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ABSTRACT

ABSTRACT
The increasing energy requirements of mankind have stimulated the need to search for
renewable clean energy in order to protect the environment. Proton Exchange
Membrane Fuel Cells (PEMFC) are one of the most promising types of fuel cell among
the entire range of power generation devices. However, the high quantity of noble metal
catalysts used in PEMFCs hinders their commercialization due to the associated high
cost. Decreasing the amount of noble metal catalysts without sacrificing the
performance of the fuel cell is therefore desirable.

This thesis explores the possibility of modifying the perovskites with small quantities of
the most commonly used catalysts (Ni, Ru and Pd) on its surface, with the intention to
create a potentially cost-effective electrode material for PEMFC. The perovskites
employed in this thesis include two of the most commonly studied perovskite materials,
A-site deficient titanate based perovskites and LaCrO3 based perovskites. The concept
of the modification method is to combine two of the most promising state of the art
methods, impregnation and exsolution, to improve the properties of the perovskite.
Instead of incorporating the catalyst in the whole lattice of the perovskite, the
impregnation method was used to dope the catalyst into the surface of the perovskite
only. The exsolution of the doped catalysts from the perovskite was then attempted. This
would theoretically produce nanoparticles with certain parts of its body anchored inside
the perovskite, thus avoiding the catalyst agglomeration problem which has been
reported for the normal impregnation method.

The A-site deficient titanate perovskite used to investigate surface doping modifications
is La0.4Sr0.4GaxTi1-xO3-x/2 (LSGT). At first, a Ni catalyst was used to explore the
possibility and optimal experimental conditions for catalyst doping of the perovskite
from the surface and subsequent exsolution. The microstructure of the LSGT scaffold
was optimized for later experiments. The results from the Ni doping study were then
applied to the surface doping of Pd and Ru catalysts. This work demonstrates the
possibility of incorporating Ni, Ru and Pd catalysts into the surface of A-site deficient
titanate LSGT perovskite, using a pre-reduction treatment. The doped Ni and Pd
catalysts managed to exsolve to the surface of the perovskite as nanoparticles after
5
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reduction treatment. However, the Ru catalyst did not exsolve under the same
experimental conditions. It has been found that different catalysts require different
conditions to be able to dissolve into the perovskite for example, the heating atmosphere.
In addition, the mechanism of incorporating Pd into the A-site deficient titanate has
been studied, showing that the Pd is doped into the A-site deficient titanate in the form
of Pd2+ with square planar 4-fold coordination on the B-site.

The LaCrO3 based perovskite employed for studying the incorporation of a catalyst into
the surface of the perovskite was La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM). The possibility of
doping ruthenium into the surface of LSCM perovskite with the aid of a ball milling
process has been explored by VT-XRD. It has been demonstrated that the Ru catalysts
are able to dissolve into the lattice of LSCM perovskite on oxidation and exsolve as
nanoparticles upon reduction. In addition, the addition of a Ru catalyst into the LSCM
has been shown to improve the reducibility of the perovskite. Then the possibility of
incorporating a Pd catalyst into the surface of LSCM perovskite was investigated. It was
found that the Pd was unable to be doped into the LSCM perovskite due to the fact that
the structure of LSCM was not rigid enough to accommodate the deficiencies
introduced by Pd.

Catalytic tests of RWGS reactions were carried out with a few selected samples to
preliminarily investigate the influence of the catalyst coating on the performance of the
perovskite. It has been demonstrated that the catalyst coating technique was helpful in
improving the catalytic activity of the perovskites.

The possibility of incorporating the catalyst into the perovskite from the surface and
exsolving it afterwards depends on the properties of the host lattice and the catalyst
itself, such as the sizes of the host lattice and the catalyst cations, the stability of the
host lattice, etc. Through careful matching of the catalyst and the host lattice of the
perovskite, the incorporation of the catalyst into the perovskite surface can be a
promising method for decreasing the amount of catalyst required and therefore
developing cost-efficient electrode materials for PEMFC.
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Chapter 1 Introduction

1.1 Worldwide Energy Requirements
With the rapidly growing human population and continued development of the economy,
it is expected that global demand for energy services will grow by as much as an order
of magnitude by 2050, while primary energy demands are expected to increase by 1.5–3
times as shown in Figure 1-1 [1]. Accompanying the increasing energy demand, global
warming has become one of the most worrying environmental issues to date. This is
caused by emissions such as CO2, which are derived from the burning of fossil fuels as
an energy source. Currently, the main sources of energy generation are oil, natural gas,
coal, nuclear, hydro and renewable energy such as biomass, wind and solar. In order to
meet future energy demands, potential ideas have been suggested, including improving
energy efficiency, reducing the consumption of fossil fuels, and increasing the
environmentally friendly energy supply, i.e. renewable sources and fuel cells. Fuel cell
is a great solution to issues caused by the burning of fossil fuels if they are fuelled by
hydrogen derived from non-fossil fuel sources. Fuel cells have the advantage of better
constancy of the energy supply compared to unpredictable renewable sources such as
solar, wind and wave power. However, the cost of fuel cells is one the main obstacles
for their commercialization [2-4].

Figure 1-1 Actual and estimated world population, energy and electricity demands (Millions of barrels per
day of oil equivalent) [1]
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1.2 Fuel Cells
1.2.1 Introduction to Fuel Cells
In the early nineteenth century, the concept of a fuel cell had effectively been
demonstrated by Humphry Davy. After this, Christian Friedrich Schönbein discovered
the principle of fuel cells in 1838. One year later, William Grove, an English lawyer
turned scientist, gained prestige by inventing the first fuel cell which generated
electricity from an electrochemical reaction between hydrogen and oxygen over a
platinum catalyst [5]. In the following years, a lot of effort was put into developing this
area of research and continuous progress has been made [6, 7]. A particularly notable
example is that, in 1960, fuel cells were successfully applied to the on-board electrical
systems on the Apollo journey to the moon. In the mid-1980s, in the US, Canada and
Japan, government agencies significantly increased their funding for fuel cell R&D. In
2007, the fuel cell industry began its road to commercialization. Today, fuel cells are
widely used in the area of military applications (skid-mounted generators), portable
products (torches, battery chargers), small personal electronics (mp3 players, cameras),
stationary power plants (large stationary combined heat and power (CHP)),
uninterruptible power supplies (UPS)), and transportation (fuel cell electric vehicles,
trucks and buses) [8].

A fuel cell is an energy conversion unit that converts a gaseous fuel (hydrogen, natural
gas, gasified coal) to electrical energy and heat by the electrochemical combination of a
fuel with an oxidant. A fuel cell operates like a battery, but does not run down or require
any recharging. Power can be continuously produced from it as long as fuel and oxidant
are supplied. The distinct mechanism of a fuel cell is its ability to convert chemical
energy directly to electrical energy. It is not limited by the Carnot cycle of a heat engine
and is much more efficient in energy conversion than any conventional thermo–
mechanical system thus extracting more electricity from the same amount of fuel.
Additionally, with no vibration and combustion during its operation, it is virtually noise
and pollution free. Moreover, this technology also presents flexibility and modularity as
it does not suffer appreciably from problems of lubrication, wear, leakage and heat loss,
which affect the reliability of traditional heat engines [9]. It is very competitive in
13
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replacing a suite of power supplies in many portable, stationary and transport
applications, from battery chargers to home heating and powering cars. In brief, a fuel
cell is an efficient, quiet, clean and reliable power generation device which is the most
universal energy solution ever created.

A fuel cell unit normally contains several single cells which consist of anode and
cathode sandwiched around an electrolyte as shown in Figure 1-2. The hydrogen fuel is
fed to the anode, which splits into protons (hydrogen ions) and electrons. The protons
pass through the electrolyte, while the electrons create a separate current to power an
external circuit before reaching the cathode. In the meantime, the oxygen from the air
travels through the cathode and forms electrically charged oxygen ions that combine
with the hydrogen ions passed across the electrolyte, forming water molecules and
releasing heat. The electrolyte prevents any direct contact between the anode and the
cathode, and passes the charged ions from one electrode to the other. Depending on
which side of the fuel cell generates water, it can either be an oxygen ion conductor (in
which water is formed on the fuel side, see Figure 1-2a), or a hydrogen ion (proton)
conductor (in which water is formed on the oxidant side, see Figure 1-2b) [10].

Figure 1-2

Schematic illustration of elements and operating principles of fuel cells: a. fuel cell with proton

conducting electrolyte, b. fuel cell with oxide ion conducting electrolyte [11]

Despite the fact that all types of fuel cell have a similar operating principle, the
materials and fuels used for different types of fuel cell may vary considerably from
one another. In addition, the state of the electrolyte (i.e. whether it is liquid or solid)
14
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determines the operating temperature of the fuel cell. Fuel cells are, therefore,
generally sorted by their operating temperature and by the chemical characteristics of
the electrolyte, as summarised in Table 1-1 [8, 12].

Table 1-1 Technical characteristics of different fuel cells [8, 12]
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1.2.2 Proton exchange membrane fuel cells (PEMFCs)
Among all of the different types of fuel cells as can be seen from Table 1-1, Proton
Exchange Membrane Fuel Cells (PEMFCs) are favoured for applications in cars and
mass transportation as they have higher power densities than traditional internal
combustion engines. In addition, PEMFCs have the advantages of relatively quick startup time, rapid response to varying loads, and low operating temperatures compared to
some other fuel cells. However, one remaining challenge is the resilience of different
components of the fuel cell, e.g. the membrane electrode assembly (MEA), which may
decide the life of the fuel cell. In order to improve the efficiency of the PEM fuel cell
and reduce the CO poisoning effect on the Pt catalyst on the anode side, high
temperature PEMFCs (HTPEMFC) have been developed which increase the working
temperature range from 80°C to 100-200°C. The increase in the working temperature of
the PEMFC makes it more difficult to find suitable electrode materials to work in the
fuel cell [13-16]. In addition, it is well known that PEMFCs use platinum as the catalyst,
especially the original PEMFCs which required a large amount of platinum. Although
the price of the platinum has become lower over the last five years, platinum is still
more expensive than other noble metals (see Figure 1-3). Currently, the main obstacles
for the commercialization of the PEMFCs are the high cost and issues with longevity.

As a result of the challenges mentioned above, a lot of research has focused on
minimizing the platinum loading by increasing the surface area of Pt nanoparticles,
alloying Pt with other metal catalysts (Pt-M: M = Ru, Sn, Fe, Mo, Co, Ni, W, etc.),
replacing the platinum with other cheaper metal catalysts or developing platinum free
electrocatalysts, while enhancing the durability and performance of the MEA [17-25]. It
has been reported that Pt nanoparticles which have high surface areas would
agglomerate during the operation of the PEMFC, causing degradation of the cell
performance [26, 27]. The advantages and limitations of other different types of
catalysts commonly used for PEMFCs are shown in Table 1-2 [28]. Pd, Ru and Au
catalysts have been reported to give very good performance in PEM fuel cells in place
of a Pt catalyst [29-35]. However, the price of the above catalysts is still quite expensive
if used on a large scale (see Figure 1-3). A lot of attention has also been paid to
developing Pt-free catalysts which include transition metal oxides, macrocycles [36],
16
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carbides [37], nitrides [38], oxynitrides [39], carbonitrides [40] and chalcogenides [41].
Although promising results have been reported for some of the materials, Pt-based
catalysts still exhibit the best performance so far. More research is still needed to
develop more cost-effective and efficient catalysts.

Catalyst type

Advantages

Limitations

Pt-based catalysts

Excellent characteristics of high activities High cost and relatively
for fuel cell reactions
low stabilities

Modified Pt-based Low cost and high durability under Uncertainty for long-term
catalyst
optimized conditions
applications
Pt-free non-noble
Low-cost and extensive resources
catalysts

Relatively low activities

Table 1-2 Advantages and limitations of different types of catalysts for PEMFC [28]

Figure 1-3 Monthly average prices of different noble metals within the last five years [42]

Due to their high electrical conductivity and outstanding catalytic activity, perovskite
materials (ABO3) have received considerable attention for study as non-noble catalysts
for metal air batteries (MAB) and low temperature fuel cells (LTFC) in recent years.
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Perovskite materials in MAB and LTFC applications have been demonstrated to show
high activity and stability towards the electrochemical reactions (hydrogen oxidation
reaction and oxygen reduction reaction, ORR) [43-49]. In addition, when being used as
electrocatalyst in metal air batteries, the roundtrip efficiency (see Eq. 1-1) of perovskite
materials have been reported to be higher than for the noble-metal catalysts [46, 49].
However, most of the research has focused on fuel cells using basic media. There were
relatively few reports detailing the use of perovskite as an electrocatalyst in acidic
environments, which are normally used in PEMFC.

1-1

L. Villaseca et al. synthesized La0.94MnO3+δ and La0.7Sr0.3MnO3+δ perovskites and
showed promising results for both samples towards the ORR in a PEMFC environment
[50]. Approximately 90% of the elements in the Periodic Table are able to form
perovskite oxides [51]. In addition, perovskite is known for being able to accommodate
more than one type of cation in the A and B sites. Therefore, a greater variety of desired
properties can be mixed together compared to the use of single materials. The physical
and chemical properties of perovskite oxides can be adjusted by altering their
composition, offering a fantastic chance for application in numerous areas [52]. There is
definitely great potential to explore the applications of perovskite materials to replace Pt
catalysts in PEMFC. The perovskite materials which have been studied as potential
electrode materials in this thesis are derived from two of the most commonly studied
perovskites: SrTiO3 (strontium titanate) and LaCrO3 (lanthanum chromite) since both of
them exhibit reasonable electronic conductivities and excellent stability in a wide
variety of fuel cells working environments [53-55]. More details of the structure and
properties of perovskites will be introduced in the next section.

1.3 Background on perovskite oxide
1.3.1 The crystal structure of the perovskite
Perovskite-type oxides have the general chemical formula of ABO3 with A being the
larger cation and B being the smaller one. An ideal ABO3 perovskite structure is cubic
18
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as shown in Figure 1-4. A simple way to look at the perovskite structure is by
considering the lattice as a cube in which B-site cations are located at the corners in 6fold coordination with the oxygen anions, while A-site cations are located in the centre
of the cube in 12-fold coordination with oxygen anions. The oxygen anions are placed
in the middle of the cube boundaries. Another way of visualizing the perovskite
structure is that the whole perovskite structure consists of a network of corner-sharing
BO6 octahedra in which the larger A-site cations are located in the central position [52,
56].

Figure 1-4

Schematic plot of ideal ABO3 perovskite structure, adapted with permission from Ref. [57]

1.3.2 Cation substitution in the perovskite
Quite often, in order to endow the perovskite oxide with improved or more versatile
properties for different applications, the A and/or B site of the perovskite is substituted
with other cations. As a result of the replacement, the amount of defects can be
increased if the dopants have different valences from the parent cations. Depending on
which site the dopant is going to replace in the perovskite, and also the valence of the
dopant, different types of vacancies will be introduced in the perovskite. When the Bsite of the perovskite is substituted with cations with lower valence, oxygen ion
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vacancies will be formed in the perovskite. Alternatively, when cations with higher
valence substitute the B-site of the perovskite, oxygen interstitials will be generated in
the perovskite. By replacing the A-site of the perovskite with cations of higher valence,
A-site vacancies will be introduced into the perovskite. Meanwhile, when the valence of
the dopant is lower than that of the parent cations in the A-site, oxygen vacancies will
be introduced into the perovskite. The increase in the number of defects in the
perovskite will potentially change the structure of the material and thus alter the
diffusion pathways of oxygen ions which would eventually improve the catalytic
activity, electronic conductivity or ion conductivity of the perovskite [52].

There are many factors influencing the probability of successfully incorporating other
cations into the perovskite. Among all of these different facets, the size and the formal
oxidation state (charge) of the dopants relative to the original perovskite cations have
the biggest influence on deciding whether it is possible for the substitution to happen. In
general, larger cations will fit in the A-site of the perovskite with higher oxygen
coordination numbers (8-12), whereas smaller cations will occupy the B-site of the
perovskite with lower oxygen coordination numbers (4-6). Therefore, the size of the
cations dominates which site they will take in the perovskite. This can be understood
better by looking at the plot in Figure 1-5, which shows the ionic radii as a function of
coordination number for a few classic cations in perovskites. Apparently, the ionic radii
and coordination zone for the A-site cations is very different from that of the B-site
cations [58]. Following the above result, once the perovskite system is known, it is
possible to estimate which site the dopant will occupy in the lattice according to the size
of the cations.
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Figure 1-5

Relationship between ionic radii and coordination number for some representative A and B-site

cations in perovskites [59, 60]

The size of the dopant itself can provide a very good prediction of which site a certain
cation would occupy in the perovskite. However, in most of the cases, the dopant will
still have a different volume compared to the cation being replaced. In addition, the size
difference between the dopant and the site in the host lattice will cause distortion in the
perovskite structure. The distorted perovskite structures normally display lower
symmetry, caused by the size mismatch of the cations on the A or B site of the
perovskite. If the chemical bonds in ABO3 perovskite are viewed as purely ionic bonds,
the way that perovskite accommodates the size mismatch can be illustrated by the
difference between A-O and B-O bond lengths: tolerance factor (t).

,

and

are the ionic radii of ions in the A, B and O sites of the perovskite which

are acquired via X-ray diffraction at room temperature under atmospheric pressure [60].
It is worth pointing out that the tolerance factor is a measure of the extent to which the
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perovskite deviates from the ideal perovskite structure. Therefore, it still applies to the
perovskite even if there is no cation substitution in the perovskite. In the case where
more than one type of cation is present in the same site, the average of their ionic radii
will be used. Generally, the value of t is within the range 0.78 < t< 1.10. When t is
below this range, the structure of the metal oxide will become ilmenite [61]. In an ideal
perovskite with cubic structure, t = 1, which means:

For t > 1, the A-site cations are larger than required. In this case, the BO6 octahedra
need to be expanded to make enough space for the A-site cations. As a result, the B-site
cations shift away from the centre of the octahedra. The Ba2+ cation on the A-site of
BaTiO3 is fitted in the perovskite in this way (compared to SrTiO3, in which case t = 1)
and its ferroelectricity is increased as a result of the deformation (see Figure 1-6a).
However, further distortion of the perovskite will lead to the generation of hexagonal
polytypes in the perovskite structure [61-63]. For t < 1, the A-site cations are not large
enough to fit in the perovskite with the 12-fold coordination. In this case, the perovskite
will go through tilting and rotation of the BO6 octahedra about one or more of the three
axes of the octahedron (also known as octahedral tilting). As a result, the size and
coordination number of the A-site is reduced, and the structure of the perovskite
changes from cubic to lower symmetries [61, 64-69]. Normally, the degree of tilting in
most of the perovskite is influenced by the temperature; increasing the temperature will
reduce tilting in the perovskite. Therefore, it is quite common to see the structure of
some perovskites change from non-cubic to cubic at high temperatures [64, 70-72].

In addition, it is worth pointing out that t is a very important indicator of the extent of
the distortion of the perovskite structure but is not the only factor to be considered when
deciding the properties of the perovskite. Since the value of t purely depends on the size
of the ions in the perovskite, it cannot represent the effects of other factors which will
also influence the property of the perovskite. These features include the covalent
interactions between cations and anions, the nature of the cations on the A and B-site
especially when there is more than one type of cations on each site, the amount of
dopants, the coordination number of each cation, deficiencies in the perovskite, etc. [67,
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73-75].

Figure 1-6 Different types of distortion in perovskites: (a) t>1, the

octahedra are expanded enabling

the B-site cation to shift away from its symmetry centre; (b) t<1, in phase tilting in perovskite,
octahedra are tilting in the same direction as the
perovskite,

neighbouring layer; (c) t<1, out-of-phase tilting in

octahedra are tilting in the opposite direction as the neighbouring layer [59]

1.3.3 Non-stoichiometry in the perovskite
It is inevitable that certain amounts of defects will be present in the perovskite since
they help to stabilize it by reducing its free energy. Meanwhile, the concentrations of the
defects can be notably controlled and adjusted by substitution of other cations in the
perovskite. As a result, the defect chemistry of the perovskite can be tailored to give a
non-stoichiometric perovskite. The introduction of non-stoichiometry in the perovskite
is achieved by replacing the parent cations with other cations of similar size but
different valence. Depending on the valence of the dopant, the stoichiometry of the
perovskite can be quite different after substituting new cations in the perovskite. The
different possible non-stoichiometry of A-site and O-site in the perovskite is displayed
in a Cartesian diagram in Figure 1-7, which is under the condition that the B-site of the
perovskite is fully occupied [76]. The origin of the plot is defect free ABO3 with O-site
non-stoichiometry on the x-axis and A-site non-stoichiometry on the y-axis. Based on
the graph, there are two possible scenarios for the perovskite to be non-stoichiometric
on the A-site and O-site. When the molar ratio of A/B<1 and/or O/B<3, the perovskite is
classified as sub-stoichiometric (deficient), examples of which include tungsten bronzes
(A0.6BO3), brownmillerite structure A2B2O5 (A B O3

−1 series,

= 2), etc. (see quadrant

III). When the molar ratio of A/B>1 and/or O/B>3, the perovskite is classified as superstoichiometric (excess), examples of which include Ruddlesden-Popper phases
23

Chapter 1 Introduction

A

+1B

O3

+1 (

≥1), homologous series A B O3

+2 (

≥4), etc. (see quadrant I) [77-80].

Figure 1-7 Schematic plot of non-stoichiometry of A-site and O-site of the perovskite in a Cartesian plane
[76]

1.4 Exsolution of cations from the perovskite
1.4.1 Background on exsolution of cations from the perovskite
Phase segregation from the perovskite, which used to be viewed as an undesirable
property, has recently become one of the most popular research topics. This is because
the metal catalyst nanoparticles are segregated from the perovskite in such a way that
they may serve as catalysts on the surface of the perovskite. As discussed earlier in
section 1.3, incorporating the catalysts into the perovskite itself can promote electronic
and ionic conductivity, as well as the catalytic activity of the perovskite. This is due to
the different nature, charge and size of the catalyst cations compared to the cations in
the host lattice. On top of that, it has been demonstrated that the doped metal catalyst
can exsolve as nanoparticles from the perovskite upon reduction. This redox exsolution
of the metal catalyst from the perovskite phenomenon is viewed as a phase segregation
process in the current research [76, 81, 82]. The exsolved metal catalyst nanoparticles
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can further improve the catalytic performance of the perovskite. In addition, the
exsolved metal catalysts show higher stability compared to the traditional ones which
were dispersed on the surface of substrate material using the impregnation method.
What is more, in some cases, the redox exsolution of catalysts is even reversible, in
which case the exsolved metal nanoparticles are able to diffuse into the perovskite
lattice during oxidation and exsolve again during reduction. This special feature will
magnificently prolong the life time of the catalysts [83, 84]. Therefore, exsolving the
catalysts from the perovskite lattice is a very promising way of utilising catalyst in fuel
cell reactions and lots of other reactions.

