% propylene feed stream
over 5AgCl/5Au-D/SFO. Figure 6.18c shows that the addition of propanal to the inlet
feed did not increase the concentration of propan-1-ol measured in the outlet, and
instead, showed an increase in complete combustion only. The lack of an increase in
propan-1-ol concentration suggested that any propanal formed over AgCl/Au-D/SFO
catalysts underwent further oxidation to CO,, and so that the reaction mechanism for
formation of propan-1-ol was unlikely to proceed via a propanal intermediate.

In summary, the most likely reaction mechanism for formation of propan-1-ol was
concluded to proceed wvia initial reaction of propylene with adsorbed surface O, to form
a linear oxametallacycle surface species. The linear oxametallacycle then either reacted
directly with hydrogen to form propan-1-ol, or underwent a hydrogen shift to form allyl
alcohol, which was then subsequently hydrogenated to propan-1-ol. The chloride in the
AgCl/SFO and AgCl/Au-D/SFO materials was determined to likely affect the reaction
mechanism by making the surface of Ag more electrophilic, promoting formation of
the linear oxametallacycle species, hence favouring primary over secondary products,
and suppressing complete combustion of propylene at the surface of metallic Ag (Lu
et al., 2002). However, the surface configurations of the linear oxametallacycle species,
with respect to regions of chloride species at the surface of the catalyst, are not fully
understood.

Further understanding of the surface mechanism might be achievable by performing
density-functional theory calculations of the hypothesised transition states to deter-
mine the most thermodynamically feasible pathways, and through surface-sensitive
experimental measurements (e.g. NAP-XPS and in-situ Raman measurements of Ag

and Au surface states over chemical looping cycles, as performed in Chapter 4).
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6.5 Conclusions

The selective oxidation of propylene using a chemical looping approach was demon-
strated. Materials composed ofAgCl, AgAu, and mixed AgCl/Au catalysts supported
on SFO showed considerable selectivity towards propan-1-ol, with limited formation of
other oxygenates. Catalysts containing AgCl were more selective towards propan-1-ol
than metallic Ag, which promoted complete combustion. Performance of the AgCl/Au
catalysts was sensitive to the ratio of Ag and Au, with higher Ag content leading
to complete combustion being favoured over formation of any oxygenated products.
Selectivity towards propan-1-ol of 80% was achieved over 2.5AgCl/7.5Au-D/SFO,
albeit at <1% propylene conversion. The results demonstrated that chemical looping
operation can lead to new reaction pathways, strongly dependent on the oxygen carrier
and the catalyst. The mechanism of the chemical looping formation of propan-1-ol was
also discussed, suggesting that the most likely pathway proceeded by surface reactions
of the linear oxametallacycle intermediate, rather than desorption and subsequent

re-absorption of oxygenated species.
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Chapter 7
Conclusions and future work

The work in this Dissertation investigated the reactive properties of materials for
chemical looping composed of a non-stoichiometric oxygen carrier (SrFeO3_s), modified
with one or more elements as additives. The Ag/SrFeO;_s system, composed of
particles of SrFeO3_s impregnated with nanoparticles of Ag, was of particular interest,
as Ag/SrFeO3_;s has been applied previously for catalytic oxidation processes operated
in a chemical looping mode, including epoxidation of ethylene (Chan et al., 2018b) and
dehydrogenation of ethanol (Gebers et al., 2023).

In previous studies, the interactions between the metal catalyst and the oxygen
carrier had not been explained, and the mechanisms of oxygen transport within the
material were unclear. Furthermore, although certain modifications to the oxygen
carrier (e.g. surface or bulk impregnation of Ag/SrFeO;_ s with CeQO,, or partial
substitution of Sr with Ce) had been reported to improve performance for selective
oxidation of ethylene via chemical looping, by improving oxygen availability from the
material (Marek and Garcia-Calvo Conde, 2021; Marek et al., 2020), the effects of such
modifications on the kinetics of oxygen release and reuptake had not been studied
systematically.

Therefore, in this work, a series of SrFeO3_s materials with various surface, bulk,
and structural modifications were prepared. The materials were investigated for
chemical looping air separation, and for the selective catalytic oxidation of ethylene
and propylene in a chemical looping mode. Modifications to the oxygen carrier, and
to the Ag-based catalyst impregnated at the surface, were found to have a profound
impact on the availability of oxygen from the material, and on the distribution of

oxidation products.
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In Chapter 3, the addition of CeOs to the bulk or surface of SrFeO3_s5 was shown
to slightly increase the availability of oxygen, decreasing the minimum temperature
required for oxygen release in Ny by 10-20°C relative to unmodified SrFeO3_5. The
sample with CeO, mixed into the bulk of SrFeO3_s5 showed a small, but statistically
significant, improvement in the kinetics of oxygen uncoupling.

Modification of SrFeO3_s with nanoparticles of Ag (15 wt%) had a larger impact on
the availability of oxygen, decreasing the minimum temperature for oxygen uncoupling
by 60°C, and substantially increasing the rates of oxygen release and re-uptake. The
thermodynamic influence of Ag on SrFeO3_s was also investigated, with the presence
of Ag increasing the proportion of oxygen vacancies (i.e. greater values of §) at
equilibrium over the range of conditions investigated (T = 500-600°C, pOy = 107°-
0.21 atm), with experimental parameters relevant to chemical looping air separation
selected. However, development of a full thermodynamic model for the pOs-T-6
characteristics of Ag/SrFeO3_5 was deemed beyond the scope of this Dissertation, given
the large number of measurement points required.