The research to date has proposed that, in order to enable the redox exsolution of the
metal catalyst from the perovskite, the perovskite must be reduced to the degree that an
adequate amount of oxygen is stripped from the perovskite until it reaches the limit of
the perovskite. To balance the oxygen loss during the reduction, the perovskite will
exsolve B-site catalyst cations in the lattice. The exsolved catalyst will be immediately
reduced to metal and start nucleation on the surface of the perovskite where there are
more crystal defects. The crystal defects on the perovskite surface will lower the surface
energy of the lattice and favour the nucleation process. As the metal cations form
crystals on the surface of the perovskite lattice, a compositional gradient will form,
causing the neighbouring cations to diffuse to the surface. The metal cations in the bulk
of the perovskite diffuse to the surface of the lattice in this way to sustain the growth of
metal particles [81, 82, 85]. According to Horvath et al. [86], “the possible contributions
to the segregation driving forces [are]:
a) The different vacancy-formation energies of the components
b) The elastic strain energy due to lattice distortion around a defect
c) The effect of the ambient atmosphere
d) The macroscopic electrostatic potential, which appears as a consequence of the
locally non-stoichiometric charged species
e) The effect of surface energy
f) The energies due to the interactions between the defects”
Among all of the factors mentioned above, lattice defects play a very important role in
the modification of many properties of perovskites and have become one of the most
popular research topics over the last few decades [87]. For example the quantity of A25
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site and oxygen deficiencies directly influences the ability of the material to transport
oxygen and cations. They do so by minimising the collisions of ions as they diffuse
through the lattice and providing hopping sites. In addition, due to the fact that
stoichiometric composition is the most stable status for the perovskite, the existence of
the A-site and oxygen vacancies will, therefore, promote the exsolution of catalyst
cations on the B-sites in order to maintain the stability of the perovskite.

The perovskite series which have been studied with regard to metal catalyst exsolution
from the B-site of the perovskite include titanate, ferrite and chromite or chromitemanganite. The metal catalysts which have been studied to show the redox exsolution
property in the perovskite include Ni, Ru, Rh, Pd and Pt [76, 81-96]. In this thesis, the
perovskite systems which are going to be studied are two of the most studied perovskite
series, modified strontium titanate, SrTiO3, and lanthanum chromite, LaCrO3. More
detailed discussion about them will be shown in the following section.

1.4.2 Exsolution from A-site deficient La substituted SrTiO3
based perovskites
Due to the high conductivity, inherent redox stability, and excellent tolerance to sulphur
and coking, La substituted SrTiO3 (LST) have been extensively studied by many
research groups. Zhou et al have reviewed the development of the material in detail [97].
The influence of the A-site deficiencies on the properties of SrTiO3 based perovskite has
been reviewed by Verbraeken et al [98]. In this section, we mainly focus on discussing
the cation exsolution from A-site deficient La substituted SrTiO3 based perovskite
(LSTA). Slater et al. first reported LST perovskite with A-site deficiency LaxSr1−3x/2TiO3
as a potential anode material for SOFC [99]. Later, more studies on the LSTA perovskite
series were carried out by a number of researchers. They obtained and reported
promising results with a focus on adjusting the A-site deficiencies, incorporating other
cations into the perovskite and depositing catalysts on the surface of the perovskite for
fuel cell applications [76, 81, 85, 100-107].

Recently, it has been found that A-site deficiency could serve as a driving force for
exsolving the catalyst cations on the B-site of the LSTA as nanoparticles, which further
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improve the performance of the perovskite. Neagu et al. have incorporated different
catalysts in La0.4Sr0.4TiO3 with different catalyst, La0.4Sr0.4M0.06Ti0.94O3-γ (M = Mn, Fe,
Ni, Cu) and observed nano particle exsolution after reducing the samples. The exsolved
nanoparticles have been proven to significantly improve the electrocatalytic activity of
the perovskite. In addition, the stability and surface structure of the perovskite can be
further optimised by modifying the stoichiometry as exemplified by La0.4+2xSr0.42xNixTi1-xO3

and La0.4+xSr0.4-xFexTi1-xO3 [76, 85]. With half of its body confined inside

the parent perovskite, the exsolved catalyst nanoparticles have stronger correlation with
the surface of the substrate, and showed better stability and tolerance to coking
compared to the catalyst deposited on the surface of the perovskite [81].

Yaqub et al. substituted the A-site of LSTA with a certain amount of Ca
La0.2Sr0.25Ca0.45TiO3 (LSCTA−) and incorporated Ni or Fe in the B-site of the perovskite
to improve the conductivity of the parent perovskite. Apart from the increased
conductivity, catalyst nano particle exsolution was also observed on the surface of the
perovskite after reducing the samples, which agrees with the hypothesis that A-site
deficiency would promote the exsolution of the B-site cations [108].

Li et al. incorporated Ni in A-site deficient titanate with the nominal molecular formula
of (La0.2Sr0.8)0.9(Ti0.9Mn0.1)0.9Ni0.1O3-δ for the application of direct CO2 electrolysis at
high temperature. Exsolved Ni nanoparticles appeared on the surface of the perovskite
after reduction and enhanced electrocatalytic activity was observed. In addition, the
exsolved Ni catalysts have been shown to improve the electrochemical performance of
the perovskite when being used as electrode material in fuel cells [109].

There is great potential in the application of exsolved catalysts on the surface of the
perovskite with the help of A-site deficiency in SrTiO3 based perovskite. More research
still needs to be conducted to explore the possible applications of this concept.

1.4.3 Exsolution from LaCrO3 based perovskites
Despite the fact that LaCrO3 based perovskite materials exhibit very good stability and
high electrical conductivity, the materials show very poor ionic conductivity as p-type
semiconductors. Apart from depositing catalyst on the surface of the perovskite or
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combining it with other metal oxides, the perovskite is doped with other cations on
either A-site or B-site or both sites to improve its properties. The most common A-site
dopants include Mg, Ca and Sr, among which Ca and Sr have a more profound
influence on improving the properties of the LaCrO3. Fergus has summarized the
influence of different A-site dopants on the properties of LaCrO3 [110]. Meanwhile,
there are many transition metals which may be incorporated into the B-site in the
LaCrO3 based perovskite, such as Mn, Fe, Co, Ni, Cu, Ru, etc. [111]. There are many
papers about doping the LaCrO3 based perovskite with other transition metal cations in
its lattice. In this section, we mainly focus on introducing the ones which has catalyst
incorporated on their B-site and shows catalyst exsolution from its lattice under
reducing conditions.

Kobsiriphat et al. substituted part of Cr with different amounts of Ru catalyst in the
LaCrO3 based perovskite, La0.8Sr0.2Cr1 − xRuxO3 − δ (LSCrRu), and observed Ru nano
particle exsolution after reducing the perovskite. The density of the exsolved Ru
particles is influenced by the proportion of Ru in the parent perovskite and the
temperature, with higher Ru proportions and higher temperatures promoting more Ru
particles to exsolve to the surface of the perovskite. In addition, higher temperatures
also generated ruthenium particles of larger sizes. The exsolved Ru nanoparticles have
been shown to exceptionally improve the electrical performance of the perovskite when
compared to the perovskite with ruthenium catalyst simply deposited on the surface. In
addition, the exsolved Ru nanoparticles have also shown very good stability throughout
electrochemical tests [112, 113]. Later, the author also tried to incorporate Ni catalyst in
the B-site of the perovskite, La0.8Sr0.2Cr1

− xNixO3 − δ

(LSCrNi). The exsolved Ni

nanoparticles were 10 nm in diameter, which was larger than the exsolved Ru
nanoparticles (less than 5 nm in diameter) under the same experimental conditions. In
addition, the Ni nanoparticles agglomerated to 50 nm after reducing for an extended
period of time; these proved less stable than the Ru nanoparticles. Although both
catalysts improved the performance of the perovskite, the exsolved Ru catalyst
nanoparticles showed better performance than Ni counterparts [82].

Bierschenk et al. incorporated different quantities of Pd catalyst into the B-site of the
LaCrO3 based perovskite, La0.8Sr0.2Cr1

– xPdxO3 − δ

(LSCrPd) and observed Pd nano

particle exsolution after reduction. The exsolved Pd nanoparticles were shown to
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improve the performance of the perovskite at the beginning of fuel cell testing although
later the performance of the perovskite started to degrade before finally stabilising. In
addition, the Pd nano particle exsolution in this report was regenerative and showed
redox stability, which helped solve the coarsening problem of the catalyst [114].

One of the most promising LaCrO3 perovskite derivatives is La0.75Sr0.25Cr0.5Mn0.5O3
(LSCM) which was first reported by Tao and Irvine [111]. Therefore, not surprisingly,
there has been a great deal of research into the application and modification of this
perovskite material. The modified LSCM perovskites which showed Ni nano particle
exsolution phenomena were reported by Jardiel et al. and Papargyriou et al. According
to the report from Jardiel et al., the exsolved Ni catalyst helped to improve the catalytic
activity and selectivity of the perovskite towards methane oxidation [115]. In the
following report using perovskite as an electrode material for fuel cells, the perovskite
was shown to be a very promising electrode material for fuel cells, although it still
needed to be further improved for practical applications [116]. Meanwhile, Papargyriou
et al. demonstrated that Ni catalyst exsolution helped to improve the reducibility and
conductivity of the perovskite [117]. Monteiro et al. also reported that Ru could be
incorporated into LSCM, and that it showed exsolution phenomena after reduction. The
exsolved Ru nanoparticles have been shown to improve the electronic conductivity of
the perovskite [88].

In addition to exsolving catalyst nanoparticles from stoichiometric LSCM substituted
with catalyst, there are also reports showing the possibility of exsolving catalyst from
A-site deficient LSCM doped with catalyst. Li et al. incorporated Cu into the A-site
deficient LSCM, (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Cu0.1O3−δ and exsolved Cu nanoparticles
from the perovskite. With the Cu nano particle exsolution, the catalytic activity for CO2
electrolysis has been enhanced. Furthermore, the Cu nanoparticles have also been
demonstrated to improve the electrochemical performance of the material [118]. Ruan et
al. from the same research group later reported (La0.75Sr0.25)0.9(Cr0.5Mn0.5)0.9Ni0.1O3−δ
exsolving Ni particles on the surface of the perovskite. The Ni nanoparticles improved
the catalytic activity and electrochemical performance of the perovskite to a similar
extent as the exsolved Cu catalyst in the previous report. The exsolved Ni catalyst is
regenerative, which significantly prolonged the lifetime of the catalyst [119].
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1.5 Impregnation method to improve the performance of
perovskite
Impregnation, also called infiltration is a nanoscale engineering technique which deposit
catalytically and/or electrochemically active nanoparticles onto a ceramic backbone via
high temperature treatment. This technique has been widely studied in the application of
heterogeneous catalysis and fabrications or modification of components in SOFC during
the last 15 years [103, 120-126]. There are many comprehensive reviews about this
subject; here we mainly focus on introducing the basic knowledge about this technique
[126-130]. The process of impregnation is illustrated in Figure 1-8. First of all, a
mechanically strong porous scaffold is prepared at high temperature (see Figure 1-8a).
Then the precursor solution is infiltrated into the scaffold as shown in Figure 1-8b. The
infiltrated skeleton then goes through thermal treatment which produces nanoparticles
with two possible microstructures: disconnected individual particles (see Figure 1-8c),
or a continuous thin layer of catalyst film (see Figure 1-8d) [129]. The loadings of the
catalyst are normally in the range of 1-10 wt%, sometimes even higher depending on
the application purpose of the catalyst. In general, the infiltration process has to be
repeated at least a few times in order to reach the target loadings of the catalyst.

The infiltration technique is very useful in maximizing the triple phase boundary in
SOFC due to the high surface areas of catalyst nanoparticles. In addition, it offers very
high flexibility in choosing the catalyst to be deposited onto the scaffold ranging from
single metal or metal oxide catalyst, metal catalyst alloys, perovskite oxide electrodes to
the composites of the above components, etc. Compared to the high temperatures
required for preparing backbone material, it requires much lower temperatures to
decompose the precursor solution and form the desired phases, thus offering the
possibility of inserting electrode materials which cannot be heated at high temperatures
due to reasons such as low melting point [122, 127, 130-134].

Although the infiltration method is one of the most commonly used and effective ways
of improving the performance and stability of the ceramic material in different
applications, there are still a few challenges which remain: (a) the long-term
microstructural and morphological stability because of the coarsening problem at high
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temperature, (b) scalability for commercialisation purpose due to the high time and
energy consumptions to reach certain amount of target loadings, (c) extra cost related to
the process itself [129, 135]. The stability of the catalyst can be enhanced by controlling
wettability of the precursor solution on the scaffold material [136]. The issues of
scalability and extra cost of the technique can be significantly optimised by using a
layer-by-layer assisted impregnation method, or using molten salts as a precursor for
impregnation [137, 138]. Overall, the impregnation technique is still one of the most
viable ways in which to modify the surface of perovskites for better performance.

Figure 1-8 Schematic illustration of the impregnation procedure: (a) porous scaffold, (b)infiltration of scaffold
with precursor solution, (c) catalyst forming discrete particles on the surface of infiltrated scaffold after
thermal treatment, (d) catalyst forming a continuous thin film on the surface of infiltrated scaffold after thermal
treatment [129]

1.6 Reverse water gas shift (RWGS) reactions
With the global warming issues caused by the increase of greenhouse gas emission into
the atmosphere, CO2 capture and sequestration has attracted a lot of attention as one of
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the key strategies to resolve climate issues [139-141]. Among various methods to
transform CO2 into fuels, RWGS reaction is one of the most promising ways to achieve
this goal. This technique has been known since 1914 and was first observed by Bosch et
al [142]. However, more work is still needed to develop more cost-effective catalysts
especially with the urgent need of overcoming the climate problems. A comprehensive
review of the catalysts used for RWGS reaction, mechanisms and their results can be
found in Ref [143]. In this section, we mainly focus on introducing the basic knowledge
about this technique. The main reaction of RWGS reaction is shown below:
= 42.1 kJ mol-1

CO2 + H2 ↔ CO + H2O,

Eq. 1-4

Since the reaction is reversible, its maximum conversion rate and selectivity are
controlled by a thermodynamic equilibrium. In addition, high working temperature is
beneficial for a higher conversion rate of CO2 to CO due to the fact this is an
endothermic reaction. Depending on the type of catalyst, working temperature, ratios
between reagent gases and etc, side reactions may also happen which would produce
CH4 (see Eq.1-5 and Eq. 1-6).
= -206.5 kJ mol-1

CO + 3H2 ↔ CH4 + H2O,

= -165.0 kJ mol-1

CO2 + 4H2 ↔ CH4 + 2H2O,

Eq. 1-5

Eq. 1-6

Research has shown that certain degree of extra H2 in the RWGS reaction gas mixture is
also helpful in shifting the equilibrium towards the products [144-146]. The other
method which helps to increase the CO2 conversion rate is removing the product from
the gas mixture [140].

Currently, there are mainly two types of catalysts which have been used for RWGS
reactions. The first type of catalysts is metal nano particle catalysts distributed on
various supports. The metal catalysts which are commonly used include Cu, Pt, Rh, Pd,
Ni Fe, Cu and etc. The support materials for the metal catalysts are normally metal
oxides which include CeO2, Al2O3, ZnO, SiO2, ZrO2, TiO2 and etc [147-157]. The other
type of catalyst is metal oxide. The metal oxides which have been studied as catalysts
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for RWGS consist of In2O3 doped with CeO2 [158], Ga2O3 doped with CeO2 [159], and
perovskites [160-165]. Due to the fact that perovskite is able to tune its property by
accommodating a wide range of cations on its A and B site, there is a great potential in
exploring the material as a potential catalyst for RWGS reaction.
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2.1 Solid state synthesis of A-site deficient titanates
The A-site deficient titanate based perovskite samples have been prepared by a solid
state method reported by Neagu et al [100]. This section introduces the synthesis
method for the most frequently used titanate based perovskite sample La0.4Sr0.4GaxTi1xO3-x/2-σ

(x= 0.06, 0.10) perovskites. Most of the other titanate based perovskite samples

were prepared based on this method with some small modifications. If there were any
differences in the preparation method of other titanate based perovskite samples, details
would be given in the corresponding chapter separately.

High purity raw materials (La2O3, SrCO3, TiO2, and Ga2O3) were first dried at different
temperatures (300-800 °C). Stoichiometric amount of dried precursors were weighed
while still hot before they were mixed with 0.1% of non-aqueous Hypermer KD-1
(polyester/polyamide copolymer) dispersant and acetone in a beaker. An ultrasonic
probe (Hielscher UP200S) was then used at ~75% of maximum wave frequency and
amplitude to break the agglomerates in the acetone mixture of the precursors and
thoroughly homogenize it so that it became a fine suspension. The suspension was dried
under stirring to evaporate the acetone and ensure its homogeneity. The dried mixture of
the precursors was subsequently calcined in a crucible at 1000 °C for 12 h to decompose
the carbonate and start the nucleation of the perovskite. The calcined powder was then
milled for 2.5 h in a planetary ball mill at 200 rpm. After ball milling, the powder was
pressed into dense pellets and fired for 12 h at 1400 °C. The sintered pellets were
crushed and ball-milled for 1.5 h for making subsequent porous pellets.

2.2 Combustion synthesis of LaCrO3 based perovskites
This section describes the combustion synthesis method of La0.75Sr0.25Cr0.5Mn0.5O3
(LSCM), which was the most frequently used for LaCrO3 based perovskites in this
project. Other LaCrO3 based perovskite samples were prepared based on this method. If
there were any differences in the preparation method of other LaCrO3 based perovskite
samples, details would be given in the corresponding chapter separately.
Stoichiometric amounts of La(NO3)3•6H2O, Sr(NO3)2, [Cr(H2O)6](NO3)3•3H2O and
C4H6MnO4•4H2O were dissolved separately in de-ionized water before mixing them
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together. Then glycine (NH2CH2COOH) was added to the solution mixture with the
metal to glycine molar ratio of 1:1.18. The obtained solution was heated on a hot plate
to keep the temperature at 80 °C for 4 h followed by evaporating the water at higher
temperature. When the solution became viscous, the solution was transferred into a
beaker which was heated on a hot plate at 250 °C to start the combustion process. For
safety reasons, only a small amount of the viscous solution was transferred into the
beaker each time. The viscous solution would start swelling first before the combustion
began. Very fine dark brown to black coloured precursor powder was produced from the
combustion synthesis. After the precursor powder was collected, it was mixed properly
in a mortar and pestle to ensure homogeneity before being heated at 500 °C for 2 h to
eliminate residual fuel traces (heating rate 2.5 °C/min). Finally, the powder was calcined
at 1000 °C for 8 h to form the desired structure (heating rate 5 °C/min) [166].

2.3 Porous pellet preparation
To prepare porous perovskite pellets the ball-milled powder, pore-former and
Zschimmer-Schwarz DECOFLUX WB 41 (0.05g per 1g perovskite powder) were mixed
thoroughly in acetone on a mortar with the pestle. The pore formers selected in the
experiments were glassy carbon, graphite, rice starch, corn starch, flour, and sugar. The
mixture was pressed into pellets by uniaxial pressing followed by firing slowly to high
temperature. The ramp rate of the program was at 2 °C / min until 900 °C, to allow a
slow burn-out of the carbon, and thus create pores in the ceramic bodies. Then the ramp
rate was increased to 5 °C / min until 1300 °C followed by dwelling for 3-6 h to sinter
the sample. After sintering, the sample was cooled down from 1300 °C to room
temperature at the ramp rate of 5 °C / min.

2.4 Coating method of La0.4Sr0.4GaxTi1-xO3-x/2-σ (x= 0.06,
0.10) perovskite with nickel catalyst
The coating process of La0.4Sr0.4GaxTi1-xO3-x/2-σ (x= 0.06, 0.10) perovskite with nickel
catalyst via impregnation method is shown in this part. When La0.4Sr0.4GaxTi1-xO3-x/2-σ
(x= 0.06, 0.10) perovskites were coated with other catalysts, this procedure was
modified correspondingly according to the properties of the catalyst. Further details can
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be found in corresponding chapters.
The Ni2+ catalyst containing solution was prepared by dissolving Ni(NO3)2·6H2O and
1wt% Cetyl-triammonium bromide (CTAB) in ethanol. The coating procedure for the
porous pellet involved impregnating the reduced porous pellets with the catalyst
precursor containing solution. In the daytime, the impregnated pellets were heated at
250 °C for 0.5 h before the next impregnation. After that, the samples were fired at
400 °C for 4 h to thoroughly decompose the nitrate to the corresponding oxide. The
above procedure was repeated until the target loadings of catalysts on the perovskite
were achieved. Then the samples were fired at higher temperatures (1100-1300 °C) to
promote the doping of the catalyst into the perovskite.

2.5 Coating method of La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) with
ruthenium catalyst
This section presents the coating procedure of LSCM perovskite with ruthenium
catalyst. When LSCM perovskite was coated with palladium catalyst, similar method
was used with different heating program. Details will be shown in the later chapter.

The coating procedure was carried out by mixing the LSCM with an appropriate amount
of ruthenium nitrate solution (1.08 wt% Ru and 1 wt% CTAB in ethanol) for 18 h at 160
rpm in a horizontal ball mill. The milling balls used in the experiment was zirconia balls
with 10 mm diameters. The obtained mixture was dried on a hot plate under stirring to
maintain the homogeneity of the suspension. The dried powder was then heated at
400 °C for 2 h to completely decompose the ruthenium nitrate before being transferred
to the VT-XRD sample holder.

2.6 Reduction
Depending on the sample, reduction was conducted at different temperatures under a
controlled atmosphere 5% H2/Ar in a tubular furnace. Details of the heating program
will be given separately in each chapter.
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2.7 Powder X-ray diffraction
2.7.1 Powder X-ray diffraction and Bragg’s law
The crystal structures and phase purity of samples have been studied on a STOE X-ray
diffractometer with a Cu-Kα X-ray source at room temperature, which is one of the
most frequently used techniques for characterizing solids in solid state chemistry. It has
the advantages of being non-destructive and only requiring a small quantity of sample.
The general procedure of X-ray diffraction is illustrated in Figure 2-1.

Figure 2-1

Schematic diagram of deviation of Bragg’s law

The principle of this technique can be described by Bragg diffraction, which follows
Bragg’s law:
2

=

Eq.2-1

where d is the distance between the atomic layers in the crystals, θ is the incident angle,
n is an integer, and λ is the wavelength of the incident X-ray beam. The monochromatic
beams of X-rays are incident upon successive crystallographic planes of the crystalline
material, and are subsequently scattered from lattice planes separated by the interplanar
distance d. When the waves are in phase, the path difference between them is equal to
2dsinθ, where θ is the scattering angle. Since the intensity of scattered waves is a
function of the scattering angle, measuring it can provide a diffraction pattern of the
sample. All X-ray diffraction patterns of the samples were collected in the range 2θ =
10°- 90° in air. The XRD patterns obtained were analysed using STOE Win XPOW
software so as to obtain the information of the crystal structures and cell parameters.
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2.7.2 Rietveld refinement method
For some samples, their XRD patterns were analysed by GSAS software using Rietveld
refinement method. The Rietveld refinement approach involves establishing a
hypothetical model with trial structural parameters and matching it with the actual XRD
pattern by minimizing their differences with a least square method. Diffraction peaks
were fitted using a pseudo-Voigt profile. Factors which were refined in this process
involved scale factor, background polynomial parameters, zero shift, peak profile
parameters u, v, w and η (Lorentzian–Gaussian distribution), unit cell parameters,
atomic positions, site occupancies and thermal factors. The initial unit cell parameters
were decided according to the XRD studies of samples with similar composition. All
models were refined to convergence with the best fits and stability of the refinement
process.

2.8 In-Situ variable temperature X-ray diffraction (VTXRD) sample preparation
The VT-XRD instrument used in the experiment was PANalytical Empyrean using Mo
X-ray tube with β–filter (Mo Kα1, 2) and an X'celerator RTMS detector. To perform the
high temperature experiments, Anton Paar HTK1200N stage (room temperature 1200 °C) in capillary was used.
structural

change

of

The VT-XRD was used for studying the in situ

La0.4Sr0.4Ga0.1Ti0.9O2.95-σ

(LSGT10)

perovskite

and

La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) when they were coated with ruthenium catalyst at high
temperatures. The heating program and sample preparation method of LSGT10
perovskite samples are shown in this section. Different experiment procedure was used
for LSCM perovskite samples and details will be shown in later chapter.
The

investigation

of

the

structural

change

of

ruthenium

impregnated

La0.4Sr0.4Ga0.1Ti0.9O2.95-σ (LSGT10) perovskite when it was coated at different
temperatures in air was carried out by crushing the pellet into powder before loading it
onto the sample holder on the heating stage of the instrument. A platinum foil was
placed between the sample holder and the sample since the perovskite sample may react
with the sample holder (Al2O3). The sample was heated at a ramp rate of 10 °C/min in
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air. The data were collected at various temperatures from room temperature to 1100 °C
at 2θ range of 10°-50°. The blank sample, as prepared LSGT10, was also studied in the
form of powder following the same collection parameters as the ruthenium coated
LSGT10 in VT-XRD instrument.

2.9 Scanning electron microscope (SEM)
The morphologies of the samples were studied using either a JEOL JSM-5600 Scanning
Electron Microscope (SEM) or JEOL JSM-6700 field emission scanning electron
microscope (FEG-SEM). The basic principle of SEM is shown in Figure 2-2. In the
vacuum chamber, a tungsten filament or a field emission gun generates a high energy
beam of electrons which is subsequently accelerated by a high voltage. The apertures
and electromagnetic lenses in the microscope column system then converges the
accelerated electron beam to a thin beam of electrons as the beam accelerated down the
length of the microscope. After reaching the sample, the beam scans the surface of it by
means of scan coils so that the secondary electrons which are emitted from the specimen
can be collected by a suitably-positioned detector to form an image showing the
morphology of the sample.

2.10 Particle size analysis
The particle size analysis of the perovskite sample was carried out by measuring the
individual size of each perovskite particle on the SEM images. The software used to
measure the size of the perovskite particles was ‘‘Image-Tool’’. Over 5000 particles
were measured to ensure the statistical validity of the experiment.
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Figure 2-2

Schematic diagram of SEM [167]

2.11 Transmission electron microscopy (TEM)
When the samples were smaller in particle size or there were nanoparticles on the
surface of the samples which were difficult to identify using SEM, TEM (Jeol JEM2011) was used to study the morphologies of the samples. The principle of TEM is
similar to that of SEM apart from the fact that the SEM is based on scattered electrons
while TEM is based on transmitted electrons. The principle of TEM is illustrated in
Figure 2-3. The beam of electrons is generated by the electron gun in a vacuum
chamber which is then focused into a thin, coherent beam through condenser lenses.
The electrons then travel through the specimen and eventually generate an image. The
image is focused by objective lens and then magnified by intermediate lens and
projector lens before hitting the fluorescent screen at the bottom of the microscope for
users to see.
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Figure 2-3 Schematic diagram of TEM [168]

2.12 Energy-dispersive X-ray spectroscopy
The composition of certain samples was studied using Energy-dispersive X-ray
spectroscopy (EDS, EDX, or XEDS) on either SEM instrument or TEM instrument.
This analytical technique is based on the characteristic X-ray spectra emitted by the
elements in the sample. When a high energy electron beam hits the sample, an electron
in an inner shell of the element may be excited and leave the shell. The electron hole left
by the electron is filled by an electron from an outer shell which is higher in energy. The
energy difference between two shells is liberated in the form of an X-ray which is then
detected by an energy-dispersive spectrometer and presented in the form of X-ray
emission spectrum.

2.13 Thermo-gravimetric analysis
The weight change of a sample under various heating temperatures and atmospheres
was studied by thermo-gravimetric analysis (TGA). Depending on the sample, the
thermo-gravimetric analysis was carried out either in a Netzsch STA 449C instrument or
42

Chapter 2 Experimental Chapter

in a tube furnace manually.

2.13.1 In situ thermo-gravimetric analysis in Netzsch STA 449C
The TGA study of LSCM perovskite coated with ruthenium catalyst was conducted in
Netzsch STA 449C. Samples were tested in the form of fine powder weighing between
100-110mg in an alumina crucible. Samples were heated at a fixed ramp rate of
10°C/min. The heating program of samples in the TGA is shown below. First of all
samples were heated in air from room temperature to a selected high temperature which
was based on VT-XRD experiment results. After dwelling at high temperature for 11h,
samples were cooled down to room temperature in air before switching the atmosphere
to 5% H2. Samples were then heated from room temperature to the same high
temperature in 5% H2 for 20h before finally cooling down to room temperature. The
data were collected and analysed via Proteus thermal analysis software.

2.13.2 Thermo-gravimetric analysis for Ga loss measurement
Thermo-gravimetric analysis was conducted in a tube furnace in order to investigate the
amount of Ga loss from La0.4Sr0.4GaxTi1-xO3-x/2-σ (x= 0.06, 0.10) under reducing
atmosphere. According to the method described in chapter 2.3, porous pellets having a
mass around 1g were prepared first. Then the porous pellets were reduced in 5% H2 at
different temperatures (900-1000 °C) for 8 h to deprive both oxygen and Ga from the
perovskites. After measuring the weight loss of the samples, the same samples were
oxidized in air at the same temperature to refill the oxygen vacancies in the perovskites.
The difference between the mass loss during the reduction and the mass gain during the
re-oxidation was calculated as the amount of Ga loss [100].

The method to calculate the amount of Ga loss according to the Ga loss measurement
experiment is shown below. The stoichiometry change of Ga and O caused by Ga and O
loss on reduction is expressed as ζ and δ respectively in La0.4Sr0.4Gax-ζTi1-xO3-γ-δ series. ζ
and δ are usually expressed in Ga and O atoms per formula unit of perovskite (at/fu).
The amount of oxygen restored during the re-oxidation equals to δ. Two assumptions
were made to simplify the calculation of ζ and δ. First of all, the charge compensation
needed for eliminating ζ Ga cations was neglected based on the expectation of low ζ
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values. For the same reason, the molar weight was assumed not to be influenced by
oxygen loss. The perovskite samples weights and their corresponding molar weights in
each stage of Ga are expressed as mi, μi (i = 1, 2, 3) (see Figure 2-4).
(1) As prepared

(2) Reduction

(3) Oxidation

La0.4Sr0.4GaxTi1-xO3-γ

La0.4Sr0.4Gax-ζTi1-xO3-γ-δ

La0.4Sr0.4Gax-ζTi1-xO3-γ

m1, μ1

m2, μ2

m3, μ3

Figure 2-4 Schematic illustration of the change of various parameters in the redox cycle [169]

According to the assumptions, the moles of perovskite remained constant throughout
the redox cycle. Therefore,

With proportions, the above equations can be written as:

After introducing the atomic weights of Ga (MGa) and O (MO), together with ζ and δ, Eq.
2-3 and Eq. 2-4can be extended as below:

The above equations can be solved since ζ and δ are the only two unknowns in Eq. 2-5
and Eq.2-6. After solving the equations, ζ and δ can be expressed as below:

According to Eq.2-7 and Eq.2-8, the amount of Ga loss and oxygen loss during the
reduction at different temperatures can be calculated for La0.4Sr0.4GaxTi1-xO3-x/2-σ (x=
0.06, 0.10) perovskites [169].
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2.14 Reverse water gas shift reaction (RWGS)
RWGS reactions were conducted as a quick way to investigate the influence of the
catalyst coating on the performance of the perovskite. All LSGT10 perovskite based
samples were ball milled for 5 h in a planetary ball mill at 200 rpm to obtain uniform
powder. The procedure of the catalysis tests is shown in Figure 2-5. Samples were
placed on a fixed quartz wool bed in the form of powder in a quartz reactor (8 mm
internal diameter and 210 mm length). The height of the catalysts bed was fixed at 2mm.
First of all, the sample was heated from room temperature to 900 °C at a heating rate of
5 °C/min in a continuous Ar flow (20ml/min). Then the gas flow was switched to a
reagent gas mixture (ratio H2: CO2 = 3:1) with a fixed total flow rate of 20ml/min. The
mass flow of the gas mixture was not influenced by the catalytic bed. A cold trap filled
with dry ice was used to remove the water from the outlet gas mixture before flowing
into the gas chromatograph to monitor the content of the gas. Samples were kept at
900 °C for 300 min before cooling down to room temperature.

Figure 2-5 Schematic diagram of RWGS catalysis test procedure
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3.1 Introduction
One of the most common ways of improving the performance of electrode materials in
fuel cells is impregnating the micro-structured perovskite with catalysts. Since the metal
or metal oxide catalysts produced by this method are all nano-size particle, this
technique has been proven to be effective in increasing the Triple Phase Boundaries
(TPB), the interface between the electrolyte, the electrode and the gas fuel, for the
catalytic reaction in fuel cells. However, the stability of the catalysts is a major
challenge for long term applications since they will agglomerate during the operation of
the fuel cell, causing the fuel cell performance to degrade [122, 124-126, 130, 132,
170].

Another way of improving the performance of electrode materials in fuel cells is by
doping the perovskite material with other catalysts [102, 171-177]. However, doping the
perovskite material still requires a reasonably large amount of catalysts, which makes
the cost of the fuel cell quite high, especially when using PGM elements. Another
problem with doping is that only a fraction of the catalyst is able to exsolve to the
surface of the perovskite and catalyses the electrode reaction, while a large quantity of
the doped catalyst remains in the bulk of the structure due to its high stability.

It would be ideal to develop a core-shell structure which keeps the catalysts anchored to
the surface of the perovskite without agglomeration during the electrochemical reaction.
To achieve this goal, the perovskite will first be coated with catalyst, followed by
further firing to dope the catalyst into the surface layer of the perovskite. The surfacedoped perovskite is then reduced in 5% H2 to exsolve catalysts to the surface to take
part in the catalysis reaction. Since the exsolved catalysts are normally anchored on the
perovskite, the problem of catalyst agglomeration in the traditional impregnation
method can be avoided. In addition, most of the catalyst is doped only in the surface
layer of the perovskite. Compared to the traditional doping method, the amount of
catalyst required is much less and the catalyst is more efficiently utilized.

The perovskite material chosen in the experiment was Ga doped strontium titanate
La0.4Sr0.4GaxTi1-xO3-x/2 (LSGT) which was first reported by Neagu et al [100]. It has
47

Chapter 3 Coating La0.4Sr0.4GaxTi1-xO3-x/2-σ (LSGT) with nickel catalyst

been previously reported that when LSGT was reduced in a reducing atmosphere for the
first time, surface Ga loss was observed. This leaves a Ga depleted layer on the surface
of the perovskite grains due to the natural volatility of Ga at low pO2 at high
temperatures. There was no further Ga loss observed from LSGT perovskite even if
more redox cycles were carried out [100, 178-180]. If the Ga depleted layer can be
preserved by using a fast cooling process, it means that the LSGT would also become
slightly B-site deficient. The B-site deficiency would be beneficial for the catalysts to be
doped in the surface of the LSGT perovskite since the perovskite will naturally tend to
form the ABO3 stoichiometry to maintain its stability. By filling the Ga vacancies on the
B-sites of the reduced LSGT perovskites with the same amount of other catalysts, while
keeping its A-site deficiency, the perovskite should be able to exsolve the surface doped
catalyst under a reducing atmosphere since the A-site deficiency would promote
exsolution of the atoms on B-site [100]. Since it might be difficult to preserve the B-site
vacancies in the perovskite, the other possible way of viewing the Ga depleted layer in
the perovskite is viewing it as a stoichiometry rearrangement after reduction (see Eq 3-1)
[76].

Instead of maintaining B-site vacancies in the Ga-depleted layer, the stoichiometry of
the surface of the perovskite could become the more stable ABO3. Coating other
catalyst into the LSGT perovskite from its surface can then be viewed as the reverse
process of Eq.3-1 (see Eq. 3-2).

In this case, the A-site vacancies are still conserved and the perovskite surface doped
with catalyst should still be able to exsolve the catalyst from the B-site.

Ni has been widely used as a fuel oxidation catalyst in fuel cells. Apart from the
traditional way of simply mixing the Ni catalyst with the electrode material, doping Ni
in the perovskite has become very popular in the last few decades. Ni catalysts were
firstly chosen to investigate the assumption of the experiment since Ni atoms are very
mobile and have a good chance of entering the perovskite lattice [181]. In addition, it
has been proven that it is possible to exsolve the doped Ni catalyst as nano-particles to
the surface of the doped material through the control of non-stoichiometry [76, 82, 172,
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182, 183]. Thermogravimetric analysis (TGA) was conducted to investigate the amount
of Ga loss under different conditions. The structure change of the perovskite was
investigated by X-ray Powder Diffraction (XRD). The surface characteristics and
chemical compositions were examined by Scanning Electron Microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDS, EDX, or XEDS).

3.2 Experimental Section (Reduction)
There were two types of reduction in this experiment. The first type was to lose the Ga
on the surface of the perovskite so as to generate B-site vacancies for other catalyst to
replace by coating. The temperature range for this type reduction was 900-1000°C. The
reduction time was 8h. The second type of reduction was to exsolve the catalyst which
was doped into the perovskite from the surface. This was carried out at 930°C for 30h.
This was mentioned as 2nd reduction in the thesis.

3.3 The influence of reduction temperature and the
content of Ga in LSGT on Ga loss
It was mentioned earlier that LSGT will lose Ga from an outer shell on its first reduction
and no more Ga loss would happen even if after more redox cycles treatment [100]. The
amount of catalyst targeted to be coated onto the perovskite is equal to the amount of Ga
loss during the first reduction under the given experimental conditions. Therefore, it is
essential to establish the amount of Ga lost from the perovskite under different
experiment conditions. Perovskite samples with different amounts of Ga dopant,
La0.4Sr0.4Ga0.06Ti0.94O2.97 (LSGT06) and La0.4Sr0.4Ga0.1Ti0.9O2.95 (LSGT10), were chosen
to study the influence of Ga content on the amount of Ga loss under different reduction
temperatures (900-1000 °C).

According to the method described in Chapter 2.13.2, the obtained Ga losses from
perovskites under different reduction temperatures are plotted in Figure 3-1. Although
the amounts of the Ga losses from the reduction of the perovskite materials is different
from what has been reported by Neagu et al [100], possibly due to differing
morphologies, the main trends remain the same with regard to the change of reduction
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temperature and Ga content. It can be noted that, in general, Ga loss increases as the
amount of Ga dopant and reducing temperature increase. However, for LSGT06, the Ga
loss at 950 °C is the same as that at 1000 °C. This may be due to the fact that only the
Ga ions which are on the perovskite surface are volatile enough to leave the perovskite
at these temperatures. In addition, the Ga loss is accompanied by O loss which also
kinetically hindered the Ga diffusion to the surface. The Ga depleted layer will further
prevent the Ga ions in the bulk from diffusing to the surface of the perovskite since the
Ga ions in the bulk require more energy than the experimental condition could provide
to diffuse to the surface of the perovskite. At 950 °C, all of the Ga on the surface has
escaped from the perovskite and increasing the temperature will not promote more Ga
escaping out of the LSGT06 [100, 180]. As a result, samples which were reduced at
900 °C and 950 °C were chosen for the following Ni2+ coating experiment. The amount
of Ni2+ catalyst to be coated on the perovskite is listed in Table 3-1. Typically, sufficient
amounts of Ni2+ were added to each sample to compensate for the Ga loss during the
first reduction.

Figure 3-1 Ga and O loss of LSGT06 and LSGT10 (LSGT06, x=0.06; LSGT10, x=0.1) after first reduction in 5% H2
at different temperatures (900 ºC, 950 ºC, 1000 ºC)

Ni loading per mole of perovskite after reduction pre-

900 °C

950 °C

LSGT06

0.002

0.007

LSGT10

0.003

0.012

treatment at different temperatures /mol

Table 3-1. The amounts of Ni2+ catalyst coated onto La0.4Sr0.4Gax-ζTi1-xNiyO3-γ-σ (x= 0.06, 0.10) which were first
reduced at different temperatures.
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3.4 The influence of coating temperature on the crystal
structure of Ni2+ coated LSGT
The catalyst nano-particles generated by the traditional infiltration method are only
deposited on the surface of the substrate material. During the operational process, the
performance of the material will deteriorate due to the agglomeration of the catalysts
[184]. To promote the catalyst dissolving in the perovskite, higher firing temperatures
are required. After the samples were coated with Ni2+ catalysts via the infiltration
method, higher firing temperatures were applied to the samples.
Figure 3-2 shows the XRD patterns of LSGT10 coated with Ni2+ at different
temperatures when it was first reduced at 900 °C and 950 °C, respectively. It is worth
pointing out that in order to show the 2nd phases more obviously, the XRD data was
presented in the form of square root of the peak intensities in Figure 3-2. According to
Figure 3-2a, there were no significant changes in the XRD patterns of LSGT10 between
when it was first reduced at 900 °C and when it was coated with the Ni2+ catalyst
afterwards. This may be due to the fact that the amount of Ni2+ coated onto the
perovskite was not high enough to cause any change. However, when LSGT10 was first
reduced at 950 °C, after coating it with Ni2+ at 1200 °C, a second phase of NiO and an
unknown species were observed in the XRD pattern (see Figure 3-2b). The reason NiO
was not observed in the XRD pattern when the sample was coated at 1100 °C may be
because the NiO was not crystallized enough at that temperature. When the sample was
coated and treated at 1300 °C, small amount of 2nd phase with a possible spinel structure
showed up in the XRD pattern (see Figure 3-2). The formation of the 2nd phase could be
a result of lattice decomposition through solid state reaction. Both LSGT06 and
LSGT10 displayed similar changes in their XRD patterns with respect to varying
coating temperatures, so the XRD patterns of LSGT06 corresponding to different
experimental treatment is not introduced in detail and is only shown at the end of this
chapter for reference (see Figure 3-16).

51

Chapter 3 Coating La0.4Sr0.4GaxTi1-xO3-x/2-σ (LSGT) with nickel catalyst

52

Chapter 3 Coating La0.4Sr0.4GaxTi1-xO3-x/2-σ (LSGT) with nickel catalyst

Figure 3-2 XRD patterns of LSGT10 at different stages of treatment, a. LSGT10 1st reduced at 900 °C then
coated with Ni2+ catalyst at different temperatures, b. LSGT10 1st reduced at 950 °C then coated with Ni 2+
catalyst at different temperatures, c. LSGT10 1st reduced at 900°C then coated with Ni2+ catalyst at different
temperatures after 2nd reduction, d. LSGT10 1st reduced at 950°C then coated with Ni2+ catalyst at different
temperatures after 2nd reduction
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After the 2nd reduction, the 2nd phase was not apparent in the XRD patterns of the
samples which were first reduced at 900 °C (see Figure 3-2c). There were no obvious
changes in the XRD patterns for the samples first reduced at 900 °C, possibly also due
to the fact that the amount of Ni2+ used for coating the perovskite was not high enough
to be detected by XRD. However, Ni was detected for the coated samples which were
first reduced at 950 °C when they were coated at 1100 °C and 1200 °C (see Figure 3-2d).
The presence of Ni for the samples which were coated at 1100 °C and 1200 °C should
be due to the reduction of NiO.

The unit cell volumes of LSGT06 and LSGT10 when subjected to different
experimental treatments were plotted against different coating temperatures (Figure 3-3).
Both LSGT06 (a = 7.78366 (17), b = 5.50221 (13), c = 5.50038 (14), β = 90.0443 (15),
V = 235.567(10)) and LSGT10 (a = 7.78484 (12), b = 5.50326 (10), c = 5.50145 (8), β
= 90.0716 (9), V = 235.693 (6)) showed monoclinic structures and both samples
retained their structures throughout the experiment. Generally, the unit cell volumes of
LSGT06 and LSGT10 pre-reduced at 900 °C were smaller than those which were first
reduced at 950 °C. This is expected since the unit cells of the titanates would expand on
reduction. When samples were reduced at higher temperature, they would be further
reduced thus leading to more expansion of the unit cells. For LSGT06 and LSGT10 prereduced at 900 °C, the unit cell volumes of both perovskites decreased as the coating
temperature increased. This is not surprising since the samples were reduced first
leading to expanded unit cells, and oxidizing them would reversely decrease the size of
their unit cells. The higher oxidizing temperatures are, the smaller the titanate unit cells
would become as what was observed in the experiment. However, the changes of the
unit cell volumes showed the opposite trend for the perovskites which were first
reduced at 950 °C.

The reasons for the change of the unit cell volumes of the sample being so different
could be due to the fact that at different reduction temperatures, the perovskite lost
different amounts of Ga and O, which lead to very different deficiencies in the
perovskite. The perovskites which were first reduced at 950 °C lost more Ga and O than
those at 900 °C. Therefore more B-site and O deficiencies were expected from the
samples which were reduced at 950 °C. The radius of six-fold coordinated Ni2+ is 0.69
Å, which is bigger than those of 6-fold coordinated Ti4+ (0.605Å) and Ga3+ (0.62Å) [60].
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The expansion of the unit cells of the samples which were first reduced at 950 °C could
be an indicator that Ni2+ may have entered the unit cell of the perovskite.
After 2nd reduction, the unit cell volumes of both samples increased by around 0.3% on
average. It is worth noting that, after the 2nd reduction, the unit cell volumes of LSGT10
which were first reduced at 950 °C became smaller than those first reduced at 900 °C.
This could be due to the fact that the samples had lost more oxygen in the pre-reduction
treatment at 950 °C than the ones which were first reduced at 900 °C. In addition, more
nickel catalysts were doped into the samples which were first reduced at 950 °C. This
means more vacancies would be left in the lattice after nickel catalysts exsolved from
the bulk material leading to a smaller unit cell.