Novel sampling methods (Wilson and Muhich, 2024) can the decrease the number
of measurements required to form a complete thermodynamic model of pO,-T-9 for
a given material, by constructing a model based on a partial set of pOy-T- data
points, and identifying regions of pO,-T conditions with the greatest uncertainty in 0
for further experimental measurements. Future work could apply such techniques to
extend the range of T" and pO, conditions investigated, and hence able to model the
behaviour of Ag/SrFeO3_s at conditions relevant for other applications (e.g. selective
oxidation).

Furthermore, the loadings of Ag and CeOs used in experiments were selected
arbitrarily in order to align with previous studies (Marek and Garcia-Calvo Conde,
2021; Marek et al., 2020). Gabra (2022) determined that higher loadings of Ag
(up to 30 wt%) on SrFeOs_s altered the reduction characteristics of Ag/SrFeOs g,
however, future work should investigate whether lower loadings of Ag can still achieve
a meaningful improvement in availability of oxygen and rates of reaction. Additionally,
given the relatively high cost of Ag, the behaviour of SrFeO3_s impregnated with
nanoparticles of base metals, such as Ni (Orsini et al., 2023; Zhong et al., 2024; Zhu
et al., 2018), might be of interest for future studies.

Chapter 4 investigated the chemical changes of Ag/SrFeO3_s during reduction and
oxidation. Bulk characterisation of Ag/SrFeOs_; using in-situ XRD during reduction

in Hy indicated that as well as improving oxygen availability at a relatively low extent
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of reduction (i.e. 0 < & < 0.5, as in Chapter 3), the presence of Ag also decreased
the temperature required for phase transition to brownmillerite SrFeOs 5, from around
500°C to 300°C. However, under further reduction in Hy (e.g. 2 h at >850°C), the
brownmillerite SrFeO, 5 phase would be expected to segregate into strontium- and
iron-rich phases (Savinskaya et al., 2008), ultimately forming SrO and metallic Fe
(Marek et al., 2018a). The influence of Ag on the phase segregation behaviour of
SrFeOq 5 remains unknown, as the Ag/SrFeO3_s material was not reduced below (3-0)
= 2.5. Furthermore, although metallic Fe and Ag are immiscible under most conditions
(Boldman et al.,, 2021; Sumiyama and Nakamura, 1984), the effect of substantial
structural changes in the oxygen carrier on the stability of the Ag nanoparticles might
merit further investigation.

Moreover, from in-situ TEM measurements, the reduction of particles of SrFeO3_s
with and without Ag was observed to proceed approximately uniformly from the edge
of the particle inwards, without localisation of reduced regions around nanoparticles
of Ag. Hence, oxygen diffusion within Ag/SrFeO3; s was deemed to be relatively
rapid. However, the scan time used for parallel TEM imaging, EDS scanning, EELS
measurements, and SAED imaging was relatively slow (of the order 10 min per EELS
scan, and 45 min per full set of measurements). Hence, information regarding any
dissipation of spatial gradients in composition of the order of seconds or faster could
not be captured. Future TEM studies could apply EELS scans of shorter duration at a
constant temperature, in order to observe the faster-acting movement of oxygen in the
immediate vicinity of Ag. Future experiments could also potentially investigate the
use of samples with a well-defined Ag-SrFeOs_s interface where such phenomena could
be readily visible, analogous to the Pd-CeO,_s nanocubes prepared by Mahadi et al.
(2020).

The NAP-XPS experiments, with heating and cooling in Hy and O, respectively,
revealed the behaviour of the surface species on SrFeO3_5 and Ag/SrFeO;_s during
reduction and oxidation. Over the course of a reduction step, the fraction of chemisorbed
oxygen present on SrFeO3;_s declined relative to the lattice oxygen species in SrFeO5_g
and the surface layer of SrO. Furthermore, when nanoparticles of Ag were added,
Ag-O, species were detected, and the total fraction of adsorbed oxygen declined
more rapidly, to a lower final value. Hence, the Ag-O, species were suggested to aid
reduction of the Ag/SrFeO3_s material by reacting with incoming hydrogen, with the
Ag nanoparticles acting as a ‘gateway’ for removal of oxygen from the material at

lower temperatures. Raman spectroscopy and Ho-TPR identified the Ag-O, species as
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atomic Ag-O, peroxide Ag-O3~, and superoxide Ag-O5 . Mechanisms of oxygen transfer
from the SrFeQ5_s lattice to the surface of Ag were proposed, with peroxide Ag-O3~
acting as a reaction intermediate. However, to confirm these proposed mechanisms,
future work could incorporate in-situ Raman spectroscopy with isotope tagging, to
identify whether the peroxide species do indeed act as intermediates, and, isothermal
NAP-XPS experiments with gas switching between reducing and oxiding environments
to track the removal and adsorption of surface species over time.