Figure 3-3 Unit cell volumes of LSGT06 and LSGT10 as a function of coating

3.5 The influence of coating temperature on the
morphology of Ni2+ coated LSGT
The morphology of the pellet samples was studied by FEG-SEM before each treatment
throughout the experiment. After LSGT10 was firstly reduced at 900 °C (Figure 3-4b)
and 950 °C (Figure 3-4c) in 5% H2, the surfaces of the grains look the same as they did
before they were reduced (Figure 3-4a). However after coating the pellets with Ni2+
catalyst, the grain surface of the samples may look very different depending on the
coating temperature.
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Samples which were first reduced at 950 °C followed by coating Ni2+ catalysts at
1100 °C (Figure 3-6a) and 1200 °C (Figure 3-6b) showed a lot of NiO particles on the
surfaces of the grains, as can be clearly seen from both SEM pictures. When the sample
was coated with nickel at 1100 °C, NiO particles were distributed evenly in the form of
nanoparticles with the size range of mostly below 120 nm on the surface of the
perovskite. As the coating temperature became higher, the NiO particles on the surface
of the perovskite became more crystallized and grew much bigger (200-600 nm). This is
supported by the XRD results discussed earlier. Nevertheless, the surfaces of the grains
of the sample which was coated with Ni catalyst at 1300 °C were clean (Figure 3-6c).
They looked the same as that of the as prepared pellet, and it seemed that all the Ni2+
catalyst had diffused inside the perovskite. After reducing the sample in 5% H2 at
930 °C for 30 h after coating, the exsolution of Ni particles on the surface of the grain
can be seen. There were two size ranges (20-50 nm and 100-200 nm) of the Ni particles
observed for the samples which were coated at 1100 °C (Figure 3-8a) and 1200 °C
(Figure 3-8b). The larger Ni particles look similar to the result of normal impregnation,
meaning that they did not enter the perovskite. The smaller particles might be a result of
impregnation, as they are known to form during the impregnation process [185].
Another possible reason for the presence of smaller Ni particles is that some of the
catalyst has diffused into the perovskite and then exsolved.

The sizes of catalyst particles observed from the sample which was fired at 1300 °C
(Figure 3-8c) were all within the range of 20-50 nm. This means that all of the catalyst
particles on the surface of the 1300 °C coated sample were formed by exsolution from
the perovskite. This confirms that the Ni2+ had fully diffused into the perovskite upon
firing in air and successfully exsolved to the surface of the perovskite after reduction.

The morphology of the samples which were first reduced at 900 °C after coating at
different temperatures and subsequent 2nd reduction in 5% H2 are shown in Figures 3-5
and 3-7, respectively. The change of the morphology of the samples corresponding to
different coating temperatures was similar to that of the samples which were first
reduced at 950 °C, but with lower amounts of catalyst since they show less Ga loss. As
for the LSGT06 perovskite pellets, their morphology was similar to that of LSGT10, but
with less catalyst on the surface after the same treatments.
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Figure 3-4 SEM images of LSGT10 before catalyst coating: (a) as prepared LSGT10 pellet, (b) LSGT10 after 1st reduction in 5% H2 at 900 °C, (c) LSGT10 after 1st reduction in 5%
H2 at 950 °C

Figure 3-5 SEM images of 900 °C 1st reduced LSGT10 then coated with Ni at different temperatures: ( a) coated with Ni at 1100 °C, ( b) coated with Ni at 1200 °C, ( c) coated with
Ni at 1300 °C
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Figure 3-6 SEM images of 950 °C 1st reduced LSGT10 then coated with Ni at different temperatures: ( a) coated with Ni at 1100 °C, ( b) coated with Ni at 1200 °C, ( c) coated
with Ni at 1300 °C

Figure 3-7 SEM images of 900 °C 1st reduced LSGT10 then coated with Ni after 2nd reduction for 30 h: ( a) coated with Ni at 1100 °C, ( b) coated with Ni at 1200 °C, ( c) coated
with Ni at 1300 °C
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Figure 3-8 SEM images of 950 °C 1st reduced LSGT10 then coated with Ni after 2nd reduction for 30 h: ( a) coated with Ni at 1100 °C, ( b) coated with Ni at 1200 °C, ( c) coated
with Ni at 1300 °C
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3.6 The influence of pore formers on the properties of
LSGT
The phenomenon of Ga loss from LSGT in a reducing atmosphere only happens on the
surface of the perovskite. The microstructure and specific surface area of the LSGT
have an influence on the amount of Ga loss. As the catalyst will be coated on the surface
of the porous pellets, it is important to ensure that the pellets have high porosity and
uniformly distributed pores. A small size difference between the ball-milled perovskite
powder and the pore formers is helpful in making porous perovskite pellets with
uniformly distributed pores. However, there are other factors that may also influence the
microstructure of the perovskite. A few well-known pore formers - namely glassy
carbon, graphite, rice starch, corn starch, and sugar - have been chosen to optimize the
microstructure of the LSGT perovskite. Their influence was evaluated on the porosity,
the pore shape and distribution of the LSGT, as well as the effect on its reducibility
[186-189].

3.6.1 The morphologies of different pore formers
To obtain optimum scaffolds for catalyst coating, the sizes and morphologies of
different potential pore formers were examined by FEG-SEM (see Fig 3-9). According
to Fig 3-9a and Fig 3-9b, rice starch and corn starch have very similar, well-defined
shapes, although their dimensions differ from one another. The corn starch particles are
clearly much larger than the rice starch particles. Sugar (see Figure 3-9c) shows lamellar
morphology which is similar to graphite (see Figure 3-9d). Glassy carbon, as the other
inorganic pore former, has a perfectly spherical shape (see Figure 3-9e).
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Figure 3-9 SEM micrographs of different types of pore formers: a. rice starch, b. corn starch, c. sugar, d. graphite, e. glassy carbon
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3.6.2 The effect of different pore formers on the purity of LSGT
pellets
The powder used to study the influence of the pore formers on the perovskite purity was
La0.4Sr0.4Ga0.1Ti0.9O3-γ (LSGT10). The amount of each pore former used to make porous
pellets was 15wt% (relative to perovskite powder). After making porous pellets and
sintering at 1300 °C with different pore formers, X-ray diffraction was used to check if
there were any impurities brought in by the pore formers. Most of the materials did not
produce other phases when functioning as pore formers. However, an unknown 2nd
phase was detected from the XRD pattern of the pellet which used rice starch as the
pore former (see Fig 3-10). Since clean surfaces are very important for the coating
procedure, the rice starch was rejected as a pore former for further studies.

* Unknown species

e
d
c
b
a

Figure 3-10

*

*

*

XRD patterns of LSGT10 pellets made with different pore formers by sintering at 1300 °C: a. rice

starch, b. corn starch, c. sugar, d. graphite, e. glassy carbon
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3.6.3 The effect of different pore formers on the porosity of
LSGT10 pellets
The sintered porous pellets using different pore formers were also examined by SEM to
check the porosities of the perovskites (see Fig 3-11). From the SEM images, the
porosities of the perovskite generated by different pore formers are in the order of
graphite < sugar < corn starch < glassy carbon. This suggests that the shape of the pore
former influences the shape of the pores. It seems that pore formers with bulkier 3dimensional shapes tend to make perovskites with better porosities, compared to those
with flatter, more 2-dimensional shapes, i.e. graphite.

The porosities of the porous pellets were measured by comparing the densities of the
pellets with the theoretical densities of the samples. The results are plotted in the graph
shown in Fig 3-12. The trend in relative densities corresponded to the above SEM
results. The sample which used graphite as the pore former exhibited the lowest porosity
and the sample using glassy carbon as the pore former showed the highest porosity. The
relative porosities of the samples using corn starch and sugar as pore formers were
between the other two, while sugar made the perovskite slightly more porous than did
the corn starch.
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Figure 3-11

SEM micrographs of sintered LSGT10 pellets made with different pore formers: a. corn starch, b.

sugar, c. graphite, d. glassy carbon

30%

Relative Porosity

25%
20%
15%
10%
5%
0%
sugar

corn starch

graphite

glassy carbon

Pore former type
Figure 3-12 Relative porosity of LSGT10 pellets using different pore formers
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3.6.4 The effect of different pore formers on the amount of Ga
loss and reducibility of LSGT10 pellets
The amount of catalyst to be coated onto the perovskite depends purely on the amount
of Ga loss after the perovskite pellets were reduced for the first time. Therefore, it is
very important to evaluate the influence of the different pore formers on the amount of
Ga loss during the 1st reduction.

The amounts of Ga and oxygen losses for each sample during the first reduction are
listed in Table 3-2. From Table 3-2, it can be noted that the amount of Ga and oxygen
losses during the first reduction was largest from the more porous sample which
employed glassy carbon as the pore former. LSGT10 using sugar or corn starch as pore
formers showed similar magnitudes of both Ga and oxygen loss, while the reducibility
of the perovskite was higher when corn starch served as the pore former. Interestingly,
the quantity of Ga and oxygen loss was negligibly negative when graphite was used as
the pore former. One possible explanation could be that the porosity of the pellet was
low and not continuous enough to allow the H2 to travel properly through every pore in
the pellet and effectively reduce the sample. It is well known that graphite flakes lead to
a horizontal type of porosity that might lack interconnectivity. At the same time, due to
the insufficient gas flow, the moisture brought in by the hydrogen may have been
trapped in the pores, resulting in an increase in the mass of the sample. It seemed that
the sample which used glassy carbon as the pore former showed the best reducibility
compared to the others.
Pore Former

Corn starch

Sugar

Graphite

Glassy
carbon

Ga loss at/fu

0.0032

0.0022

-0.0002*

0.0121

O loss at/fu

0.0065

0.0048

-0.0012*

0.0116

Table 3-2. Ga and O loss of LSGT10 pellets made with different pore formers during the first reduction; *:
negative values of Ga and O loss mean that the sample gained weight during the reduction treatment

The above hypothesis was supported by checking the appearance of the samples after
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each stage (see Fig 3-4). The porous samples all looked the same in colour after being
fired in air, and turned dark grey after reduction in 5% H2. However, the samples
reacted differently after re-oxidation. After re-oxidation, the samples which used corn
starch or glassy carbon as pore formers looked almost the same as the as prepared
pellets. Meanwhile, the samples which used sugar or graphite as pore formers showed
some grey areas after re-oxidation, especially the one which used graphite as the pore
former. This suggested that, under the given reaction conditions, the porosities in the
above two samples were not high enough to ensure complete reduction and re-oxidation
of the perovskite pellets.

Figure 3-13

LSGT10 pellets made with different pore formers (sugar (s), corn starch (cs), graphite (g), glassy

carbon (gc)) after each stage treatment: a. as prepared (oxidation), b. after reduction, c. after re-oxidation

By comparing all of the different aspects, it can be concluded that glassy carbon as the
pore former provided the best porosity under these experimental conditions. However,
considering the cost of the material, the corn starch was chosen as the pore former for
making porous pellets since it also provided relatively good porosity for the perovskite.
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3.6.5 Optimization of the porosities of LSGT pellets using corn
starch as the pore former
The corn starch provided relatively good porosity compared to the other pore formers.
However, the porosity of the sample still needs to be improved when it is being used for
catalyst coating. Hence, it is necessary to optimize the conditions of making porous
perovskite pellets. In order to achieve higher porosity, different fractions of corn starch
were used for making porous pellets, in order to assess the influence of the quantity of
pore former on the porosity and Ga loss of LSGT10 pellets under reducing atmospheres
(see Figure 3-14 and Figure 3-15).

Figure 3-14

Porosity of LSGT10 pellet as a function of pore former content

The porosities of LSGT10 pellets were measured with respect to the amount of corn
starch pore former, as shown in Figure 3-14. The porosities of the samples generally
increased with the quantity of the pore former. However, when the pore former
exceeded 30 wt%, the porosity of the sample started to decrease. This may be because
the sizes of the pores created by the excess pore former were too large for the perovskite
to support. As a result, the perovskite support collapsed in the process of forming the
porous structure, leading to lower porosity. According to Figure 3-15, maximum Ga loss
was achieved when 20 wt% of pore former was used. The same phenomenon also
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happened with oxygen loss on reduction. Combining these results with the good
porosities also attained, 20 wt% of pore former was chosen for making porous pellets in
later experiments.

Figure 3-15

Ga loss and extent of reduction of perovskite as a function of pore former content
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Figure 3-16

XRD patterns of LSGT06 at different stages of treatment, a. LSGT06 1st reduced at 900 °C then

coated with Ni2+ catalyst at different temperatures, b. LSGT06 1st reduced at 950 °C then coated with Ni2+
catalyst at different temperatures, c. LSGT06 1st reduced at 900°C then coated with Ni2+ catalyst at different
temperatures after 2nd reduction, d. LSGT06 1st reduced at 950°C then coated with Ni2+ catalyst at different
temperatures after 2nd reduction

3.7 Conclusions
The Ni2+ catalyst has been successfully coated into the LSGT06 and LSGT10 perovskite
at 1300 °C with the preliminary reduction treatment. It seemed that the reduction pretreatment provided the perovskite with a Ga-depleted surface layer so that vacancies
were made for nickel catalyst to be doped into the surface of the perovskite. There
might be some Ni2+ diffused into the perovskite even at lower temperatures (1100 °C
and 1200 °C). However, either the firing time was not long enough or the temperature
was not high enough to provide a sufficient driving force and, as a result, most of the
NiO particles remained on the surface of the perovskite grains in the form of angular
shaped particles. In addition, NiO particles grew much bigger as the coating temperature
increased from 1100 °C to 1200 °C. When the sample was coated at 1300 °C, the
surface of the sample was clear and there was no NiO particles observed. After 2nd
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reduction, the Ni exsolution can be observed on the surface of the perovskite grains in
the form of spherical nanoparticles. This is the first demonstration of a catalyst coating
diffusing into a Ga doped strontium titanate material and then exsolving under a
reducing atmosphere. If other catalysts can be coated into the perovskite in the same
way, the cost of using catalysts may be greatly reduced. Since LSGT10 showed more
gallium loss which allowed for more catalysts coating loading than LSGT06, LSGT10
was chosen for the investigation of surface coating the perovskite with other catalysts.

A few well-known pore formers - namely glassy carbon, graphite, rice starch, corn
starch, and sugar - were chosen to optimize the microstructure of the LSGT perovskite.
Using the same amount of pore former, glassy carbon produced the highest porosity
sample, while graphite provided the sample with the lowest porosity. Corn starch
provided the perovskite with slightly lower porosity than sugar. However, according to
the redox experiment which quantified the Ga loss during the reduction, the pores
produced by corn starch had better connectivity. Considering the cost of making the
samples, corn starch was chosen as the pore former for later experiments.
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4.1 Introduction
Noble metals have been widely used as catalysts in fuel cells. In proton exchange
membrane (PEM) fuel cells, Pt was one of the main catalysts being used in its catalyst
layer. The cost of the fuel cell had been hugely reduced by decreasing the loadings of Pt
from 4mg/cm2 to 0.4mg/cm2. However, the commercialization of the fuel cell was still
difficult due to the high price of the Pt itself [22, 190]. Pd has proven to be one of the
most likely replacements of Pt as the catalyst in fuel cells due to its higher abundance in
earth and lower price in comparison to Pt [191-193]. However, the price of Pd is still
very high, which limits its commercial applications in fuel cell, especially PEM fuel
cells. A lot of effort has been made to produce Pt or Pd containing catalysts which show
high activity and stability with lower amounts of catalyst required. This includes doping
Pd into other materials [174, 194, 195], alloying Pd with other catalysts to form coreshell structures [192, 196-198], optimizing the size of the Pd particles through control of
synthetic methods [197, 199], etc. The previous chapter has also verified the possibility
of surface doping a Ni catalyst with the help of preliminary reduction treatment. Hence,
it is worth investigating the possibility of surface doping Pd into the LSGT perovskite to
decrease the amount of Pd needed.

In addition, it has been reported that Pd can be incorporated into the perovskite and
exsolve afterwards as nano-particles on the surface of the material. In these reports, Pd
cations normally occupy the B-site of the perovskite and showed reversible properties
during the redox cycle. Doping the Pd into the perovskite can efficiently reduce the
agglomeration phenomenon which normally leads to the deterioration of the catalysts
[83, 92, 93]. The state of the art method of doping Pd into lanthanum-based perovskite
typically involves doping the Pd into LaMO3 (M = Mn, Co, Fe, Ga, etc.) with A-site
fully occupied [173, 174, 194-197, 200]. However, few reports currently exist which
describe doping A-site deficient perovskite or lanthanum titanate based perovskite with
Pd catalysts. Combined with the results from the previous chapter, the possibility of
incorporating the palladium into a lanthanum gallium doped strontium titanate with the
nominal molecular formula of La0.4Sr0.4Ti0.9Ga0.077Pd0.023O3-δ was investigated. The
experimental conditions of coating the palladium into the surface of LSGT10 perovskite
which was first reduced at 950 °C were then explored.
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In order to understand the mechanism of Pd doping in the A-site deficient titanate based
perovskite, the doping of Pd2+/3+/4+ into other A-site deficient titanates A1-αTi0.97Pd0.03O3δ

was also investigated. In order to substitute the cations in the solid solutions with the

other cations, the size of the replacement cations should be similar to the cations that are
going to be replaced. In addition, the coordination number (CN) of the cations is also
very important in forming a solid solution since it will influence the size of the cations.
Figure 4-1 shows a chart of ionic radii against coordination number for the cations
involved in the study [58]. According to the graph, there are three possible metal
valences that may be incorporated into the perovskite. In this experiment, the valences
of the palladium doped in the A-site deficient titanates were assumed to be 2+ and 4+.
The molecular formula design was based on the A-site deficient series LaxAe1-3x/2TiO3-δ
(Ae-alkaline earth, A-site deficiency α=x/2) reported by Slater and Irvine et al [99]. Two
assumptions were made when designing the molecular formula of the perovskite. The
molecular formulae of Pd doped A-site deficient titanates and their abbreviations are
listed in Table 4-1. The assumed valence of the palladium cations in the perovskites
were also listed in the table.

Nominal molecular formula of Pd Abbreviation of the Pd Assumed valence of
doped perovskite

doped perovskite

Pd in the perovskite

La0.14Ca0.76Ti0.97Pd0.03O2.94

LCPT01

2+

La0.14Sr0.76Ti0.97Pd0.03O2.94

LSPT01

2+

La0.4Sr0.4Ti0.97Pd0.03O3

LSPT02

4+

La0.6Sr0.1Ti0.97Pd0.03O3

LSPT03

4+

Table 4-1

The abbreviations of the palladium doped perovskite and the valence of the doped palladium

cations in the experimental plan assumption
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Figure 4-1 Ionic radii vs. coordination number for palladium cations and cations in the perovskite. The
characteristic regions for A and B-site cations are emphasized and labelled. The effective ionic radii are from
Shannon [58, 60]

In the first assumption, palladium cations adopt square planar coordination (IVSQ) with
the valence of 2+ in the perovskite. In this case, the CN of Pd2+ in the perovskite is 4.
The molecular formula is designed to have two oxygen vacancies for each palladium
dopant. Therefore, the general molecular formula based on this assumption became
Lax+aAe1-3x/2+bPdyTi1-yO3-2y (Ae=Ca, Sr). In order to fix the stoichiometry of oxygen at
3-2y, the stoichiometry of the A-site of the perovskite was balanced by adjusting the
ratio of cations on the A-site (see Equation 4-1):

Combining with the charge balance equation (see Equation 4-2),
•

•

-

/

•

-

•

-2y)

The relationship between a, b and y was found out to be

By inserting equations Eq.4-3 and Eq4-4 into the general molecular formula Lax+aM13x/2+bPdyTi1-yO3-2y,

the molecular formula then became
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Lax-2yM1-3x/2+2yPdyTi1-yO3-2y
Sample LCPT01 and LSPT01 were based on the above molecular formula. One of the
reasons for choosing calcium as one of the cations on the A-site of the perovskite was
the fact that Ca leads to less perovskite surface structuring compared to Sr, which is
known for forming the A-site rich surfaces (Ruddlesden–Popper phases (An+1BnO3n+1))
due to the mismatch of cation sizes and compensating the charges, therefore, hindering
the exsolution of nanoparticles [201-203].

In addition, calcium helps with cation

diffusion due to its smaller ionic radius which could be helpful for the exsolution of
palladium cations to the surface of the perovskite.

The second assumption is that the Pd cations adopt octahedral coordination with the
valence of 4+ in the perovskite. The reason of assuming Pd to be 4+ in the perovskite is
that A-site deficiency in the perovskite is known to lead to B-site cations in the highest
oxidation state [76, 101]. Different A-site deficiencies were selected in order to see the
influence of the A-site deficiencies on the Pd doping in the titanate based perovskite.
Samples LSPT02 and LSPT03 were chosen based on this assumption.

4.2 Experimental Section
4.2.1 Solid state synthesis of Pd containing titanate
The Pd doped A-site deficient titanates, both with and without Ga, were synthesized by
the same solid state method as described for LSGT (see Chapter 2.1). The palladium
source in the synthesis process was Pd (NO3)2 in nitric acid solution and it was added in
the deionised water before the other solid powder mixture went through the ultrasonic
probe.

4.2.2 Coating LSGT10 with palladium catalyst
Pd was coated into the LSGT10 perovskite pellets via the same method of coating Ni2+
(see Chapter 2.4). The as prepared LSGT10 pellets were reduced at 950 °C first. After
the samples were impregnated with Pd (NO3)2 solution, they were either fired in air or
in O2 for 1-24 h before the 2nd reduction.
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4.2.3 Reduction of the samples
In this chapter, the reductions of all the perovskite samples after they were doped or
coated with catalyst were carried out in 5% H2/Ar at 930 °C for 30 h in the tube furnace.
Each coated sample was reduced in the form of a pellet while the doped samples were
reduced in the form of powder.

4.3 The investigation of incorporating palladium into the
bulk surface of LSGT10
4.3.1 Solid state synthesis of La0.4Sr0.4Ti0.9Ga0.077Pd0.023O3-δ
In order to coat palladium into LSGT10, it is worth investigating first whether or not it
is possible to dope palladium into the titanate. Hence, perovskite with the nominal
molecular formula of La0.4Sr0.4Ti0.9Ga0.077Pd0.023O3-δ (LSGTP) was prepared by solid
state method. The amount of palladium in the LSGTP equals to the amount of Ga loss of
LSGT10 when it was first reduced at 950 °C. The as prepared LSGTP perovskite then
went through reduction in 5% H2/Ar to investigate the potential exsolution of the
palladium particles. The XRD patterns of the LSGTP before and after it was reduced are
shown in Figure 4-2. According to Figure 4-2, single phase of LSGTP with the
monoclinic structure has been achieved by the solid state synthesis method. After
reduction, the perovskite retained its main structure with small amount 2nd phase which
might be Pd5Ga3 in the XRD result. The unit cell parameters of the perovskite before
and after reduction are listed in Table 4-2. There is a slight increase in unit cell volume
upon reduction due to reduction of Ti3+ to Ti4+.
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Figure 4-2 XRD patterns of LSGPT: a. as prepared LSGPT, b. LSGPT after reduction

Treatment of
LSGTP

Space group

Unit cell

Unit cell

parameters

volume (Å3)

(Å)
a=7.7775 (6)
As prepared

I2/a

b=5.5012 (5)

90.038 (3)

235.63 (4)

90.085 (6)

235.69 (4)

c=5.50737 (25)
a=7.7797 (6)
After reduction

I2/a

b=5.50451 (24)
c=5.5038 (3)

Table 4-2

Unit cell parameters of LSGPT under different experimental treatment

The morphology of the LSGPT before and after reduction was examined by SEM
(Figure 4-3). There were some “cauliflower” shaped palladium oxide particles on the
surface of the as prepared LSGPT sample, probably produced by agglomeration of
initial small Pd particles, indicating that there might be small amount of palladium not
doped into the perovskite [204]. After reduction, palladium nano particle exsolution was
observed on the surface of the perovskite. At the same time, some particles which were
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a few microns in size with well defined shape were also observed on the surface of the
perovskite. To confirm the composition of the big particles on the surface, the sample
was examined by EDX. According to the EDX result shown in Figure 4-4, the large
particles on the surface of the perovskite mainly consisted of Pd and Ga. Combined with
the XRD result, it can be confirmed that these particles are likely to be Pd5Ga3 alloy.
The formation of the Pd5Ga3 may be due to the fact that Ga is volatile and would leave
the perovskite during the first reduction as has been reported [100]. Although, the
perovskite was doped with Pd, the bulk material still maintained the same structure as
the non-doped LSGT. As a result, Ga would escape the perovskite during reduction and
alloy with the non-doped palladium on the surface of the sample.

Figure 4-3 SEM images of LSGPT: a. as prepared LSGPT, b. LSGPT after reduction, c. nano particle exsolution
from reduced LSGPT
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Figure 4-4 EDX of LSGPT after reduction

4.3.2 Surface coating palladium into4 the LSGT10
Although not all the palladium had been successfully incorporated into the LSGT
perovskite, it was proven that it is possible to introduce palladium into the perovskite
and exsolve it afterwards. To surface coat palladium into the reduced LSGT10, the
experimental conditions may need to be altered to promote more palladium being doped
into the LSGT10 from the surface. At first, palladium was coated into the perovskite
following the same method as nickel coating LSGT10. However, there was a very
obvious peak of PdO in the XRD pattern of the palladium coated LSGT10 (see Figure
4-6a). In addition, many palladium oxide particles were observed on the surface of
LSGT10 from the SEM (see Figure 4-5a). Therefore, a longer firing time was applied to
promote more palladium diffusing into the perovskite. After the sample was fired for an
extended time, there was no PdO peak apparent in the XRD patterns. The density of
PdO particles became smaller but their particle size became larger (see Figure 4-5b).
However, no exsolved nanoparticles were observed after reduction (see Figure 4-5c).
This may be due to the fact that palladium oxide particles had agglomerated into
clusters on the surface of the perovskite instead of dissolving into the perovskite during
the heating. After palladium nitrate was impregnated onto the surface of the reduced
LSGT10, it would decompose and form PdO under heating. Although LSGT10 was
reduced earlier to make Ga-depleted layer for palladium to diffuse into the perovskite,
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Pd2+ from PdO may still be too large to fit into the B-site of LSGT when its
coordination number is six (see Figure 4-1). Hence, the sample was fired in oxygen to
promote further oxidation of the palladium to make it fit in the B-site of the LSGT10
perovskite.

Figure 4-5 SEM images of 950°C reduced LSGT10 coated with palladium in air: a. fired at 1300°C for 1h, b. fired
at 1300°C for 3h, c. after reduction for 30h
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Figure 4-6 a. XRD patterns of 950 °C reduced LSGT10 coated with palladium in O2 for 12 h at different
temperatures, b. XRD patterns of LSGT10 coated with palladium in O2 for 12 h at different temperatures after
reduction

When the sample was heated in oxygen, a longer firing time of 12 h was applied to give
the palladium more time to dissolve into the perovskite. In addition, different firing
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temperatures were investigated in relation to the longer firing time. The XRD patterns
of the samples are shown in Figure 4-6. As the firing temperature increased, the peak
intensities of the PdO second phase decreased. After reduction, Pd5Ga3 also appeared as
the 2nd phase in the XRD patterns. Figure 4-7 shows the change of the unit cell volumes
of the sample after it was coated with palladium. According to the graph, the unit cell of
the perovskite shrank as the coating temperature increased. By comparing the radii of
palladium cations with different valences and coordination numbers from Figure 4-1, it
is easy to find out that 6-fold coordinated Pd4+ is the only option which has a smaller
radius than 6-fold coordinated Ga3+ (0.615 Å vs. 0.62 Å) [60]. This may indicate that
palladium was diffusing into the perovskite as six-fold coordinated Pd4+. Another
possible explanation for the unit cell contraction may be due to Ga evaporation and
perovskite re-equilibration by creating oxygen vacancies.

Figure 4-7 The change of unit cell volumes of LSGT10 as a function of coating temperature after it was coated
with palladium in O2 for 12h

The SEM images of the morphologies of the LSGT10 samples coated with palladium at
different temperatures are shown in Figure 4-8. At the lower coating temperature of
1000 °C, the catalyst particles were distributed all over the surface of the perovskite,
which looked the same as the normal impregnation result (see Figure 4-8a). After
reduction, there was no obvious change on the surface of the perovskite (see Figure 49a). As the coating temperature increased, the Pd catalyst particles started to
agglomerate into bigger particles. After reduction, the PdO particles on the surface of
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the perovskite changed from cauliflower shape to a well-defined geometric shape. It is
worth noting that much less palladium catalyst was observed on the surface of the
perovskite when the sample was fired at 1300 °C (see Figure 4-8c). The catalyst on the
surface of the perovskite looked to be partly dissolving in the perovskite. After
reduction, exsolution of Pd particles was observed on the surface of the sample (see
Figure 4-9c). At the same time, some particles were present on the surface of the
perovskite, with shapes similar to those which appeared in the sample coated at 1200 °C.
Examining the sample by EDX (see Figure 4-10), the composition of the big particles
was Pd5Ga3, which corresponds to the result of the XRD analysis. The same particles
were also observed in the sample which was coated at 1300 °C after they were reduced.

One possible explanation accounting for the formation of Pd5Ga3 may be that, after the
perovskite was coated with palladium, it was heated at high temperature and the
perovskite reorganised its structure to maintain its stability. At the same time, the Ga3+
cations diffused from the bulk of the perovskite to the surface [100]. When the samples
were then reduced, apart from the doped palladium exsolving from the perovskite as
nanoparticles, the gallium at the surface of the perovskite also started evaporating from
the sample and alloyed with the un-dissolved palladium on the surface of the perovskite.
The evaporation of gallium from the perovskite should be faster than the palladium
exsolution from the perovskite since the gallium would have alloyed with the exsolved
palladium nanoparticles as well.
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Figure 4-8 SEM images of 950 °C reduced LSGT10 coated with palladium in O2 at different temperatures for 12h, a. coated with palladium at 1000 °C, b. coated with palladium at
1150 °C, c. coated with palladium at 1300 °C

Figure 4-9 SEM images of 950 °C reduced LSGT10 coated with palladium in O2 at different temperatures for 12 h after 2nd reduction for 30h, a. coated with palladium at 1000 °C,
b. coated with palladium at 1150 °C, c. coated with palladium at 1300 °C
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Figure 4-10

EDX of 950 °C reduced LSGT10 coated with palladium in O2 at 1300 °C for 12 h which was

reduced for 30h afterwards

Figure 4-11

SEM images of 950 °C reduced LSGT10 : a. fired in O2 at 1300 °C for 24h, b. coated with

palladium O2 at 1300 °C for 24 h after reduction

It seems that, for the sample which was coated at 1300 °C in O2 for 12 h, the palladium
oxide on the surface was in the process of dissolving into the perovskite. Therefore, a
longer firing time of 24 h was applied to see if this would enhance the diffusion of the
palladium catalyst into the perovskite. For comparison, non-coated LSGT10 perovskite
was also heated at 1300 °C in O2 for 24 h. The morphologies of the samples after
reduction were studied by SEM as shown in Figure 4-11. After reduction, more
exsolved nano-particles showed up on the surface of the palladium coated sample (see
Figure 4-11b). By contrast, the surface of the blank sample was clear, which further
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supports the hypothesis that the content of the exsolved particles was palladium (see
Figure 4-11a).

4.4 LCPT01 & LSPT01 based on IVSQ coordination
assumption
Li et al have demonstrated that the Pd2+ was successfully incorporated into the B-site of
the BaCe1-xPdxO3-δ perovskite with square planar four coordination environment [123].
According to Figure 4-1, when the palladium ion (Pd2+) is adopting a square planar 4coordinate geometry on the B-site of the perovskite, it is possible for Pd2+ to substitute
the titanium on the B-site to stabilize the perovskite. In order to find out whether the
Pd2+ ion may indeed be doped in A-site deficient titanate, solid samples with the
chemical

formulae

of

La0.14Ca0.76Ti0.97Pd0.03O2.94

(LCPT01)

and

La0.14Sr0.76Ti0.97Pd0.03O2.94 (LSPT01) were synthesized by solid state methods and
characterised as shown below.

4.4.1 LCPT01
The XRD patterns of the as prepared LCPT01 and the sample after it was reduced are
shown in Figure 4-12. The first thing to notice by checking Figure 4-12 is that the
sample did not form a single phase and there were very obvious Pd peaks showing up in
the XRD patterns even before the sample was reduced. This indicates that not all
palladium catalysts were doped into the perovskite lattice. Since there was very small
difference in the intensities of the Pd peaks between the as prepared sample and after it
was reduced. It was difficult to decide whether or not more palladium catalyst exsolved
from the LCPT01 perovskite after it was reduced according to the XRD results. With
the Rietveld refinement, it seemed that the proposed orthorhombic model fitted well for
the LCPT01 perovskite sample (see Figure 4-13). The unit cell parameters of the
reduced sample were calculated based on the same model using the same method. The
unit cell parameters of the perovskite samples before and after reduction are listed in
Table 4-3. After reduction, there was no obvious change on the structure of the
perovskite and the unit cell volume of the LCPT01 had increased by 0.03%.
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Figure 4-12

XRD patterns of as prepared LCPT01 and after it was reduced

Figure 4-13

Rietveld refinement of as prepared LCPT01
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Perovskite

LCPT01
as prepared

Space

Unit cell

Unit cell

Rietveld fit

2nd

group

parameters (Å)

volume (Å3)

parameters

phase

a = 5.41648(8)
Pbnm

LCPT01
after

Pbnm

as prepared

b = 5.44630(8)

226.463(6)

c = 7.67675(13)

χ = 1.51

a = 5.41811(7)

Rwp = 10.88%,

b = 5.44803(7)

226.686(5)

as prepared

P m-3m

a = 3.901165(23)

59.3722(6)

as prepared

reduction

TiO2

Rwp = 15.13%,
P m-3m

a = 3.901433(21)

59.3844(6)

Rp = 10.99%,

TiO2, Pd

χ2 = 3.44
Rwp = 9.99%,
P m-3m

a = 3.890801(22)

58.9002(6)

Rp = 7.57%,

PdO

χ = 3.82
2

Rwp = 13.22%,
P m-3m

a = 3.892483(26)

58.9767(7)

Rp = 9.74%,

N/A

χ2 = 2.59
a = 3.88016(5)
Pmmm

LSPT03
after

Rp = 10.3%,
χ = 2.83

reduction
LSPT03

Pd

2

LSPT02
after

Rp = 9.01%,

Rwp = 13.78%,

reduction
LSPT02

Pd

χ2 = 1.51

LSPT01
after

Rp = 8.7%,
2

c = 7.67957(11)

reduction
LSPT01

Rwp = 11.07%,

Pmmm

Rwp = 14.06%,

b = 3.87114(4)

116.9776(23)

Rp = 10.50%,

c = 7.78778(9)

χ = 2.744

a = 3.88013(4)

Rwp = 14.80%,

La2Ti2O7

2

b = 3.87087(4)

117.0047(23)

Rp = 10.69%,

La2Ti2O7

χ2 = 3.08

c = 7.79021(9)

Table 4-3 Unit cell parameters of palladium doped A-site deficient titanate under different experimental
treatments

The morphology of the as prepared LCPT01 is shown in Figure 4-14a. The morphology
of the sample after reduction at 930 °C for 30 h is shown in Figure 4-14b. Compared to
Figure 4-14a, there were many nanoparticles apparent on the surface of the reduced
perovskite. In addition, there was more than one type of nano particle present on the
surface: angular shaped particles (see Figure 4-14b1); triangular and spherical shaped
particles (see Figure 4-14b2). It was difficult to identify the composition of all the
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nanoparticles mentioned above, but it is likely that they are palladium particles with
different shapes [205]. In addition, according to the result of TEM, it can be certain that
one type of the nanoparticles is definitely palladium (see Figure 4-15).

Figure 4-14

SEM images of LCPT01: a. as prepared LCPT01, b&b1&b2. reduced LCPT01
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Figure 4-15

TEM and EDX of reduced LCPT01: a. TEM of reduced LCPT01, b. EDX of palladium particles from

reduced LCPT01, c. EDX of the bulk of reduced LCPT01

The particles with angular shapes were generally larger (50-200 nm) than the spherical
ones (10-50 nm). The shape of the nanoparticles is controlled by the internal structure of
the seed and the growth rate of different crystallographic planes. Therefore, if the seeds
of all the palladium nanoparticles in this experiment were the same, the presence of the
nanoparticles on the surface of the perovskite with different shapes may be a result of
the differing growth rates of the various crystallographic planes. Alternatively, if the
seed structures of the palladium nanoparticles were different, it would not be surprising
that the nanoparticles had different shapes from one another. The possible reasons for
the formation of different palladium seed structures in this experiment may be due to the
fact that, when the sample was being reduced, it was in the form of powder, which was
prepared by crushing the sintered perovskite pellets. Using this technique, it was
unavoidable that different surfaces of the perovskite would be exposed to the reducing
atmosphere during reduction. Therefore, when the nano crystals were growing on the
surface of the perovskite, different crystal growing thermodynamics would be favoured
by different surfaces due to their differing surface energies. As a result, different types
of nano crystal seeds may have been generated [205, 206].
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4.4.2 LSPT01
Figure 4-16 shows the XRD patterns of as prepared LSPT01 and after it was reduced.
Different from LCPT01, the sample basically formed single phase with traces of TiO2
showing up in the XRD patterns. After LSPT01 was reduced in 5% H2, there were a few
2nd phase peaks showing up in the XRD pattern and they were especially obvious at
around 40 degrees (see Figure 4-16). The 2nd phase peaks are very likely to be Pd metal
according to their position. However, due to the fact that the intensities are not very
strong, further characterization needs to be carried out in order to confirm it. With
Rietveld refinement, it seemed that the proposed cubic model fitted well for the LSPT01
perovskite sample (see Figure 4-17). After reduction, there was no obvious change in
the structure of the perovskite, and the unit cell parameters of the reduced sample were
calculated based on the same model using the same method. The unit cell parameters of
the perovskite samples before and after reduction are shown in Table 4-3. After
reduction, the unit cell volume of the sample had increased by 0.02%.

Figure 4-16

XRD pattern of as prepared LSPT01 and after it was reduced.
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Figure 4-17

Rietveld refinement of as prepared LSPT01

Figure 4-18 shows the surface of as prepared LSPT01 and after it was reduced.
Compared to the surface of the as prepared LSPT01, there were many nanoparticles
with the size range of 5-20 nm on its surface after the sample was reduced. According to
the TEM and EDX analysis as shown in Figure 4-19, it can be confirmed that the
nanoparticles on the surface of the reduced LSPT01 are Pd nanoparticles. This suggests
that the 2nd phase peak observed in the reduced LSPT01 should belong to Pd metal.
Since there was no sign of palladium or palladium oxide in the XRD pattern of the as
prepared LSPT01, this strongly suggested that the palladium was incorporated in the
perovskite and exsolved after reduction. Most of the nanoparticles were spherical in
shape, while a much smaller ratio of them were angular in shape in comparison to the
nanoparticles observed for the reduced LCPT01. The reasons for the formation of
differently shaped nanoparticles should be the same as that for LCPT01, which was
explained earlier. The fact that the nanoparticles observed from LCPT01 were larger
than those from LSPT01 may be due to the fact that calcium has a weaker surface
structuring effect compared to strontium. Meanwhile, as previously mentioned, the
smaller ionic radius of calcium will help with cation diffusion. As a result, it is easier for
the doped palladium in LCPT01 to diffuse to the surface of the perovskite and grow
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relatively larger [201].

Figure 4-18

Figure 4-19

SEM images LSPT01: a. as prepared, b. after reduction

TEM and EDX of reduced LSPT01: a. TEM of reduced LSPT01, b. EDX of palladium particles from

reduced LSPT01, c. EDX of the bulk of reduced LSPT01

4.5 LSPT02 & LSPT03 based on A-site deficiency
assumption
Another two possible situations in which palladium may be incorporated in A-site
deficient titanate are if Pd3+ or Pd4+ cations occupy octahedral 6-fold coordination
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geometries. Since A-site deficiencies are known for oxidizing the cations on the B-site,
it was assumed that the palladium cations on the B-sites of the perovskites in this
experiment would be oxidized to 4+ [76, 101]. In order to confirm that whether A-site
deficiency would help oxidizing the palladium, promoting its incorporation into the
perovskite, samples with the chemical formulae of La0.4Sr0.4Ti0.97Pd0.03O3 (LSPT02) and
La0.6Sr0.1Ti0.97Pd0.03O3 (LSPT03) were prepared and characterized as shown below.

4.5.1 LSPT02
The XRD patterns of as prepared LSPT02 and reduced LSPT02 are shown in Figure 420. According to the XRD patterns, the sample was basically single phase with a weak
2nd phase peak in the showing up as prepared LSPT02. After the sample was reduced,
the 2nd phase peak disappeared. According to the peak position, the 2nd phase peak
might belong to PdO. In that case, it would not be surprising that the peak disappeared
after reduction since the PdO would have been reduced to Pd metal whose peak position
would overlap with some of the XRD peaks of the sample. However, further
characterization still needs to be conducted in order to verify it. The cubic model
seemed to fit well for the as prepared LSPT02 with Rietveld refinement (see Figure 421). The XRD pattern of the reduced LSPT02 was also refined by the same model since
there was no obvious change in its structure. According to the unit cell parameters of the
sample throughout the experiment, the unit cell volume of the sample increased by 0.13%
(see Table 4-3).
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Figure 4-20

XRD pattern of as prepared LSPT02 and after it was reduced

Figure 4-21

Rietveld refinement of as prepared LSPT02

Since the peaks of palladium could overlap with the peaks of the perovskite, it was
difficult to confirm whether or not the palladium had exsolved. In order to find out if
96

Chapter 4 Investigation of incorporating or coating palladium catalyst into the A-site deficient titanates

any palladium particles had exsolved from the perovskite after reduction, the sample
was analysed more closely by SEM (see Figure 4-22). Compared to Figure 4-22a, there
was no nano particle exsolution observed in Figure 4-22b, which is in agreement with
the XRD result. Hence, it can be confirmed that the incorporated palladium particles did
not exsolve from the perovskite after reduction. The explanation for this behaviour may
be due to the fact that the perovskite underwent surface A-site enrichment, as has been
reported for many perovskites [86, 207, 208]. The A-site surface enrichment may have
developed during the firing process and then acted as a barrier to hinder the exsolution
of B-site cations [76]. As a result, the palladium on the B-site would have been unable
to exsolve to the surface of the perovskite.

Figure 4-22

SEM images LSPT02: a. as prepared, b. after reduction

4.5.2 LSPT03
Figure 4-23 shows the XRD patterns of as prepared LSPT03 and after it was reduced.
During the synthesis of LSPT03, it seemed that the perovskite was unable to
accommodate the high amount of A-site deficiency since the as prepared sample was
obviously not single phase according to its XRD pattern. There were very apparent
second phase peaks which might belong to La2Ti2O7 present in the XRD patterns of the
samples (see Figure 4-23). After the sample was reduced, the 2nd phase was still present
in its XRD pattern and there was no obvious change observed. It was difficult to decide
whether or not palladium was incorporated into the perovskite lattice since the peaks of
Pd overlapped with some of the peaks of the sample. More experiments need to be
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carried out in order to find out the answer. Although the sample was not single phase,
an attempt was still made to calculate its unit cell parameters with the Rietveld
refinement method (see Figure 4-24). The orthorhombic model seemed to provide a
reasonable fit for the sample and the unit cell parameters of the reduced sample were
also calculated based on the same model. According to the unit cell parameters of the
sample shown in Table 4-3, the unit cell volume of the sample had increased by 0.02%
after reduction.

Figure 4-23

XRD pattern of as prepared LSPT03 and after it was reduced

Figure 4-24

Rietveld refinement of as prepared LSPT03
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After studying the surface of the sample by SEM, it was found out that there were
nanoparticles (5-20 nm) present on the surface of the perovskite after reduction (see
Figure 4-25b). The composition of the nanoparticles was confirmed to be palladium
through TEM and EDX analyses, as shown in Figure 4-26. This suggests that the
palladium catalyst was incorporated into the LSPT03 lattice although the sample was
not pure phase. Despite the fact that LSPT02 and LSPT03 both are A-site deficient
perovskite, only the palladium incorporated in the sample LSPT03 managed to exsolve
to the surface of the perovskite after reduction. In order to find out the reason for this
behaviour, the stoichiometry of both samples was compared and it was found that
LSPT03 is more A-site deficient than LSPT02 which should provide a greater driving
force for the exsolution of B-site cations since A-site deficient perovskites are known
for promoting the segregation of B-site cations. Overall, it seemed that the
stoichiometry of LSPT03 was more favourable for the exsolution of B-site cations when
compared to LSPT02.

Another possible explanation is that A-site deficiency could not provide enough driving
force for oxidizing the palladium cations to 4+, and thus they were unable to fit in the
B-site. Palladium was doped into the LSPT03 in the form of Pd2+ in square planar 4-fold
coordination. The molecular formula of the synthesized LSPT03 then became
La0.6Sr0.1Ti0.97Pd0.03O2.97, which was even more oxygen deficient than the originally
planned formula. The perovskite may not have been able to accommodate so many Asite vacancies and oxygen vacancies at the same time, and so would have started to
reorganize its structure to maintain its stability. This explains why so much La2Ti2O7
was observed in the XRD pattern and corresponds well with the fact that there was no
palladium exsolution observed from LSPT02 after it was reduced. As for LSPT02, the
reason why there was little 2nd phase observed may be because it was less A-site
deficient and more thermodynamically favourable to form the single phase perovskite.
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Figure 4-25

Figure 4-26

SEM images LSPT03: a. as prepared, b. after reduction

TEM and EDX of reduced LSPT03: a. TEM of reduced LSPT03, b. EDX of palladium particles from

reduced LSPT03, c. EDX of the bulk of reduced LSPT03

4.6 Discussion and Conclusions
LSGPT was prepared in order to investigate the possibility of doping palladium into the
LSGT and exsolve it afterwards by reduction. According to the XRD analysis of the
product, a single phase of LSGPT had been achieved and Pd5Ga3 was generated after
reduction. However, the SEM result showed that there was a small amount of PdO in
the as prepared LSGPT. This may not have appeared in the XRD pattern if the PdO had
poor crystalline or small particle size.