Furthermore, the NAP-XPS and Raman experiments reported in this Dissertation
were performed using H, as a reducing agent. However, the experiments could be
extended by using a hydrocarbon as the reducing agent, as a more realistic repre-
sentation of chemical looping as applied for selective oxidation reactions, identifying
the intermediate surface species formed during reaction. Additionally, scans of the
S2p region suggested that as well the bulk SrFeO3_s oxygen carrier and Ag catalyst,
sulphur impurities in the Ag/SrFeO3_ s material also undergo redox activity during
chemical looping. Given that AgSO, species are hypothesised to participate in the
selective oxidation of alkenes over Ag (Carbonio et al., 2023; Jones et al., 2018), future
work should confirm the redox behaviour of sulphur during chemical looping selective
oxidation processes, and, identify whether deliberately adding additional sulphur affects
the performance of the material.

Chapter 5 investigated the application of Ag-Na,CO3-SrFeO3_s materials incorpo-
rating a protective carbonate layer for selective oxidation, here, for the epoxidation
of ethylene. Depending on the location of the carbonate layer, on top of the particles
of Ag, or, in between Ag and SrFeOs_s, the relative influence on oxygen availability
of the interaction between Ag and SrFeOj;_; (demonstrated in Chapter 3), and the
formation of Ag-O, surface species (as identified in Chapter 4), could be determined.

The presence of the carbonate layer was found to slightly inhibit the release of
oxygen during reduction in Hy or Ny, increasing the minimum temperature required
for reduction relative to Ag/SrFeO3_s by 50-90°C. The location of the carbonate layer
was found to have little influence on the rate of reaction in hydrogen, whereas, during
reduction in ethylene, the sample with an external layer of NayCOj3 covering the surface
of the Ag nanoparticles reacted more slowly than the sample with Ag nanoparticles
on the outside of the carbonate. The importance of the exposed Ag surface was in
line with the conclusions of Chapter 4, where reactive Ag-O, surface species aided the
removal of oxygen, and in Chapter 5 were shown to be necessary for rapid reaction

with ethylene. Contrastingly, despite being shown to alter the pO,-T-9 characteristics

182



of the material in Chapter 3, Ag-SrFeO3_s interactions played a less important role in
determining effective oxygen availability during reduction in ethylene.

Chemical looping epoxidation experiments over Ag-NayCO3-SrFeO3_s confirmed the
importance of the exposed Ag surface. While samples without an exposed Ag surface
were almost inactive for reaction in ethylene at 270°C, the sample with a NayCO3 layer
in between the Ag nanoparticles and the SrFeO3_s core was active, and showed slightly
improved selectivity towards ethylene oxide as compared to Ag/SrFeO3_5. However,
the sequential impregnation method used to prepare samples of Ag-NayCO3-SrFeOs5_s
resulted in considerable uncertainty as to the thickness and uniformity of the carbonate
layer, especially in the sample with Ag deposited on top of the NayCOs.

Future applications of Ag-NayCOs3-SrFeOs_s materials should attempt to refine the
synthesis procedure, in order to achieve a uniform carbonate layer of accurately known
thickness. Additionally, the 10 wt% target loading of NayCOg3 chosen for experiments
was selected arbitrarily in order to aid characterisation (as samples with lower loadings
showed very weak or no Raman signals). However, in terms of reactivity, lower loadings
might be preferable, by preventing contact between the ethylene and SrFeOs_s while
inhibiting the transport of oxygen as little as possible. Moreover, the selective oxidation
reaction used as an example in Chapter 5, chemical looping epoxidation, might not be
the best application for materials incorporating the protective layer. Reactions with
high overall conversion, such as dehydrogenation of methanol over Ag, with typical
conversion around 85-98% (Millar and Collins, 2017; Thrane et al., 2021), might stand
to gain a greater improvement in yield by preventing combustion of the reactants or
products at the surface of the oxygen carrier.

In Chapter 6, chemical looping of propylene over Ag/SrFeO;_s-based materials
was investigated. Reaction over Ag/SrFeO;_s resulted in high conversion, but was
not selective in either a chemical looping or co-feeding mode, producing CO, as the
main product containing carbon. However, catalysts modified with Cl and, or Au
showed promising selectivity for an unexpected oxidation product, propan-1-ol. The
ratio of Ag to Au influenced the behaviour of the samples, with a higher ratio ratio
of Au favouring higher selectivity at lower conversion, with a maximum selectivity
towards propan-1-ol of 80% at around 0.75% conversion of propylene over the sample
of 2.56AgCl/7.5Au/SrFeO3_s. Interestingly, the results in Chapter 6 suggested that the
enhancement in oxygen availability from the presence of a Ag reported in Chapters 3
and 4 applied even when Ag was partially present as AgCl, and, that nanoparticles of
pure Au slightly inhibited oxygen availability relative to bare SrFeO3_s.
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Conclusions and future work

A mechanism for propan-1-ol formation over AgCl was proposed by co-feeding
possible intermediate products (propylene oxide and propanal) alongside propylene
during reduction and monitoring the distribution of reaction products. However, to
confirm the proposed mechanism, future studies should perform density functional
theory calculations to determine whether the reactions of the linear oxametallacycle
species in the proposed mechanism are feasible. Furthermore, the nature of the oxygen
surface species present on AgCl, and, or, AgAu remain unclear; hence, an in-situ
Raman spectroscopy and NAP-XPS study, similar to the experiments presented in
Chapter 4, might help unravel the reactions at the catalyst surface.

Samples of chloride-free Ag/Au/SrFeOs_s, prepared wvia a ligand complexation
method, showed some promise towards propylene oxide formation. However, the
loading of Au was much lower than expected from the synthesis, and hence the
sample showed a considerable extent of complete combustion of propylene over metallic
Ag. Hence, future work could consider alternative sythesis methods for preparing
Cl-free AgAu nanoparticles supported on SrFeOjs_s, for example, by preparing alloy
nanoparticles ez-situ (Csap6 et al., 2012), which could then be impregnated onto the
SrFeO3_s support, or, using atomic layer deposition techniques to deposit Ag and Au
metal directly onto the surface (Lu et al., 2014; Wack et al., 2019).

In summary, the research in this Dissertation describes the behaviour of the
Ag/SrFeO3_s system under a variety of reactive conditions and applications, with an
emphasis on the interactions between the Ag metal, the SrFeOs_s support, and any
additional phases present (e.g. surface layers of NagCOj3, or CeOy mixed into the bulk).
In particular, the findings in Chapters 3 and 4 demonstrate that the presence of Ag
enhances the availability of lattice oxygen from SrFeO3_s, and the rate of oxygen release
and uptake. The mechanistic considerations proposed in this Dissertation would be
well-complemented by computational density functional theory studies, to determine
the most likely possible reaction pathways for oxygen uncoupling and selective oxidation
over Ag/SrFeO3_s, and applying the findings to develop new materials for chemical

looping.
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A.1 Parameters for fitting XRD patterns

Table A.1 ICSD collection codes for reference patterns used for phase refinement from
XRD measurements

Phase ICSD Collection Code

SrFeO; 91062
SrO 163625
SI‘3F€207 74437
SrCO3 15195
SrFeOq 5 51318
a-FeqO4 56372
CeOy 24887
Ag 53759
Oé—Alg O3 10425
NaNOs 15332
Au 52249
AgCl 56538
AgAu 604769
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A.2 Determination of Raman spot size

The effective spot size of the laser beam used to collect Raman spectra was determined
by collecting scans of photosensitive AgoCOj3, which upon exposure to light undergoes
photocorrosion to form Ag and release CO5 (Dai et al., 2012). After ¢. 30 s exposure
to the laser beam, dark spots corresponding to beam damage of approximate diameter

20 pm were observed, with representative examples shown in Fig. A.1.

Fig. A.1 Beam damage to light-sensitive AgoCO3 from Raman laser (white = Ag,COs,
black = Ag).
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A.3 Measurements of exhaust gas from TGA

A.3 Measurements of exhaust gas from TGA

pO2=0.21 atm pO2=0.15 atm pO2=0.075 atm
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Fig. A.2 (a) Measured pO, at the outlet of the TGA over the course of experiments
with varied inlet pO, values, showing minimal variation over time, (b) average pO,
measured at the TGA outlet compared with nominal inlet concentration (error bars
show standard deviation over 15 h of measurements after cleaning the sample and
purging the TGA furnace with blended gas).
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A.4 Calibration mixtures for gas chromatography
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Fig. A.3 Total mass (diffusion tube plus analyte liquid mass) as a function of time for
(a) propan-1-ol, (b) acetone, (c) propan-2-ol, and (d) propanal. Linear gradient implies
approximately constant outlet analyte concentration.
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B.1 Additional thermogravimetric analysis
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Fig. B.1 Temperature ramping cycles with reduction in Ny and oxidation in air for
CeOy/SFO, (Ce0y)ssSFO, SCeFO, and Ag/SFO showing minimal difference in mass
change between successive cycles for each sample. The deviation observed in cycle 2 for
SCeFO at around 800°C was attributed to a fluctuation in TGA coolant temperature,

rather than a genuine change in sample mass.
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B.1 Additional thermogravimetric analysis
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Fig. B.2 Temperature ramping cycles with reduction in Ny and oxidation in air for
particles of CeO,, showing a relative mass change of less than 0.01.
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Fig. B.3 TGA curves for (a) SFO (dash-dot lines) and (b) Ag/SFO (solid lines), brought
to equilibrium over the temperature range 500-600°C in varied pO, atmospheres
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B.2 Comparison of linear and non-linear regression

to determine kinetic parameters

Measurements of oxygen release using the packed-bed reactor were fitted over the tem-
perature range 500-575°C for SFO, and over the range 475-575°C for all other samples.
Given that each measured temperature point consisted of multiple repeated cycles,
results from all cycles were included when fitting regression parameters. Representative
non-linear and linear fits are shown in Fig. B.4. The extracted values of E, and A via

non-linear and linear regression are summarised in Table B.1.

0,02 (a) Non—llnear . s (b) Illinear
N\ =
= A |
\cﬁ \P Of 4 -\ ~
A 0.015 | N ? ™ e
cT.\ \ E ~ ~ H
2 N Tk LN
_ K [75) -4.0 F ~
” ~ KS) >~
2 001 ~ . £ P~
: i 5 =
= N = 5 1
o2
0.005 L L L _5.5 N N L
115 1.2 1.25 13 115 12 195 13
1000/ Temperature (K1) 1000/ Temperature (K1)

Fig. B.4 (a) Non-linear and (b) linear fit for oxygen release from Ag/SFO. Points
indicate experimental measurements, circles indicate average value at each temperature
point, dashed line indicates fitted curve, shaded area indicates 95% prediction band
for fitted parameters.
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B.2 Comparison of linear and non-linear regression to determine kinetic
parameters

Table B.1 Extracted kinetic parameters from linear and non-linear regression of exper-
imental measurements in the packed bed. Bracketed values indicate estimated 95%
confidence intervals for each fitted parameter.