Apart from Pd5Ga3 particles, palladium

nanoparticles were also observed by SEM, thus confirming the possibility of doping
palladium into the LSGT perovskite and exsolving it afterwards.
After confirming the possibility of incorporating palladium into the LSGT perovskite,
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LSGT10 with reduction pre-treatment was coated with palladium catalyst in air.
However, palladium did not dissolve into the perovskite even with an extended firing
time. The sample was then coated with palladium in oxygen with a longer firing time at
different temperatures (1000-1300 °C). Similar to nickel coating LSGT10, the
intensities of the coated catalyst peaks decreased as the firing temperature increased. At
1300 °C, the intensities of the PdO XRD peaks were very small. According to the SEM
images of the sample coated at 1300 °C, it seemed that palladium oxide was largely
dissolved into the perovskite. To ensure that all of the palladium may be incorporated
into the surface of the perovskite, a longer firing time in oxygen was applied to the
sample. At the same time, non-coated LSGT10 was fired together with the coated
sample for the purpose of comparison. According to XRD and SEM analyses, there was
no obvious difference between the palladium coated samples which were fired for
different lengths of time. However, after reduction, it was very obvious that there was
more nano particle exsolution from the sample which had been heated in oxygen for a
longer period. No nano particle exsolution or any other 2nd phase was observed from the
blank sample, confirming that the exsolved nanoparticles from the palladium coated
sample were palladium rather than other elements in the perovskite. This proved that the
palladium did diffuse into the LSGT10 perovskite on oxidation and exsolve after
reduction.

In order to understand the mechanism of palladium incorporation in the A-site deficient
titanate, LCPT01, LSPT01, LSPT02 and LSPT03 samples with different stoichiometry
were prepared and studied based on different assumptions. LCPT01 and LSPT01 were
prepared based on the assumption that Pd2+ was incorporated in the perovskite with
square planar 4-fold coordination environments. When the experiment was designed,
each palladium cation was coupled with 2 oxygen vacancies in the perovskite. If
palladium was doped in the perovskite in this way, LCPT01 and LSPT01 should both be
single phase after synthesis. Palladium was successfully doped into LSPT01 with a very
small amount of rutile as 2nd phase. However, in the case of LCPT01, it was found that
not all of the palladium had been incorporated as originally designed. The reason for
this phenomenon might be due to the fact that the calcium cations on the A-site of
LCPT01 are smaller than the strontium cations in LSPT01. Therefore, the host matrix of
LCPT01 was smaller than that of LSPT01 and there was limited space available for the
palladium to fit into the perovskite in LCPT01.
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The other assumption about the mechanism of palladium doping the A-site deficient
titanate was that the A-site deficiency would oxidize the palladium to higher valence,
and therefore the palladium cations would be able to fit into the B-site of the perovskite
with octahedral 6-fold coordination. LSPT02 and LSPT03 were prepared to investigate
this assumption. The experiment results suggested that not all of the palladium was
doped into the LSPT02 and the doped palladium was unable to exsolve to the surface of
the perovskite after reduction. As for LSPT03, it seemed that palladium was
incorporated into the perovskite lattice at the sacrifice of re-organizing the composition
of the perovskite.

There is a possibility that palladium did go inside the lattice of the perovskite with the
aid of A-site deficiency oxidation. In this case, it seemed that perovskite was not able to
host that amount of A-site vacancies, and so the perovskite was not stable enough to
maintain its structure and La2Ti2O7 was generated as a 2nd phase instead. In this case,
the A-site deficiencies of the perovskite might be lower than originally planned, which
suggested that palladium might not require so many A-site deficiencies to be oxidized to
higher valence. However, according to the report from Battle et al [209], La0.6Sr0.1TiO3
is a stable phase which means that LSPT03 should be single phase if A-site deficiencies
did oxidize palladium to higher valence. Another possible explanation for the
experimental result is that the A-site deficiency was not able to oxidize the palladium to
4+ to allow it to fit into the B-site. The palladium was doped into the perovskite lattice
with the square planar 4-fold coordination instead. In this case, more oxygen vacancies
would have been introduced into the perovskite. It seemed that perovskite was still not
able to accommodate so many A-site and oxygen deficiencies at the same time and
reorganised its structure, generating the 2nd phase in the end.

By comparing the results of the experiments testing these two assumptions, it seems that
it is more likely for palladium to be doped into the A-site deficient perovskite when it
adopts the square planar 4-fold coordination in the perovskite. In addition, there might
also be a minimum size requirement for the size of the host lattice for the palladium to
fit in.
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Coating La0.4Sr0.4GaxTi1-xO3-x/2-σ (LSGT) with
ruthenium catalysts
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5.1 Introduction
Ruthenium has been widely used as a catalyst in many areas such as water electrolysis,
catalysed oxygen evolution reactions, gas reformation, etc. [210-215]. It is also a very
good candidate for replacing the noble metals in certain areas so as to decrease the cost
in practical applications, especially in PEM fuel cells [21, 33, 34, 214, 216-218]. In the
previous two chapters, it was proven possible to dope nickel and palladium catalysts into
the surface of reduced LSGT10 perovskite. It is also worthwhile to investigate the
possibility of doping ruthenium into the perovskite surface. However, the boiling point
of ruthenium oxide (RuO2) is 1200 °C. Above this temperature, the oxide will sublime.
As a result, one of the biggest challenges of coating the ruthenium catalyst into the
perovskite is to stabilize it, due to its instability at high temperatures [219]. However, the
ruthenium oxide may not sublime at high temperatures if it is incorporated into the
perovskite as the dopant at the beginning of the synthesis [210, 215, 220]. Whether or
not it is possible to get ruthenium oxide diffused into the LSGT10 perovskite lattice
from the surface before the catalyst starts to sublime still remains a challenge.

In order to find out the answer to the above question, different firing temperatures and
atmospheres were used when coating ruthenium into the reduced LSGT10 perovskite.
Before coating the ruthenium into the reduced LSGT10 perovskite, perovskite with a
nominal formula of La0.4Sr0.4Ti0.9Ga0.077Ru0.023O3-δ (LSGRT) was prepared by the solid
state method to explore the possibility of doping ruthenium into the A-site deficient
titanate and exsolving it afterwards. Then VT-XRD was used to investigate the structural
change of ruthenium impregnated LSGT10 perovskite at different temperatures so as to
find out the temperature at which ruthenium would enter the perovskite lattice from its
surface in air. Since the highest firing temperature the VT-XRD instrument could be
programmed to was 1100 °C, the changes in the structure and morphology of the
ruthenium coated perovskite at higher temperature were investigated by firing the
samples in the furnace in air followed by XRD and SEM at room temperature. After the
samples were fired at high temperatures to coat ruthenium into the perovskite, they were
reduced in 5% H2 to allow the exsolution of the ruthenium which had been LSGT10
perovskite at high temperatures to exclude the possibility of ruthenium oxide
volatilization when coating the sample in air.
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5.2 Experimental Section
5.2.1 Solid state synthesis of LSGRT
The LSGRT was synthesized via the same solid state method as LSGT, which was
mentioned in Chapter 2.1. It is worth noting that the ruthenium source in the synthesis
process was ruthenium nitrate in nitric acid solution and it was added into a beaker
before the addition of the other dried solid powder mixture. The mixture of all the
components then went through an ultrasonic probe following the same solid synthesis
procedure as LSGT.

5.2.2 Coating LSGT10 with ruthenium catalyst
Ruthenium was coated into the LSGT10 perovskite pellets via the same method of
coating Ni2+ into the LSGT10 perovskite (see Chapter 2.4). The as prepared LSGT10
pellets were first reduced at 950 °C in 5% H2. After the samples were impregnated with
ruthenium nitrate, they were fired at different temperatures. In the cases where the
coating atmosphere was air, firing temperatures between 1000 °C – 1300 °C were
employed for 6 h to allow the impregnated ruthenium to diffuse into the perovskite.
Where the coating atmosphere was 5% H2, the samples were fired at 1000 °C or
1300 °C for 12 h.

5.2.4 Reduction
In this chapter, the reduction of most of the samples after they were doped or coated
with ruthenium catalyst was carried out in 5% H2 at 930 °C for 30 h in the tube furnace
for the purpose of studying normal exsolution. However, when the samples were
reduced at higher temperatures (1000 °C or 1300 °C) with the purpose of exsolving
ruthenium particles, they were reduced in a tube furnace in 5% H2 for 20 h.

5.3 Ru containing perovskite synthesis investigation
The XRD patterns of the as prepared LSGRT and the sample after it was reduced are
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displayed in Figure 5-1. A single phase of LSGRT was obtained according to the XRD
result. The incorporation of ruthenium into the perovskite did not dramatically change
the lattice structure of the perovskite. There was no 2nd phase observed from the
synthesized sample which indicated that ruthenium was successfully doped into the
perovskite. This is not surprising since the ionic radius of ruthenium (Ru4+ = 0.62 Å,
CN=6) is close to that of titanium (Ti4+ = 0.605 Å, CN=6). After reduction, no obvious
structural change or 2nd phase was discovered from the XRD pattern either. It is difficult
to decide whether or not ruthenium had exsolved from the perovskite since the amount
of ruthenium added in the perovskite was quite small. If the ruthenium had exsolved
from the perovskite, depending on the amount of ruthenium exsolution, it might be
below the detection limit of the XRD equipment and may not show up in the XRD
result. Another characterization technique was required to clarify the results. After
refining the unit cell, the unit cell parameters of LSGRT are shown in Table 5-1. As a
result of reduction, the unit cell volume of the perovskite was increased by 0.12%.
Compared to LSGPT whose unit cell volume was increased by 0.03% (see Chapter 4), it
seemed that the addition of ruthenium dopant into the perovskite increased its
reducibility. This hypothesis is supported by recent reports which have demonstrated
that ruthenium would generate rotational and Jahn−Teller distortions in the perovskite
structure leading to the distortions of the oxygen and La-O coordination and weaker
metal-oxygen bonds. As a result, the anionic mobility was increased thus improving the
reducibility of the perovskite [221, 222]. This could have been better verified if there
was experimental data of the unit cell volume change of the undoped LSGT10 under the
same reduction condition. Unfortunately, it was not possible to obtain the data due to the
time limitation.

In order to see if any ruthenium particles had exsolved from the perovskite, the
morphology of the perovskite was studied by SEM as shown in Figure 5-2. The
surface of the as prepared perovskite was clean after synthesis according to Figure 52a. However, after reduction, there was no sign of nanoparticles on the surface of the
perovskite grains either (see Figure 5-2b). In nickel or palladium coated or doped
LSGT perovskite, the exsolution of the corresponding catalyst nanoparticles were
observed after the samples were reduced in 5% H2. However, in the case of the
ruthenium dopant, there was no sign of ruthenium exsolution from the perovskite
after reduction. One possible explanation was that the ruthenium was very stable in
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the perovskite lattice and so it requires a greater driving force in order to be separated
from the perovskite lattice. The ionic radii of different cations in various possible
coordination environments are compared in Figure 5-3. In the nickel coated sample,
the valence of nickel was assumed to be 2+ with a 6-fold octahedral coordination
environment, the same as when it was doped in another A-site deficient strontium
titanate with a similar structure and composition [76]. While in the palladium doped
sample, according to the previous chapter, palladium should be 2+ with a square
planar coordination environment. As for LSGRT, the ruthenium was assumed to be
4+ with a 6-fold octahedral coordination environment since RuO2 is the only stable
form compared to all of the other ruthenium oxides [223]. According to Figure 5-3,
the radius of Ru4+ (CN = 6) is the closest to that of Ti4+ (CN = 6). Therefore, it is
more stable in the perovskite lattice compared to Ni2+ (CN = 6) and Pd2+ (IV SQ). As
a result, ruthenium did not exsolve from the LSGRT perovskite after reduction.

Figure 5-1

XRD patterns of LSGRT: a. as prepared LSGRT, b. LSGRT after reduction
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Treatment of

Space group

LSGRT

Unit cell

Unit cell

parameters

volume (Å3)

(Å)
a=7.7839 (5)
I2/a

As prepared

b=5.5046 (3)

90.098 (6)

235.79 (4)

90.063( 6 )

236.08 (4)

c=5.5031 (4)
a=7.7861 (6)
After reduction

I2/a

b=5.5068 (3)
c=5.5060 (3)

Table 5-1 Unit cell parameter of LSGRT under different experimental treatment

Figure 5-2

SEM images of LSGRT under different experimental treatment: a. as prepared LSGRT, b.

reduced LSGRT
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Figure 5-3 Ionic radii vs. coordination number for ruthenium cations and other possible cations on the B-site of
perovskite. The characteristic regions for B-site cations are emphasized and labelled. The effective ionic radii
are from Shannon [60]

5.4 Investigation into coating LSGT10 with ruthenium
Even if no ruthenium exsolution was observed from the reduced LSGRT, the possibility
of ruthenium entering the lattice of the LSGT perovskite has been proven. Coating
ruthenium into the reduced LSGT10 would be carried out at lower temperatures.
Therefore, if the ruthenium can be doped into the perovskite from the surface, it should
be less stable than the ruthenium cations in LSGRT since the ruthenium would only
exist in the surface part of the perovskite. The chance of ruthenium exsolving from the
ruthenium coated perovskite should be thus higher. Therefore, the possibility of coating
ruthenium into the LSGT10 perovskite and exsolving it from LSGT10 afterwards was
explored in this section.
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5.4.1 In-situ VT-XRD investigation of LSGT10 coated with
ruthenium catalyst at different temperatures in air
Since the volatilization of RuO2 will happen when it is heated above 1200 °C [219], it is
worth investigating the temperature at which the ruthenium will start entering the lattice
of the LSGT10 perovskite. In order to answer this question, in-situ VT-XRD was carried
out on 950 °C reduced LSGT10 which had been impregnated with ruthenium. For the
purpose of comparison, as prepared LSGT10 was also studied by VT-XRD following
the same heating procedure as the ruthenium coated sample. Figure 5-4 shows the insitu XRD patterns of ruthenium coated LSGT10 which have been heated at different
temperatures. The VT-XRD patterns of as prepared LSGT10 are not shown here since
they are very similar to that of ruthenium coated LSGT10. According to the XRD
patterns of the sample, there was no sign of RuO2 or any other 2nd phase showing up
throughout the heating procedure. As the heating temperature increased, the XRD
patterns of the sample started shifting towards the left, which should be caused by the
thermal expansion of the perovskite lattice.

It is notable that RuO2 was not observed in the VT-XRD patterns even at room
temperature. In order to exclude the likelihood of RuO2 evaporating even during the
impregnation at low temperature, the sample which was impregnated with ruthenium at
low temperature was studied by the Cu-Kα X-ray source XRD and SEM at room
temperature. According to the XRD result, very obvious peaks of RuO2 were observed
(see Figure 5-7a). Meanwhile, the SEM result also agreed with the XRD result since
very obvious RuO2 particles can be seen on the surface of the perovskite grains after
impregnation (see Figure 5-5). Therefore, the fact that RuO2 was not present in the VTXRD even at room temperature was not caused by material loss during the impregnation
stage.

One possible explanation for this absence may be due to the fact that the resolution of
the VT-XRD instrument (Mo-Kα X-ray source) was not as high as the instrument which
used Cu-Kα X-ray source. In addition, laboratory X-ray sources are generally not as
intense as other X-ray sources e.g. synchrotron X-ray sources. Therefore, their
penetration depth depends on the mass absorption coefficient of the sample and the
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incident angle of the X-ray beam. The high atomic number elements have higher mass
absorption coefficient compared to the elements with lower atomic number [224, 225].
Therefore, the way the sample was prepared may also contribute to the absence of RuO2.
In order to make sure that the surface of the sample was flat even at high temperatures
throughout the experiment, the sample was crushed from a porous pellet into powder.
The impregnation procedure at low temperature only provided a layer of RuO2 particles,
which acted like a shell, lying on the surface of the perovskite grains. When the sample
was crushed into powder, the shell was also broken and not able to cover every side of
the perovskite grains anymore. Instead, a large proportion of the bulk of the LSGT10
perovskite was exposed to the X-ray beam during scanning due to the random
distribution of the particles in the sample powder. Obviously lanthanum in the bulk
material is higher in atomic number than ruthenium. Other elements in LSGT10 also
have relatively high atomic numbers which meant a strong absorption of the X-ray. This
may lead to a full absorption of X-ray before it reached the RuO2. As a result, it was not
present in the VT-XRD patterns.

After refining the VT-XRD results of the samples, the changes in the unit cell volumes
of the perovskites at different temperatures are shown in Figure 5-6. According to the
graph, the unit cell volume of ruthenium coated LSGT10 was similar to that of the as
prepared LSGT10 at room temperature before the samples were heated in air. As the
samples were heated at high temperatures, the unit cell volume of ruthenium coated
LSGT10 was always larger than that of as prepared LSGT10. There was no obvious
difference in the trend of the unit cell volume change between both samples until when
the temperature was increased to 1100 °C. The unit cell volume of ruthenium coated
LSGT10 became smaller with time when the sample was heated at 1100 °C for the first
6 h. It seemed that 6 h was enough for the sample to reorganize its structure, since there
was a very small difference in the size of the unit cell when the sample was heated for 8
h compared to when the sample was heated for 6 h. The unit cell volume of the as
prepared LSGT10 remained basically the same even when the sample was heated for
longer. Interestingly, when the samples were cooled down, the unit cell volume of the
ruthenium coated sample became smaller than that of the as prepared LSGT10.

The ruthenium coated LSGT10 perovskite unit cell may have been larger than that of as
prepared LSGT10 at high temperatures due to the fact that the former was reduced at
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950 °C before coating. The unit cell of the LSGT10 perovskite was, therefore, increased
by the initial reduction pre-treatment. The later firing treatment including ruthenium
impregnation and VT-XRD could not provide enough driving force for the perovskite to
reorganize its structure. When the coating temperature was increased to 1100 °C, it
seemed that the temperature was high enough for the sample to reorganize its structure.
However, there was still not a strong enough driving force for ruthenium to enter the
perovskite. As a result, the perovskite restructured itself to accommodate the oxygen
and Ga deficiencies from the pre-treatment, which lead to the shrinkage of the unit cell
at 1100 °C and after the sample was cooled down.

Alternatively, the ruthenium may have entered the perovskite at 1100 °C. Since the Xray analysis only scanned the surface of the sample, the information collected by the
instrument was only able to reflect the structural change on the surface of the sample.
However, the ruthenium may not have had enough energy to diffuse to the other side of
the perovskite powder particles, and thus was unable to change the structure of the
perovskite and be detected by XRD. The surface of the sample which was exposed to
the X-ray would still reorganise its structure to accommodate the deficiencies in the
perovskite. Consequently, the shrinkage of the unit cell of the sample at 1100 °C and
after it cooled down to room temperature was observed from the XRD results.
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Figure 5-4 The in situ VT-XRD patterns of LSGT10 perovskite pre-coated with ruthenium during heating stage
from room temperature to 1100 °C

Figure 5-5 SEM images of 950 °C reduced LSGT10 impregnated with ruthenium before firing at high
temperatures
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Figure 5-6 The change of unit cell volumes of 950 °C reduced LSGT10 coated with ruthenium and as prepared
LSGT10 at different temperatures in VT-XRD

5.4.2 Investigation of LSGT10 coated with ruthenium catalyst at
higher temperatures in air
Since it is difficult to tell if ruthenium had entered the perovskite lattice at high
temperatures via VT-XRD, the samples were instead heated in air at different
temperatures in the form of pellets. Based on the result from VT-XRD, heating for 6 h
was enough for the ruthenium to enter the perovskite lattice and for the sample to
restructure itself. A STOE X-ray diffractometer with a Cu-Kα X-ray source was used for
studying the structural changes of the samples at room temperature.

The XRD patterns of the samples coated with ruthenium at different temperatures are
shown in Figure 5-7. According to Figure 5-7a, very obvious RuO2 peaks were observed
when the sample was impregnated with ruthenium at low temperature. As the samples
were fired at higher temperatures, the intensities of the peaks of RuO2 decreased
dramatically, even at 1100 °C. At 1200 °C and 1300 °C, no RuO2 peaks can be observed.
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After reduction, there was no 2nd phase observed in the XRD (see Figure 5-7b). It is
difficult to identify whether ruthenium had exsolved from the perovskite from the XRD
patterns since the most intense XRD peaks of ruthenium metal overlapped with the
peaks of the sample holder under these experimental conditions.