Sample (kJ IEnT)l’l) (molp,s 'm~3Pa!) 1 (kJ i((l)l’l) (molp,s'm~3Pa~1) i3
i (Linear) OELinear) (Linear) (N;)n—linear) ((lifon—linear) (Non-lincar)

SFO (104.155);9i?13.6) (3286?)6;3117200600) 0-99 (97.1)?21'36.7) (810232;0??3320) 0-99
Ce0,/SFO (48.?5;1?4.6) (10.%?36.9) 0.83 (63.??.(?9.5) (81.3);52223) 0-90
(Ce02),8FO (75;;7'30.0) (6258;612187) 0.95 (73.;;5';7‘5) (458;2 ?;88) 0.98
SCeFO (25.21(?‘28&6) (0.4?';561.70) 081 (26.27;923.2) (0.4((]5}8?30) 089

Ag/SFO (66.665?.?0.2) (203.25?;73150.6) 0.96 (66.?)??1.9) (155;7 ggs) 0.99
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C.1 Additional 7n-situ XRD characterisation
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Fig. C.1 In-situ XRD patterns during heating and cooling of SrFeO3_s and Ag/SrFeO;_;
in air, and corresponding estimated unit cell volume of SrFeO3 phase, as compared to

results reported by Marek et al. (2018a) and Taylor et al. (2016).
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C.2 XPS fitting parameters and additional scans

C.2

XPS fitting parameters and additional scans

Table C.1 Binding energy (BE) and peak full width at half maximum (FWHM)
constraints for fitting peaks to Ols XPS spectra, with peak assignments and references.

Peak BE constraint FWHM constraint Assignment
A 529.0 £ 1 eV <2 eV SrFeO3_s lattice oxygen
B A+ 1.2V (fixed offset) Equal to A SrO termination oxygen
C A+25+075eV <1.75 eV Surface oxygen
D C+14+0.50eV <2 eV Ag-O, species
E 533.0 £ 0.50 eV <2 eV Impurities
F 539.0 £ 0.50 eV <leV Oy (physisorbed)
G 539.5 £ 0.50 eV <16V 0, (gas)
Peak Reference(s)
A Crumlin et al. (2012); Stoerzinger et al. (2020); Zhou et al. (2023)
B Crumlin et al. (2012); Stoerzinger et al. (2020)
C  Crumlin et al. (2012); Stoerzinger et al. (2020); Zhou et al. (2023)
D Pu et al. (2022); Schon (1973)
E  Abd El-Naser et al. (2021); Falcon et al. (2002)
F  Puglia et al. (1995)
G Avval et al. (2019)
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Fig. C.2 Additional NAP-XPS O1s spectra of SrFeO3;_5 under 0.25 mbar Hy. Circles
indicate experimental measurements, solid black lines indicate overall fitted curve,
shaded areas correspond to individual fitted peaks, dashed lines correspond to fitted
baseline, and solid grey lines correspond to difference between fitted curve and mea-
surements. Percentage areas estimated for each peak are given, corresponding to the
approximate proportion (at%) of each species at the surface.
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(a) Ag/SrFeO;_;, 57°C, 0.25 mbar H,
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Fig. C.3 Additional NAP-XPS Ols spectra of Ag/SrFeO3; s under 0.25 mbar H,.

(b) Ag/SrFeO;_;, 117°C, 0.25 mbar H,

Relative composition:
SrFeO3_5 (bulk): 26.1%
Surface O: 21.1%

Ag-Oy species: 31.4%
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(d) Ag/SrFeO;_;, 297°C, 0.25 mbar H,

Relative composition:
SrFeO3_5 (bulk): 50.0%
Surface O 6.7%

Ag-Oy species: 29.9%

Intensity (-)
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Binding Energy (eV)
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Circles indicate experimental measurements, solid black lines indicate overall fitted
curve, shaded areas correspond to individual fitted peaks, dashed lines correspond to
fitted baseline, and solid grey lines correspond to difference between fitted curve and
measurements. Percentage areas estimated for each peak are given, corresponding to
the approximate proportion (at%) of each species at the surface.

225



Supplementary material for Chapter 4
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Fig. C.4 NAP-XPS Cls and Sr3p spectra of SrFeO3_s and Ag/SrFeO;_s under 0.25
mbar Hy and 1 mbar Oy, with peaks corresponding to adventitious carbon (C,q4,) and
carbonate impurities (CO3~) labelled.
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Fig. C.5 Ratio of peak areas from NAP-XPS measurements of Sr3d and Fe2p regions

for SrFeO3_5 and Ag/SrFeO;_;5 during (a) reduction in 0.25 mbar Hy and (b) oxidation
in 1 mbar Os.
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C.3 Comparison with H,-TPR measurements from

literature
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Fig. C.6 Temperature-programmed reduction of SFO and Ag/SFO in 5 vol% Hsy, with
total hydrogen consumption represented by each feature indicated. Figure reproduced
based on published measurements from Gebers et al. (2023). Shaded curves added
based on Gaussian fits with peak centres labelled, and grey line above TCD signal
indicating difference between measured values and fitted curves.
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C.4 Proposed structure of AgSO, surface species
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Fig. C.7 Proposed structure of AgSO, surface species, suggested to be selective for
epoxidation of alkenes over Ag. Figure reproduced from Jones et al. (2018)
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D.1 X-ray diffraction patterns
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Fig. D.1 Sections of XRD patterns for Ag/SFO, NCO/SFO, Ag(NCO/SFO), and
NCO(Ag/SFO). Circles indicate experimental measurements; lines indicate fitted

model using reference patterns.
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D.2 XPS fitting parameters and additional scans

Table D.1 Binding energy (BE) and peak full width at half maximum (FWHM)
constraints for fitting peaks to XPS spectra, with peak assignments and references.

Peak BE constraint (eV) FWHM constraint (eV) Assignment
Nals-A 1071.6 £ 0.25 2 NayCOs3
Nals-B 1072.9 £ 0.1 2 NayO or NaOH
Ols-A 528.5 + 0.5 2 SrFeO3 lattice oxygen
Ol1s-B Ols-A + 1.2 (Fixed offset) Equal to Ols-A SrO lattice oxygen
01s-C 531.5 + 0.5 2.5 CO2™ and Surface O
O1s-D 533.75 £ 0.25 2 Hydroxide impurities
NaKLL 536.0 + 0.25 3 Na Auger Peak

Ag3ds/-A 368.5 £+ 0.25 1.5 Metallic Ag
Ag3dso-B Ag3ds o-A + 6 (Fixed offset) Equal to Ag3ds/o-A Metallic Ag
Ag3dss-C 369.25 £+ 0.25 2 Metallic Ag
Ag3dso-D Ag3ds/»-C + 6 (Fixed offset) Equal to Ag3ds/,-C Metallic Ag
Ag3ds -E 367.5 £ 0.25 2 Metallic Ag
Ag3dso-F  Ag3ds o-E 4 6 (Fixed offset) Equal to Ag3d;/-E Metallic Ag
Cls-A 284.8 + 0.05 1.75 Adventitious carbon
Cls-B 289.0 £ 0.25 2 NayCOs3
Peak Reference(s)
Nals-A (Hammond et al., 1981)
Nals-B (Barrie and Street, 1975; Citrin, 1973; Savintsev et al., 2016)
Ols-A (Crumlin et al., 2012; Stoerzinger et al., 2020; Zhou et al., 2023)
Ols-B (Crumlin et al., 2012; Stoerzinger et al., 2020; Zhou et al., 2023)
O1s-C (Abd El-Naser et al., 2021; Falcon et al., 2002; Pu et al., 2022; Schon, 1973)
O1s-D (Barrie and Street, 1975)
NaKLL (Shchukarev and Korolkov, 2004)
Ag3d5/2—A
Ag3d3/2-B
ﬁiggig:g (Seah et al., 1998)
Ag3d5/2—E
Ag3d3/2—F
Cls-A (Biesinger, 2022)
Cls-B (Hammond et al., 1981)
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Fig. D.2 Additional XPS spectra corresponding to the (a) Ag3d and (b) Cls and Sr3p
binding energy regions. Circles indicate normalised experimental measurements, solid
black lines indicate overall fitted curve, shaded areas correspond to individual fitted
peaks, dashed lines correspond to fitted baseline, and grey solid lines correspond to
difference between fitted curve and measurements. Percentage areas estimated for each
peak are given, corresponding to the approximate proportion (at%) of each species at
the surface.
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D.3 Additional measurements from experiments in

packed bed reactor
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Fig. D.3 Concentration of products during two chemical looping cycles over
NCO(Ag/SFO) at 300°C and 350°C.
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E.1 Additional characterisation measurements

Table E.1 Mean crystallite sizes (nm) of Ag, AgCl, Au, and AgAu in impregnated
samples, estimated from broadening of three XRD peaks for each phase.

Crystallite size (nm) Ag/SFO  AgCl/SFO Au-D/SFO 5AgCl/5Au-D/SFO

Ag 50.2 £ 6.6 79.9 £ 159 - -
AgCl - 30.0 £ 3.2 - 31.9 £ 2.1
AgAu - - - 75.5 £ 4.3
Au - - 68.0 =+ 3.4 -
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Fig. E.1 XRD patterns for Ag/SFO, Au/SFO, and zAg/(10-z)Au-D/SFO materials,
with peaks identified.
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E.1 Additional characterisation measurements