Figure 5-8 shows the unit cell volume change of the 950 °C reduced LSGT10
perovskite when it was coated with ruthenium at different temperatures. According to
the graph, the unit cell of LSGT10 shrank as the firing temperature increased. Since the
6-fold coordinated Ru4+ has the same cation radius as 6-fold coordinated Ga3+ (see
Figure 5-3), the fact that the unit cell parameter became smaller at higher temperatures
indicated that the ruthenium may have gradually entered the perovskite at higher firing
temperatures. Alternatively, it may be a result of the LSGT10 perovskite being oxidized
and re-organising its structure after heating at high temperatures. However, the unit cell
volume of the sample which was coated at 1300 °C was still larger than that of the as
prepared LSGT10. If ruthenium did not enter the perovskite lattice, the unit cell volume
of the perovskite should be either the same as the as prepared LSGT10 perovskite or
smaller, since it lost Ga during the reduction pre-treatment leaving the perovskite with
less cations on the B-site and therefore smaller unit cells. On that basis, it seems more
plausible that ruthenium had entered the perovskite lattice from its surface at high
temperatures. The fact that the unit cell volumes of the samples were higher than that of
the as prepared LSGT10 may be caused by the fact that Ru4+ has higher valence than
Ga3+. Therefore, the perovskite which was doped by Ru4+ on the surface required more
oxygen ions to compensate for the extra charge. Assuming that all the ruthenium had
replaced the Ga3+ cations lost on the surface of the perovskite, the molecular formula of
the perovskite then became La0.4Sr0.4Ti0.9Ga0.077Ru0.023O2.962 versus that of the LSGT10
(La0.4Sr0.4Ti0.9Ga0.1O2.95). It is therefore obvious that, after the ruthenium had filled in
the gallium cation vacancies, the perovskite gained more oxygen, leading to a larger
perovskite unit cell.
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Figure 5-7 a. XRD patterns of 950 °C reduced LSGT10 coated with ruthenium in air for 6 h at different
temperatures, b. XRD patterns of 950 °C reduced LSGT10 coated with ruthenium in air for 6 h at different
temperatures after reduction for exsolution
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Figure 5-8

The change of unit cell volumes of 950 °C reduced LSGT10 as a function of coating temperature

after it was coated with ruthenium in air for 6 h

The morphologies of the 950 °C reduced LSGT10 perovskite coated with ruthenium at
different temperatures are shown in Figure 5-9. Compared to the ruthenium dioxide
particles observed from the sample which was impregnated with ruthenium at low
temperature (see Figure 5-5), the ruthenium dioxide particles on the surface of the
sample which was coated with ruthenium at 1100 °C are much bigger (see Figure 5-9a).
Unlike the nickel or palladium coated LSGT10, the ruthenium had already started to
agglomerate even when the sample was coated at 1100 °C. In addition, it seemed that
there were fewer ruthenium dioxide particles left on the surface of the perovskite grains
compared to when the LSGT10 perovskite was coated with nickel or palladium
catalysts. At 1200 °C, there were basically no ruthenium oxide particles apparent on the
surface of the perovskite (see Figure 5-9b). As the heating temperature increased, the
surface of the perovskite was free of ruthenium oxide particles (see Figure 5-9c). Figure
5-10 shows the morphologies of the 950 °C reduced LSGT10 perovskite coated with
ruthenium at different temperatures after reduction. Similar to LSGRT, there were no
ruthenium nanoparticles observed from the samples which were coated at different
temperatures.
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There are two possible explanations why no ruthenium nano particle exsolution was
observed after exsolution reduction. The first one is based on the assumption that
ruthenium was successfully doped into the LSGT10 perovskite from its surface. In this
case, the ruthenium may have diffused into the bulk of the LSGT10 perovskite due to
the longer heating time compared to that of the nickel coating procedure. So the
ruthenium was stabilized in the lattice of the perovskite and unable to exsolve after
reduction due to its closer ionic radius to Ti4+ (CN = 6) compared to that of Ni2+ (CN =
6) and Pd2+ (IVSQ) (see Figure 5-3). The other possible explanation is based on the
assumption that ruthenium was not doped into the LSGT10 perovskite from its surface.
It has been reported that RuO2 would start losing weight even at 1050 °C, and it is
possible that RuO2 started to evaporate when the sample was heating at high
temperatures before it was able to enter the perovskite lattice [219]. As a result, the
ruthenium was not doped into the surface of the perovskite and evaporated instead.
More experiments have been carried out to address this issue and will be explained in
later sections.
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Figure 5-9

SEM images of 950 °C reduced LSGT10 coated with ruthenium in air for 6 h at different temperatures, a. coated with ruthenium at 1100 °C, b. coated with

ruthenium at 1200 °C, c. coated with ruthenium at 1300 °C

Figure 5-10 SEM images of 950 °C reduced LSGT10 coated with ruthenium in air at different temperatures for 6 h after 2nd reduction for 30 h, a. coated with ruthenium at
1100 °C, b. coated with ruthenium at 1200 °C, c. coated with ruthenium at 1300 °C
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5.4.3 Investigation of coating LSGT10 with ruthenium catalyst in
5% H2
The boiling point of ruthenium metal is 4150 °C, which is much higher than that of
RuO2 [226]. Therefore, the ruthenium nitrate impregnated samples were fired in 5% H2
at high temperatures (1000 °C and 1300 °C) to explore the possibility of doping
ruthenium into the perovskite from its surface in reducing atmosphere, although Ru
metal would be less likely to react with the oxides. This experiment also serves as a
point of comparison for when the perovskite was coated with ruthenium in air. In
addition, the possibility of the volatilization of RuO2 when the sample was coated in an
oxidizing environment can be minimised as well. The morphologies of the samples after
they were fired in 5% H2 were first studied by SEM since the technique could provide a
very straightforward view of whether or not ruthenium had entered the perovskite lattice
(see Figure 5-11). According to Figure 5-11, the ruthenium particles remained on the
surface of the perovskite after firing. Likewise, when the sample was heated at 1300 °C,
it seemed that the ruthenium was still present on the surface, also at the grain
boundaries, suggesting a surface migration during thermal treatment. The samples were
also examined by backscattering in the SEM. According to the results, the reducing
atmosphere turned the RuO2 into well dispersed metallic particles which stayed mainly
on the grain boundaries instead of the surface of the perovskite grains (see Figure 5-12).

Figure 5-11

SEM images of 950 °C reduced LSGT10 coated with ruthenium in 5% H2 at different temperatures

for 12 h, a. coated with ruthenium at 1000 °C, b. coated with ruthenium at 1300 °C

120

Chapter 5 Coating La0.4Sr0.4GaxTi1-xO3-x/2 (LSGT) with ruthenium catalyst

Figure 5-12

Backscattering images of 950 °C reduced LSGT10 coated with ruthenium in 5% H2 at different

temperatures for 12 h, a. coated with ruthenium at 1000 °C, b. coated with ruthenium at 1300 °C.

5.4.4 Ru exsolution from LSGT investigation
Since there was no exsolution observed from any of the ruthenium coated samples, it
was suspected that the ruthenium may have evaporated during heating at high
temperatures since the boiling point of ruthenium oxide is 1200 °C and it will
decompose above that temperature if it is not stabilized in the perovskite. It was not yet
known whether the B-site vacancies created by the Ga loss would provide a great
enough driving force for the ruthenium to enter the perovskite lattice before it
decomposed. In order to confirm that ruthenium had been doped in the surface of the
perovskite, the ruthenium coated samples were studied by EDS after they were reduced
in 5% H2 for 30 h (see Figure 5-13). According to Figure 5-13, ruthenium was detected
in samples which were coated at all temperatures. Therefore, it can be confirmed that at
least some of the ruthenium was doped into the surface of the perovskite. The next
challenge was to exsolve the ruthenium from the perovskite.

In order to promote the ruthenium exsolution from the perovskite, higher reduction
temperatures were applied to LSGRT and 950 °C reduced LSGT10 which was coated
with ruthenium at 1200 °C. The reason that the latter material was chosen, instead of
samples which had been coated at different coating temperatures, was because at this
temperature it seemed that the ruthenium had only just started entering the lattice of
LSGT10. This may make it easier for ruthenium to exsolve from the perovskite since it
may still be in the surface layer of the perovskite. According to the XRD and SEM
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results, not all of the ruthenium had diffused into the perovskite when the sample was
coated at 1100 °C, since the peak of ruthenium oxide can still be observed from the
XRD pattern of the sample and the ruthenium oxide particles were still present on the
surface of the perovskite. When the LSGT10 was coated at 1300 °C, it was possible that
ruthenium had diffused to the bulk of the perovskite, which placed it in a similar
situation to the ruthenium in LSGRT.

The morphologies of the samples reduced at different temperatures were studied by
SEM (see Figure 5-14). According to Figure 5-14a and Figure 5-14b, reducing at
1000 °C did not provide a great enough driving force for ruthenium to exsolve from the
perovskite. However, when the sample LSGRT was reduced at 1300 °C, two types of
particles were observed on the surface of the perovskite: nanoparticles, and particles
which had a similar morphology to the perovskite. The presence of the new particles on
the surface of the perovskite after reduction at high temperatures may be due to the fact
that, at 1300 °C, the perovskite structure was re-organized due to the high temperature.
Therefore, it seemed that ruthenium was very stable in the LSGT10 perovskite lattice
even if it was coated into the perovskite from its surface. One of the few possible ways
to exsolve it from the LSGT10 perovskite lattice was to reduce the ruthenium
containing sample at very high temperature. In this way, the perovskite would have
enough energy to re-structure itself since the other perovskite-like particle also exsolved
from the perovskite.

122

Chapter 5 Coating La0.4Sr0.4GaxTi1-xO3-x/2 (LSGT) with ruthenium catalyst

Figure 5-13

EDS of 950 °C reduced LSGT10 coated with ruthenium in air at different temperatures for 6 h after 2nd reduction for 30 h, a. coated with ruthenium at 1100 °C, b.

coated with ruthenium at 1200 °C, c. coated with ruthenium at 1300 °C
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Figure 5-14

SEM images of ruthenium containing perovskite which were reduced at higher temperatures for

20 h: a. LSGRT reduced at 1000 °C, b. 950 °C reduced LSGT10 coated with ruthenium at 1200 °C for 6 h which
was reduced at 1000 °C, c. LSGRT reduced at 1300 °C

5.5 Conclusions
In this chapter, single phase ruthenium doped strontium titanate LSGRT was
synthesized by solid state methods which confirmed the possibility of doping ruthenium
into the A-site deficient titanate. Due to sample preparation method, it was difficult to
identify if ruthenium was doped into the 950 °C reduced LSGT10 perovskite from its
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surface via VT-XRD. However, when the samples were studied in the form of pellets, it
was found that ruthenium had been doped into the 950 °C reduced LSGT10 at both
1200 °C and 1300 °C in air. This was confirmed by XRD and EDS. The 950 °C reduced
LSGT10 was also coated with ruthenium in reducing atmosphere. However, the
ruthenium oxide on the surface of the perovskite grains was reduced into metal particles
and did not enter the perovskite lattice.

Despite the fact that the ruthenium was doped into the perovskite in LSGRT, it was
difficult to exsolve it from the perovskite during reduction at 930 °C. Neither could the
ruthenium which was coated into the LSGT10 perovskite exsolve from the perovskite
under the same reducing conditions. This could be due to the fact that the ionic radius of
Ru4+ (CN = 6) is very close to those of the atoms on the B-site of the perovskite (Ga3+,
CN = 6 and Ti4+, CN = 6). Therefore, ruthenium is more stable in the perovskite lattice
compared to nickel and palladium, which were reported in the previous chapters. This
was confirmed by reducing the ruthenium coated sample at 1000 °C, where ruthenium
exsolution still could not be observed. The fact that nanoparticles were only present
when the sample was reduced at 1300 °C also supports this argument, since the
reducing temperature was finally high enough that the perovskite was able to reorganise
its whole structure.
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6.1 Introduction
The possibility of coating a different perovskite by a different method from the previous
chapters is going to be investigated in this chapter. The perovskite material to be coated
with catalyst was La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM), which was first reported by Tao and
Irvine [111]. This perovskite material has been demonstrated to show high electrical
conductivity in air and very good stability in both fuel and air conditions in high
temperature fuel cells environments. It is a very promising replacement material of the
traditional Ni-YSZ electrode material which has problems with carbon deposition and
poor redox tolerance in SOFC. However, one of the drawbacks of the material is that it
shows poor electronic conductivity and ionic conductivity in reducing atmosphere [111,
227, 228]. In addition, another major limitation of the material is its insufficient
catalytic activity when acting as an electrode material, as has been reported by McIntosh
et al [229]. Strategies to enhance the catalytic activity of the LSCM material involve
impregnating the catalyst onto the surface of the material or doping the catalyst into the
material [88, 230, 231].

According to Barison et al, the catalytic activity and selectivity of the LSCM perovskite
was notably improved by dispersing Ru catalyst on the surface of the perovskite with a
microwave assisted method. The Ru catalyst existed in the form of the metal
nanoparticles on the surface of LSCM perovskite after the coating procedure. However,
partial agglomeration of the Ru metal nanoparticles was observed after the catalytic test
of the sample [231]. A report from Monteiro et al suggests that the electronic transport
and catalytic properties of the perovskite can be improved by replacing the B-site
cations of the perovskite with Ru. Ru nano particle exsolution was also observed after
the sample was heated in a reducing atmosphere [88]. It is almost beyond doubt that the
addition of catalyst to the perovskite will help to improve the performance of the
perovskite and ruthenium has been one of the most common catalysts used for this
purpose [112, 231-234]. The challenge of the current situation is how to use smaller
amounts of catalyst while achieving higher performance of the perovskite and
maintaining the stability of the catalyst on its surface.

One of the possible solutions to the problem above is to dope the catalyst into the
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perovskite from its surface, thus forming a core-shell structure with a catalyst doped
shell. Boulfard et al have observed Ni nanoparticles on the surface of LSCM after
mixing nickel nitrate solution with the LSCM and CGO in a ball mill followed by heat
treatment in oxidising atmosphere and reduction in H2. It seemed that the Ni formed a
solid solution with the A-site deficient LSCM during firing in air and then exsolved on
the surface of the perovskite after the sample was treated in the reducing atmosphere
[96]. If that is the case, it should be possible for other catalysts with similar cation sizes
to be doped into the LSCM perovskite from its surface in the same way. When nickel
reacted with the perovskite, the procedure can be illustrated as the equation shown
below:

The nickel oxide reacted with the perovskite in an oxidising atmosphere at high
temperature and formed a new solid solution containing the catalyst in the perovskite
structure. One of the possible reasons for the realization of the above equation is that the
perovskite is known for its abundance of different cations on its A-site and B-site. One
of the other possible driving forces for the formation of the perovskite based on the
above equation is Schottky defects in the perovskite, since these naturally exist in the
perovskite and stabilize its crystal structure. In addition, another possible contributor to
the formation of the nickel containing LSCM solid solution in the paper may be the ball
milling process adopted in the experiment. Ball milling can enhance the homogeneity of
the mixture and break the agglomerates of the perovskite thus increasing the contact
surface between different components in the reagent. Another advantage of the ball
milling process is that it will create more defects in the perovskite, thus making it easier
for the catalyst to react with the perovskite [235, 236].

When the nickel catalyst exsolves from the LSCM perovskite, the process can be
illustrated by Eq 6-2,

This means that the reaction of nickel catalyst with LSCM perovskite is reversible. In
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LSCM, the Mn on the B site is known to reinforce the oxide ion mobility in the
perovskite since Mn can adopt lower coordination environments [237]. Therefore,
compared to the strontium titanate based perovskite in which titanium has a stronger
preference for 6-fold coordination environment, it is more likely for ruthenium to be
coated into the LSCM perovskite and exsolve after reduction.

The idea of the experiment is shown below in Figure 6-1. LSCM with a known
perovskite grain size was first coated with ruthenium catalyst. Upon heating, the
ruthenium started to enter the LSCM grains to form a surface core-shell structure with
LSCM as the core and Ru doped LSCM as the thin shell. The assumed molecular
formula of the shell was La0.75Sr0.25Cr0.5Mn0.5Ru0.05

(LSCMRu0.05). After

normalizing the B-sites, the perovskite in the shell would become A-site deficient. In the
perovskite grain, 20% of the grain size in diameter was assumed to be LSCMRu0.05.
The amount of Ru used in the experiment was then 1.08 wt% with respect to LSCM.
After reduction, the ruthenium particles are expected to separate from the perovskite
and form nanoparticles on the surface of the perovskite. The nanoparticles would redissolve into the perovskite lattice, forming the core-shell structure again upon reoxidation. The nano particle exsolution process would be reversible so that the
ruthenium catalyst can go back into the perovskite upon heating in air and exsolve upon
reduction.

It is a widely held view that a larger active surface area will give rise to higher
performance in both fuel cell and catalysis applications. In order to ensure the high
surface area of the sample, the perovskite was prepared by an adaptation of a previously
reported combustion method instead of the solid state method [166]. The average
particle size of LSCM was then estimated by SEM so as to decide the amount of
ruthenium to be coated onto LSCM. After the LSCM was mixed with ruthenium
catalyst, VT-XRD was used to detect the structural change of LSCM when it was coated
with ruthenium catalyst at different temperatures, thus probing the temperature at which
the ruthenium would dissolve in or exsolve from the perovskite. The possibility of reoxidising ruthenium back into the perovskite and re-exsolving it afterwards was also
explored by in-situ VT-XRD. SEM, TEM, EDS and TGA were used to study the
structural and morphological change of the sample. Uncoated LSCM was also studied
by VT-XRD and TGA for the purpose of comparison.
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Figure 6-1 Illustration of reversible process of ruthenium catalyst doping LSCM perovskite from the surface
and exsolve afterwards as nanoparticles

6.2 Experimental section (VT-XRD procedure)
The method of preparing the sample was the same as for the ruthenium coated LSGT
perovskite in the previous chapter. The only difference was that the sample was
naturally a very fine powder and did not need to be crushed. All of the samples in the
experiment were heated at a ramp rate of 10 °C/min in the VT-XRD instrument. The
heating program for the in situ VT-XRD investigation of the structural change of the
samples is shown below. First of all, the sample was heated in air to observe the
structure and phase change of the sample from room temperature to 1100 °C, in order to
determine the temperature at which Ru would diffuse into the perovskite. After cooling
down to room temperature, the sample was heated to the selected high temperature in 5%
H2 to observe the structure and phase change of the sample at different temperatures and
find temperature at which the Ru catalyst would exsolve from the perovskite. After
collecting the XRD data of the sample at high temperatures in a reducing atmosphere,
the gas in the VT-XRD instrument was switched to air. A quick re-oxidation was carried
out at the same temperature with a 2 theta range of 9-25 degrees to explore the
reversibility of ruthenium entering the perovskite. The sample was heated for 4 h and
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the data were collected every one hour before the atmosphere was changed back to 5%
H2. After measuring the XRD of the sample for four hours in the reducing atmosphere,
the sample was cooled down to room temperature in 5% H2. During the process of the
sample cooling down, the sample was also studied by VT-XRD in case there was any
structural change.

After finding out the temperature at which the ruthenium would diffuse into the
perovskite in air and exsolve in 5% H2, the LSCM perovskite pre-coated with ruthenium
was heated at the selected temperature in air for 11 h to allow enough time for all of the
ruthenium to diffuse into the perovskite. This also permitted an evaluation of the time
required for the ruthenium to diffuse into the perovskite in air. The sample was then
heated at the selected temperature for 20 h in 5% H2 to evaluate how long it would take
the ruthenium to exsolve from the perovskite. The sample was then re-oxidised for 11 h
and re-reduced for 20 h at the selected temperature to assess the possibility of the
exsolved ruthenium re-dissolving into the perovskite in air and exsolving again in a
reducing atmosphere. For comparison, in situ VT-XRD of as prepared LSCM was also
carried out using the same heating program as the LSCM pre-coated with ruthenium.

6.3 Methodology for comparing the structure of LSCM
It should be noted that the structure of LSCM will change from rhombohedral to cubic
when it is heated above 500 °C or reduced at high temperatures, as has been reported by
Tao and Irvine [238]. In order to compare the unit cells with different symmetries, a
pseudo cubic cell parameter (ap) is defined here. In this assumption, the perovskite is
assumed to have only one single ABO3 unit in a unit cell instead of multiple units in the
perovskite. The method of calculating the pseudo cubic cell parameter is listed below,

where Vuc is the volume of the real unit cell of the perovskite and nuc is the number of
ABO3 units contained within a real unit cell. As for LSCM, a real unit of the perovskite
at room temperature contains 6 ABO3 units. Therefore, nuc for the LSCM before its
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structural change should be 6.

6.4 Particle size analysis of LSCM
According to the experimental plan, the amount of ruthenium catalyst to be coated into
the LSCM perovskite depends primarily on the size of the perovskite particles. For that
reason, it is important to first evaluate the size of the LSCM perovskite particles before
coating it with ruthenium catalyst. Since the perovskite particle sizes are varied, the
average particle size is used as the criterion to decide the amount of the ruthenium
catalyst to be coated into the LSCM perovskite. In addition, all of the LSCM perovskite
grains are assumed to be spherical so that the diameter of the grains can represent the
size of the perovskite particles. Based on the above assumption, the particle size of the
perovskite was measured using the SEM images of LSCM. Figure 6-2 shows the
particle size distribution of the as prepared LSCM powder. The main particle size range
of the LSCM perovskite is between 200 and 300 nm. According to Figure 6-2, the
average particle size of the as prepared LSCM is 284 nm. Since the aim of the
experiment was to dope Ru into the surface of the LSCM perovskite forming
LSCMRu0.05 on the outside layer, the calculation of the weight percentage of
ruthenium catalyst to be doped into the perovskite is shown below.

There are multiple ways to calculate the weight percentage of ruthenium catalyst to be
doped into the perovskite and the method chosen for this work is shown below. It
assumes that the ruthenium catalyst has entered the surface of the perovskite forming a
core-shell structure with the shell consisting of LSCMRu0.05 while the core remained
as LSCM (see Figure 6-3). Since the mass increase of the shell caused by the addition of
ruthenium is very small, the molar mass and the density of the shell are hypothesized to
be the same as the LSCM so as to simplify the calculation process. The mass of the
ruthenium in the shell and the mass of the shell are mRu and ms respectively. First, the
weight percent of Ru catalyst in LSCMRu0.05 w1 is calculated as shown in Eq. 6-4,

The mass of the core and the whole grain is mc and mg respectively. Then the weight
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percentage of the shell in regards to the whole grain w2 is calculated as shown in Ed. 65,

Since the density of the shell is assumed to be the same as that of the core, Eq.6-5 then
becomes

where Vc is the volume of the core with dc being its diameter, and Vg is the volume of
the whole perovskite grain with dg being its diameter. Combining Eq.6-4 and Eq.6-6, the
weight percent of the ruthenium catalyst with respect to the whole perovskite grain w3 is

In the experiment plan, the depth of ruthenium diffused into the perovskite was assumed
to be 20% of the whole perovskite grains, therefore

. After substituting the

molar mass of Ru and LSCM into Eq 6-7, the weight percentage of the ruthenium with
regards to the whole perovskite grains is 1.08 wt%. The above method to calculate the
weight percentage of the ruthenium catalyst can also be used to calculate the amount of
other catalyst to be coated into the perovskite by replacing the molar mass of Ru with
the molar mass of the corresponding catalyst to be coated. In addition, the amount of
catalyst to be coated into the perovskite can be altered by changing the depth of
ruthenium diffusion under this experiment condition.
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Figure 6-2 SEM image of as prepared LSCM powder and the corresponding particle size distribution by image
analysis

Figure 6-3 A schematic diagram of the core-shell structure of LSCM perovskite with ruthenium doped LSCM in
the shell

6.5 In-situ VT-XRD investigation of LSCM coated with Ru
catalyst at different temperatures
Figure 6-4 shows the in situ VT-XRD patterns of LSCM pre-coated with ruthenium
during the heating from room temperature to 1100 °C. According to Figure 6-4, the
structure of the perovskite started to change from rhombohedral to cubic as the
temperature rose. At 1000 °C, the majority of the structure of the perovskite changed to
cubic. This agrees with the point that LSCM would change to a cubic structure above
500 °C, as has been reported earlier [238]. Apart from the structural change of the
perovskite with temperature, the intensities of XRD peaks of RuO2 also dropped as the
heating temperature went up. At 900 °C, no RuO2 peaks were observed any more.
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Above 900 °C, there were not any obvious structural changes according to the VT-XRD
patterns. This may indicate that as the temperature increased, the ruthenium started to
enter the perovskite grains. The temperature of 900 °C may provide sufficient driving
force for ruthenium to diffuse into the perovskite. After the VT-XRD cooled down to
room temperature, there were no RuO2 peaks observed in the VT-XRD patterns,
suggesting that ruthenium had diffused into the perovskite.

Figure 6-4

In situ VT-XRD patterns of LSCM pre-coated with ruthenium oxide during heating stage from room

temperature to 1100 °C

The VT-XRD pattern of the sample which was reduced at different temperatures in 5%
H2 is shown in Figure 6-5. According to Figure 6-5, at 600 °C, the XRD peaks of the
perovskite with Ruddlesden–Popper structure (K2NiF4) started to show up as a second
phase suggesting a structural change of the LSCM perovskite during the reduction. This
was not surprising since LSCM phases tend to break down when the oxygen content
drops below 2.75 [227]. There were many potential cation combinations for the 2nd
phase with K2NiF4 structure observed in the experiment, such as Sr2MnO4, Sr2CrO4,
Sr2RuO4, etc. The K2NiF4 will reflect main cations but will also yield MO where Mn is
likely but could be others that are easier to reduce [238]. As the temperature went up,
the intensities of the 2nd phase peaks became higher, suggesting that more 2nd phase was
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formed and the 2nd phase became more crystallized. Other than that, there were no
obvious changes observed from the VT-XRD patterns when the sample was reduced at
different temperatures.