Table E.2 Peak positions for fitted peaks to XPS spectra, with peak assignments and

references.
Region Sample Peak Peak Position (eV)
Ag foil Ag3d-A 368.2
AgCl powder Ag3d-B 367.9
Ag/SFO Ag3d-C 368.2
Ag3ds), AgCl/SFO Ag3d-D 367.8
AgCl/SFO Ag3d-E 369.0
5AgCl/5Au-D/SFO Ag3d-F 367.5
5AgCl/5Au-D/SFO Ag3d-H 368.6
Au foil Audf-A 84.0 (fixed)
Audf ), 5AgCl/5Au-D/SFO Audf-B 84.5
5AgCl/5Au-D/SFO Audf-C 85.5
All Ols-A 528.25 £+ 0.25
Ols All Ols-B SrFeO3 peak + 1.2 €V
All 0O1s-C 530.75 £ 0.25
AgCl powder Cl2p-A 198.8
C12ps)2 AgCl/SFO C12p-B 197.3
5AgCl/5Au-D/SFO Cl2p-C 199.1
Peak Assignment Reference(s)
Ag3d-A Metallic Ag (Seah et al., 1998)
Ag3d-B AgCl (Gaarenstroom and Winograd, 1977)
Ag3d-C Metallic Ag (Seah et al., 1998)
Ag3d-D AgCl (Gaarenstroom and Winograd, 1977)
Ag3d-E Strongly oxidised Ag (Lu et al., 2002)
Ag3d-F AgCl (Gaarenstroom and Winograd, 1977)
Chimentao et al., 2006
Agdd-H AgAu alloy | (Malathi et al., 2014) :
Audf-A Metallic Au (Seah et al., 1998)
Au4f-B Metallic Au (Seah et al., 1998)
(Chimentao et al., 2006)
Malathi et al., 2014
Audk-C AgAu alloy ((Kariuki et al, 20042
(Srnova-Sloufové et al., 2004)
(Crumlin et al., 2012)
Ols-A SrFeOj lattice oxygen (Stoerzinger et al., 2020)
(Zhou et al., 2023)
(Crumlin et al., 2012)
O1s-B SrO lattice oxygen (Stoerzinger et al., 2020)
(Zhou et al., 2023)
(Abd El-Naser et al., 2021)
O1s-C  Surface O, CO3™ impurities (Falcon et al., 2002)
(Schén, 1973)
Cl2p-A AgCl (Kaushik, 1991)
Kaushik, 1991
Cl2p-B AgCl ((Qin et al., 2017))
Cl2p-C AgCl (Kaushik, 1991)
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Fig. E.2 STEM-EDS surface maps of 5AgCl/5Au-D/SFO sample, with elemental
composition of areas of interest given in inlay. In (a), particles of AgCl (areas 3 and 4)
show an Ag:Cl ratio of around 2, suggesting the presence of metallic Ag within the
particles, whereas the AgCl particles in (b) (area 3) show a ratio of approximately 1,
corresponding to a pure AgCl phase.

E.2 Calculation of available oxygen from AgCl/Au-
D/SFO materials

Extended reduction was performed over 2.5AgCl/7.5Au-D/SFO and 7.5AgCl1/2.5Au-
D/SFO materials by passing 5.13% propylene over the active bed for 100 min, taking
a gas sample from the outlet stream every 20 min. The gradient of the cumulative
oxygen release curve corresponds to the rate of oxygen relase from the SFO support.
For 2.5AgCl1/7.5Au-D/SFO (Fig. E.3a), the gradient was approximately constant,
indicating a constant rate of oxygen release. For 7.56AgCl/2.5Au-D/SFO (Fig. E.3b),
the cumulative oxygen release reached a plateau with increasing time, corresponding
to a decrease in the rate of oxygen release.

The maximum possible oxygen available from silver oxides (shown as a dash-dot line
in Fig. E.3), in the hypothetical case that all Ag was present as Ag,O, was estimated
from Eq. E.1, where nyygen is the amount of oxygen available (mol), myeq is the mass
of the active bed (i.e. 1.5 g for all experiments), A, is the nominal mass fraction of
surface Ag, and M,(Ag) is the molar mass of silver (g mol™). The factor of 2 in the
denominator accounts for the 2:1 ratio of Ag to O in Ag,O.
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E.2 Calculation of available oxygen from AgCl/Au-D/SFO materials
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Fig. E.3 Outlet gas composition for extended reduction of (a) 2.5AgCl/7.5Au-D/SFO
and (b) 7.5AgCl/2.5Au-D/SFO in 5.13 vol% propylene at 280°C. Horizontal lines
indicate calculated oxygen availability from Ag,O if all Ag were present as Ag,O, and
available oxygen from adsorption of O at the surface of the AgCl and Au catalyst.
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The maximum theoretical adsorbed oxygen at the surface of AgCl (shown as a
dotted line in Fig. E.3) was estimated by assuming a Sauter mean diameter, ds», of
135.3 nm (as estimated from SEM images), and assuming approximately spherical
particles of AgCl. Oxygen was assumed to adsorb as (O3), at surface Ag sites on AgCl
(Kim et al., 2018), with one adsorbed Oy molecule per four Ag surface sites; oxygen
adsorption on AgAu was assumed to be minimal (Geenen et al., 1982; Rojluechai et al.,
2007).

The dispersion of AgCl, D, was estimated from Eq. E.2, where p, = 7.03 x 1019 m—2
is the surface atomic density of AgCl averaged over the (100), (110), and (111) planes,
and p, = 4.47 x 10%® m~3 is the bulk atomic density for a lattice parameter of 5.546 A
(Gebers et al., 2022; Rabiei et al., 2020).

D= psﬂ-d%ﬂ _ 6/05

= E.2
s pydsp (E2)
b~ g ’

The number of moles of adsorbed oxygen atoms on AgCl, noyygen,ads, Was then
estimated from Eq. E.3, where A is the measured AgCl loading (as given in Table 6.2),
and M, (AgCl) is the molar mass of AgCl.
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DAmyeq

oxygen,ads — E.3
Homgeneds = 90, (AgCl) (E3)

The maximum amount of adsorbed oxygen available was estimated to be around
8 pmol for 2.5AgCl/7.5Au-D/SFO, and 17 umol for 7.5AgCl/2.5Au-D/SFO. For
7.5AgCl/2.5Au-D/SFO, the maximum theoretical oxygen available from adsorbed
oxygen was of the order of the amount of oxygen detected in products after 1 min of
reduction. As appreciable activity was detected after >20 min of reduction (shown in
Fig. E.3), the contribution of adsorbed oxygen was taken to be minimal, and so oxygen
provided from the SFO support was assumed to be the primary source of oxygen in
products.

The amount of oxygen soluble in AgCl was approximated by taking the specific
molar solubility of oxygen in AgCl to be around 16 umol g=! (Jayaraman and Yang,
2005). The maximum amount of oxygen that could be dissolved in AgCl for the
7.5AgCl/2.5Au-D/SFO sample was estimated to be of the order ¢.1.6 pmol, which was
an order of magnitude less than the amount of oxygen detected in products after 1.5
min of reduction, and so was neglected.

The total absorption and dissolution of oxygen in Au, n 4, Was estimated us-
ing Eq. E.4 where ®, 4, is the estimated volumetric oxygen solubility (m,/m%,4,)
(Toole and Johnson, 1933), my, is the mass of gold present, estimated from XRD
measurements, and py, is the density of gold (kg m™3) (Kraut and Stern, 2000).

i P
PAu RT

The sample with maximum gold loading was Au-D/SrFeO3, with 7.3 wt% Au
loading. The maximum amount of oxygen that could be absorbed by Au in Au-D/SFO,

Ntot, Au = (I)U,Au : (E4)

was estimated to be of the order 1 nmol, i.e. several orders of magnitude less than the
amount of oxygen detected in reaction products. Therefore, the oxygen absorbed by
gold was assumed to be negligible for all other samples with lower gold loading.

The maximum amount of oxygen soluble in bulk Ag, ngs 4, was estimated using
Eq. E.5 where ®,, 4, is the molar solubility of oxygen in Ag (taken to be ® = 107°
molp /moly, from Lu et al. (2005)), my, is the mass of Ag, and M, (Ag) is the molar
mass of Ag. For the sample with the highest Ag loading, Ag/SFO, with 11.8 wt% Ag
loading, the maximum oxygen soluble was estimated to be of the order 16 nmol. As

this was at least two orders of magnitude less than the amount of oxygen detected
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E.3 Reaction of propylene over control samples

in reaction products, the contribution of oxygen dissolved in Ag to the reacton was
assumed to be negligible for all other samples with lower silver loading.
MAag

Ndis, Ag 49" 37 (Ag) (E.5)

E.3 Reaction of propylene over control samples

To verify the postulated chemical looping mechanism, cycling experiments were per-
formed over various control samples. Co-feeding propylene and air (2.5 mol% propylene,
10.5 mol% Oy) over SFO resulted in formation of CO5 only, with a decrease in activity
from ¢. 1.9% to 0.5% for the overall propylene conversion after 1 h on stream (shown
in Fig. E.4a). Additionally, co-feeding over Ag/SFO (10 wt% Ag) was also performed,
giving CO4 as the only reaction product, in line with previous work on direct propylene
oxidation over Ag (Khatib and Oyama, 2015). The substantial increase in the amount of
CO, formed between unimpregnated SFO and Ag/SFO was attributed to the reaction
of propylene with O, on Ag, stripping the hydrogen atom bonded to the y-carbon in
propylene to form an unstable allyl radical, aiding the complete combustion reaction.

In Fig. E.4b, CO, was the only reaction product for looping over unimpregnated
SFO. Therefore, the SFO support was inactive towards selective oxidation, and so Cs
oxygenate products detected formed at the AgCl/Au catalysts.

Samples of Ag and AgCl/Au-D catalysts impregnated on particles of a-AlyO3
(180-355 pum, Alfa Aesar) were prepared by incipient wetness impregnation as described
in Sections 2.1.2 and 6.2. Reaction of propylene over Ag/Al,O3 and 5AgCl/5Au-
D/Al,O3 under looping conditions was investigated, as shown in Fig. E.4c. For both
samples, CO, was detected as the only reaction product, indicating that reactions
between propylene and adsorbed surface oxygen, or trace AgsO and AgO phases, were
not selective in the absence of the SFO oxygen carrier support.The decrease in CO,
concentration for Ag/Al,O3 over successive cycles was attributed to the depletion of
unstable AgO, phases, which were not subsequently regenerated during the re-oxidation
step.

Chemical looping reaction of propylene over AgCl supported on Al,O3 yielded no
oxygen-containing products above 5 ppm, including CO,, showing that for reaction

over AgCl/SFO, all the oxygen in products was provided from the SFO support.
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(a) Co-feeding (280°C, 2.5% C3;Hg, 10.5% O»)
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Fig. E.4 Product compositions in reactor outlet during (a) co-feeding and (b) chemical
looping over SFO, and (c¢) chemical looping over Ag/Al,O3 and 5AgCl/5Au-D/Al03.
No other reaction products above 5 ppm were detected.
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