Figure 6-5 In situ VT-XRD patterns of LSCM coated with ruthenium oxide during heating stage from room
temperature to 1000 °C in 5% H2

A quick re-oxidation of the sample was carried out at 1000 °C with the 2 theta range of
9-25 degrees (see Figure 6-6). The reason to collect the data at the above 2 theta range
was because it seemed to be the main 2 theta range where the obvious phase change of
the perovskite can be observed. Compared to Figure 6-5, the peaks of the 2nd phase with
K2NiF4 structure almost disappeared even if the sample was heated for only one hour.
As the sample was heated for longer, there was no obvious change according to the VTXRD. However, once the atmosphere inside the instrument was changed to 5% H2, the
same 2nd phase started showing up again within the 1st hour of heating in 5% H2,
indicating that this is a reversible process (see Figure 6-7). As the sample was reduced
for longer, the peak of the 2nd phase was getting sharper, implying that more 2nd phase
was formed and the 2nd phase was becoming more crystalline. When the sample was
cooling down, the XRD peaks of the sample kept shifting to the higher 2 theta angle,
suggesting that the unit cell of the perovskite was shrinking as the temperature getting
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lower. When the sample cooled down to room temperature, the 2nd phase was still
present in the perovskite XRD pattern.
There are a few possible explanations to the appearance of the 2nd phase. One possible
explanation is that the temperature at which the sample was reduced was too high
(above 900 °C), thus causing the decomposition of the perovskite. However, this could
not explain why the 2nd phase started showing up even when the sample was reduced at
lower temperatures (below 900 °C). In addition, the appearance of the 2nd phase seemed
reversible since it mostly disappeared during the re-oxidation process and emerged
again during re-reduction. Another possible reason for cause of the 2nd phase could be
that the ruthenium was doped into the perovskite from the surface and changed its
reducibility. Raj et al has reported that replacing La with Pr made it easier for LSCM to
decompose possibly due to the oxidation state drop of Mn caused by Pr4+ in as prepared
Pr0.75Sr0.25Cr0.5Mn0.5O3−δ [239]. Similarly, Ru4+ replacing Cr/Mn would have similar
effect which changed the extent of transition between Cr3+/Mn3+ and Cr3+/Mn4+, and
made the perovskite sample easier to be reduced. Further work is needed to confirm
which assumption is more plausible.

Figure 6-6

In situ VT-XRD patterns of LSCM coated with ruthenium during re-oxidation at 1000 °C in air

137

Chapter 6 Coating La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) with ruthenium catalyst

Figure 6-7

In situ VT-XRD patterns of LSCM coated with ruthenium during re-reduction at 1000 °C and

cooling down process in 5% H2

According to the VT-XRD patterns of LSCM perovskite coated with ruthenium at
different temperatures and different atmospheres, it seemed that there would be a phase
segregation of the perovskite producing another perovskite with the K2NiF4 structure
during the reduction process. The phase segregation seemed reversible since it
disappeared in the re-oxidation process and re-appeared during the re-reduction process.
However, has ruthenium been doped into the perovskite during the heating? Was the
phase segregation caused by ruthenium coating or not? The answer to the first question
will be given in the later discussion. The answer to the 2nd question will be provided in
the next section.

In order to better understand the structural change of the LSCM perovskite during the
coating, the VT-XRD data was refined and the change of the unit cell parameter of the
sample throughout the experiment was shown in Figure 6-8. According to Figure 6-8
section a, the unit cell volume of the perovskite increased as the temperature rose. At
1100 °C, the unit cell parameter stayed relatively the same even if the sample was
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heated for a longer time. When the sample was heated in 5% H2, compared to when
being heated in air, the unit cell parameter of the sample was generally larger when it
was reduced in 5% H2 at different temperatures, suggesting that the perovskite started
reducing even at 500 °C. Similar to when it was heated in air, the unit cell of the
perovskite was expanding as the sample was reduced at higher temperatures (see Figure
6-8 section b). At 800 °C, no obvious change was observed when the sample was heated
for a longer period of time. At 900 °C, there was a gradual rise in the unit cell
parameters as the perovskite was heated for an extended duration. The same trend was
also observed when the sample was reduced at 1000 °C. The expansion of the unit cell
in the reducing atmosphere should be due to the large number of oxygen vacancies (

)

and reduced cations on the B-site (Mn2+) generated during the reduction process [240].
In section c of Figure 6-8, there was a sharp drop in the size of the unit cell parameter
when the sample was re-oxidised. When the sample was reduced again, the unit cell of
the perovskite increased to the larger size once more (see Figure 6-8 section d). As the
sample was reduced for longer at 1000 °C, similar to when it was reduced for the 1st
time, the unit cell of the LSCM perovskite gradually grew larger due to the large
number of defects in the perovskite caused by reduction. During the cooling process, the
unit cell parameter of the sample decreased as the temperature dropped; this was due to
the reverse thermal expansion of the sample. In section e of Figure 6-8, when comparing
the unit cell parameter of the sample at room temperature, it revealed a slight increase in
the unit cell parameter of the perovskite after the LSCM perovskite was coated with
ruthenium at temperature indicating that ruthenium might be doped into the perovskite
from the surface.

According to the XRD result, it seemed that ruthenium started diffusing into the
perovskite when the temperature was above 900 °C. However, it was difficult to
confirm from the results that ruthenium had exsolved from the perovskite after
reduction. To identify if ruthenium had exsolved from the perovskite during reduction,
the reduced sample was examined by TEM and EDS to see if there were any exsolved
particles on the surface (See Figure 6-9). According to Figure 6-9, it can be confirmed
that the nanoparticles observed on the surface of the LSCM grains are ruthenium
particles. Combined with the VT-XRD results, it is almost certain that the ruthenium did
enter the LSCM grains when the ruthenium coated perovskite was heated in air. The
coated ruthenium was also able to exsolve from the perovskite during reduction.
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Figure 6-8

The change of the unit cell parameters of the LSCM perovskite when it was coated with

ruthenium throughout the experiment in VT-XRD: a. the LSCM perovskite was heated in air at different
temperatures after it was pre-coated with ruthenium; b. the sample was reduced in 5% H2 at various
temperatures; c. the sample was re-oxidised in air at 1000 °C; the sample was re-reduced in 5% H2 at 1000 °C
and cooled down in the same atmosphere; e. the unit cell parameter change of the sample at room
temperature

Figure 6-9 TEM and EDX images of ruthenium coated LSCM after reduction in 5% H2 in VT-XRD
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6.6 Investigation of ruthenium coating LSCM perovskite at
fixed temperature via VT-XRD
Although the possibility of Ru entering the LSCM perovskite at high temperature had
been confirmed, it was still unknown how long it would take for ruthenium to fully
diffuse into the perovskite and fully exsolve from the perovskite grains during reduction.
According to the unit cell change of the LSCM coated with ruthenium catalyst when the
perovskite was being reduced, it seemed that 4 h was not long enough for the sample to
be fully reduced since the unit cell was still expanding at the end of the reduction at
high temperatures (see Figure 6-8). In addition, it was still uncertain whether the
exsolved Ru would be able to go back to the perovskite again upon heating in air and
exsolve from the perovskite again upon reduction. In order to find the answer, another
in situ VT-XRD of ruthenium coating LSCM experiment was carried out at 1000 °C in
different atmospheres for a sufficient length of time.

The reason to choose 1000 °C instead of 900 °C as the temperature to investigate the
mechanism of ruthenium entering the perovskite was to ensure that the ruthenium had a
sufficient thermodynamic driving force to enter the perovskite grains in air and exsolve
from the perovskite in reducing atmosphere. The in situ VT-XRD patterns of ruthenium
coating LSCM at 1000 °C are shown in Figure 6-10a. According to Figure 6-10a, XRD
peaks of RuO2 were present at room temperature and during the 1st hour of heating at
1000 °C in XRD patterns of the sample. There was no sign of RuO2 after the sample
was heated for longer than 2 hours, suggesting that the ruthenium may have diffused
into the LSCM perovskite within the 1st hour of heating at 1000 °C. When the sample
was reduced in

5% H2 as shown in Figure 6-10b, a very small peak of the 2nd phase

perovskite with K2NiF4 structure showed up in the XRD pattern even during the first
hour of heating. Similar to the previous experiment, the intensity of the peak of the 2nd
phase slowly increased as the sample was reduced for the first 4 hours. However, when
the sample was reduced for more than 4 hours, very little change in the intensity of the
2nd phase peak was observed. After the sample was cooled down to room temperature,
the 2nd phase was still present in the XRD pattern. When the ruthenium coated LSCM
perovskite was re-oxidised in air, the 2nd phase perovskite which had K2NiF4 structure
disappeared immediately once the sample reached a temperature of 1000 °C (see Figure
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6-10c). No other phases were apparent in the VT-XRD patterns of the sample
throughout the whole re-oxidation process. When the sample was re-reduced in 5% H2,
the 2nd phase with K2NiF4 structure again showed up almost immediately and showed
similar behaviour as when the sample had been reduced in 5% H2 for the first time.
When the as prepared LSCM was heated in air, the VT-XRD patterns of it are similar to
that of ruthenium coating LSCM with the exception of RuO2 presence (see Figure 611a). When the sample was reduced in 5% H2, the 2nd phase perovskite with K2NiF4
structure was also observed in the XRD patterns, suggesting that its presence was not
purely caused by coating with Ru (see Figure 6-11b&d). However, the intensity of the
peak of the 2nd phase was smaller compared to the ones in the case of ruthenium coated
LSCM, thus indicating that the ruthenium coating process may promote the formation
of the 2nd phase in the perovskite even if it is not the direct cause of it. The 2nd phase
also disappeared within the first hour of heating of as prepared LSCM at 1000 °C during
re-oxidation. This further confirms that the 2nd phase perovskite with K2NiF4 structure
was the result of intergrowth of the LSCM perovskite itself when it was exposed to the
reducing atmosphere, rather than being influenced by ruthenium coating (see Figure 611c).
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Figure 6-10 In situ VT-XRD of Ru coating LSCM at 1000 °C under different atmospheres: a. ruthenium
coating LSCM in air, b. reduction of ruthenium coated LSCM, c. re-oxidation of ruthenium coated LSCM, d.
Re-reduction of ruthenium coated LSCM
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Figure 6-11 In situ VT-XRD of as prepared LSCM at 1000 °C under different atmospheres: a. heating LSCM in
air, b. reduction of LSCM, c. re-oxidation of LSCM, d. re-reduction of LSCM
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After refining the XRD patterns, the change of the unit cell parameters of ruthenium
coated LSCM and as prepared LSCM throughout the experiment is shown in Figure 612. According to Figure 6-12 section a, the unit cells of ruthenium coated LSCM and as
prepared LSCM both expanded quickly during the first 4 hours of heating, especially
the as prepared LSCM. After that, the unit cell parameters of both samples increased at
a much slower speed. The unit cell parameters of ruthenium coated LSCM are generally
larger when compared to those of as prepared LSCM. It seems that ruthenium entered
the perovskite very quickly at the beginning of the heating, therefore causing the unit
cell of ruthenium coated LSCM to be larger than that of uncoated LSCM (Ru4+ = 0.62 Å
(CN = 6) > Cr3+ = 0.615 Å (CN = 6) > Mn3+ = 0.58 Å (CN = 5) > Mn4+ = 0.53 Å (CN =
6)) [240, 241]. Since ruthenium entered the LSCM perovskite and took up space in the
unit cell of LSCM at the beginning of the experiment, there was less free space for the
ruthenium coated LSCM to expand in comparison to the uncoated LSCM. This explains
why the unit cell of as prepared LSCM grew faster at the beginning of the experiment
than that of ruthenium coated LSCM. According to section b of Figure 6-12, the
differences between the unit cell parameters of the ruthenium coated LSCM and
uncoated LSCM became much smaller when the samples were being reduced. This
indicated that the Ru had exsolved from the LSCM perovskite and so the unit cells of
both samples were closer in size. Interestingly, when the samples were re-oxidised, the
unit cell parameter of the ruthenium coated LSCM became smaller than that of the
uncoated LSCM (see Figure 6-12 section c). This may indicate that the ruthenium did
not go back into the perovskite during re-oxidation [242]. Hence, the unit cell of
ruthenium coated LSCM expanded by the Ru catalyst started shrinking when the sample
was re-oxidised. Even if the sample gained oxygen while heating in air, the oxygen
gained by the perovskite was not enough to make up for the volume loss caused by the
absence of ruthenium. As a result, the unit cell of ruthenium coated LSCM became
smaller than that of uncoated LSCM. Upon re-reduction, the unit cell parameter of
ruthenium coated LSCM again became larger than that of uncoated LSCM (see Figure
6-12 section d). In addition, the differences in the unit cell parameters of the two
samples became larger as the samples were reduced for longer, suggesting that the
ruthenium coated LSCM had better reducibility.

Throughout the course of the experiment the changes in the unit cell parameters were
monitored for both samples at room temperature (see Figure 6-12 section e). It can be
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noted that, after heating in air for the first time, the unit cell parameters of ruthenium
coated LSCM became larger than those of uncoated LSCM. This agrees with the trend
of unit cell parameters changes of both samples at high temperature, confirming that the
ruthenium did enter the LSCM perovskite. After reduction, the unit cell parameters of
ruthenium coated LSCM became smaller than those of the uncoated LSCM, indicating
that the ruthenium did exsolve from the perovskite. After re-oxidation, the unit cell
parameters of both samples became the same, suggesting that the exsolved Ru did not
go back into the perovskite. After re-reduction, the changes in the unit cell parameters
are the same as those of the samples after the first reduction, with the unit cell
parameters of the ruthenium coated LSCM becoming smaller than those of the uncoated
LSCM. It is worth pointing out that, after both reductions, the above trends at room
temperature were different from the trends observed at high temperature in reducing
atmosphere. The reason for this phenomenon might be due to the fact that the ruthenium
separated from the ruthenium coated LSCM during the reduction. The vacancies left by
ruthenium in the perovskite allowed more free space for the perovskite to expand at
high temperatures. When the temperature of the sample dropped, the unit cell of the
ruthenium coated LSCM also shrank more because of the vacancies. Therefore the unit
cell parameter of the ruthenium coated LSCM was smaller than that of the uncoated
LSCM at room temperature.
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Figure 6-12 The change of the pseudo cubic unit cell parameters of the ruthenium coated LSCM perovskite
and as prepared LSCM perovskite throughout the experiment in VT-XRD: a. the samples were heated in air at
1000 °C for 11h; b. the samples were reduced in 5% H2 at 1000 °C for 20 h; c. the samples were re-oxidised in
air at 1000 °C for 11h; d. the samples were re-reduced in 5% H2 at 1000 °C for 20 h; e. the unit cell parameter
change of the samples at room temperature

According to the VT-XRD results, it seemed that it took 4 hours for ruthenium to
completely enter the LSCM perovskite grains at 1000 °C. Once the ruthenium exsolved
from the perovskite in reducing atmosphere, it seemed unable to re-dissolve into the
perovskite lattice when it was again exposed in air at the same temperature. In order to
confirm this result, the morphology of the ruthenium coated sample was first checked
by SEM (see Figure 6-13). According to Figure 6-13a, the surface of the LSCM
perovskite was clean after it was coated with ruthenium catalyst at high temperatures.
After reduction, it seemed that there were some nanoparticles on the surface of the
perovskite (see Figure 6-13b). However, it was difficult to see them clearly. After reoxidation, the surface of the perovskite became clear again, suggesting that either
ruthenium had diffused back into the perovskite or it had become ruthenium oxide on
the surface of the perovskite (see Figure 6-13c). Since the particle sizes of the LSCM
perovskite and exsolved ruthenium catalyst were very small, it was difficult to tell from
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the SEM result. There seemed to be small amount of particles on the surface of the
perovskite after re-reduction (see Figure 6-13d). Unfortunately, due to the small size of
the LSCM perovskite particles, it was difficult to confirm the presence of ruthenium
nano particle exsolution.

Figure 6-13 SEM images of ruthenium coated LSCM under different experimental treatment: a. fired in air, b.
after reduction, c. after re-oxidation, d. after re-reduction

In order to confirm the composition of the particles on the surface of the perovskite after
reduction, the sample was studied by TEM (see Figure 6-14). The surface of the sample
was clear after heating in air according to Figure 6-14a. After reduction, nanoparticles
of ruthenium can be observed on the surface of the LSCM perovskite (see Figure 6-14b).
This agrees well with the results of the VT-XRD and SEM analyses. After re-oxidation,
no particles were observed on the surface while, according to the VT-XRD result, it
seemed that ruthenium nanoparticles did not go back into the perovskite after reoxidation (see Figure 6-14c). More experiments are needed to determine whether or not
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exsolved ruthenium nanoparticles are able to re-dissolve into the perovskite upon reoxidation. After re-reduction, the Ru nanoparticles showed up again on the surface of
the LSCM perovskite (see Figure 6-14d). The sizes of the ruthenium particles did not
increase upon further reduction, which is in agreement with the fact that exsolved
particles generally possess better long term stability in reducing atmospheres [81, 243].

Figure 6-14 TEM images of the ruthenium coated LSCM under different experimental treatment: a. fired in air,
b. after reduction, c. after re-oxidation, d. after re-reduction

In order to better understand the process of ruthenium coating LSCM, the ruthenium
coated LSCM and uncoated LSCM were also studied by TGA with the same heating
program as the in situ VT-XRD experiment (see Figure 6-15). When the samples were
heated in air, the weight of ruthenium coated LSCM increased before the temperature
reached 1000 °C, while there was a slight weight loss for the as prepared LSCM.
However, when the temperature reached 1000 °C, the weight of the ruthenium coated
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LSCM decreased, while there was no obvious change in the weight of the uncoated
LSCM perovskite throughout the heating at high temperature. This might be caused by
the partial evaporation of ruthenium oxide at high temperature due to its volatile nature.
After the samples were cooled down to room temperature, a weight loss of 0.38 wt% for
ruthenium coated LSCM was observed and the weight of uncoated LSCM stayed almost
the same. Despite the fact that both samples lost weight when they were heated up in
5% H2, the rate of the weight loss of the ruthenium coated LSCM was much faster than
that of uncoated LSCM. When the temperature reached 1000 °C, the rate of the weight
loss for both samples became much slower, suggesting that the reduction of both
samples were very fast processes during the first few hours. A weight loss of 2.75 wt%
for ruthenium coated LSCM and 1.39 wt% for as prepared LSCM was observed after
the reduction. Obviously, the ruthenium coated LSCM lost more oxygen during the
reduction, indicating that the ruthenium coated LSCM had better reducibility than
uncoated LSCM.

Figure 6-15 TGA of ruthenium coated LSCM and as prepared LSCM during heating in air and heating in 5%
H2
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6.7 Discussions and Conclusions
In this chapter, the possibility of coating ruthenium into the LSCM perovskite with the
aid of a ball milling method has been explored via VT-XRD. It has been found that the
ruthenium started to enter the grains of LSCM perovskite at around 900 °C. There was
no obvious structural change in the ruthenium coated LSCM perovskite when heating in
air at different temperatures. When the ruthenium coated sample was reduced at
different temperatures, a 2nd phase which has the K2NiF4 structure was observable in the
perovskite from 600 °C and up. Combined with the result of TEM and EDX, it can be
confirmed that the ruthenium catalyst was able to diffuse into the LSCM perovskite
upon heating in air and exsolve as nanoparticles after reduction. The reason that
ruthenium was able to exsolve from LSCM rather than LSGT as shown in the previous
chapter might be due to the difference between the host lattices of the two perovskites.
Since Mn on the B-site of LSCM is able to adopt lower coordination environment, the
oxide ion mobility is higher than that in LSGT, where 6-fold coordination environment
is strongly preferred. As a result, there are more hopping sites for ruthenium cations in
LSCM, thus making it easier for ruthenium to exsolve from the perovskite lattice.

When the ruthenium coated LSCM was heated at 1000 °C to investigate the mechanism
of ruthenium doping the LSCM perovskite from the surface, it seemed that the process
of ruthenium entering the perovskite lattice was very fast. The unit cells of both coated
and uncoated LSCM became larger within the first four hours when they were heated in
air at 1000 °C, and they remained almost unchanged even when they were heated for
longer. During reduction, it has been confirmed that the presence of the 2nd phase which
had the K2NiF4 type structure was not caused by ruthenium doping, as the same 2nd
phase was also found in the uncoated LSCM. It seemed that the exsolved ruthenium
particles did not re-dissolve into the perovskite upon re-oxidation according to the VTXRD result, while the TEM result showed that there were no ruthenium particles on the
surface of the LSCM perovskite after re-oxidation. Further experiments need to be
performed in order to confirm whether ruthenium had re-dissolved into the LSCM
perovskite or not. The ruthenium nanoparticles observed after re-reduction still
remained the same size as the ones after the initial reduction and did not grow bigger as
had been observed when the catalyst was impregnated onto the perovskite. In addition,
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it has been found that the ruthenium coated LSCM showed better reducibility than the
uncoated LSCM.
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7.1 Introduction
In the previous chapter, the possibility of coating a ruthenium catalyst into LSCM
perovskite was demonstrated. It seemed that the perovskite defects and the ball milling
process promoted the catalyst to diffuse into the perovskite. This chapter will study the
possibility of coating a palladium catalyst into LSCM perovskite using the same coating
method that was described in Chapter 6. In addition, oxygen was also applied when
coating the LSCM perovskite with palladium at high temperatures, since a more
oxidising atmosphere would help maintain palladium in the form of oxide, thus helping
the palladium to diffuse into the LSCM perovskite. The possibilities of synthesizing
palladium containing LSCM perovskite La0.75Sr0.25Cr0.5Mn0.49Pd0.01O3-δ (LSCMP) and
exsolving Pd from the perovskite have also been investigated. The structures of the
samples were studied using a STOE X-ray diffractometer with a Cu-Kα X-ray source at
room temperature, while the morphologies of the samples were studied by either SEM
or TEM. EDX was used for some samples to identify their chemical compositions.

7.2 Experimental section
7.2.1 Coating procedure
The coating procedure was the same as was described in section 2.5 of chapter 2, apart
from the use of a tube furnace instead of a VT-XRD instrument to heat the samples after
pre-treatment. When each sample was heated in air, it was heated at 1000 °C for 11 h
employing the same heating program as for the ruthenium coated LSCM. When the
samples were heated in oxygen, they were heated at 700 °C - 1300 °C for 12 h (heating
rate 5 °C/min). The palladium catalyst used to coat the LSCM perovskite was in the
form of palladium nitrate solution and the weight percentage of Pd used for coating was
1.14 wt% with regards to the LSCM.

7.2.2 Synthesis of LSCMP
LSCMP was prepared using the same combustion method as mentioned for LSCM in
section 2.2 of chapter 2. The precursor powder was calcined at 1000 °C and 1100 °C for
156

Chapter 7 Coating La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) with palladium catalyst

8 h to form the desired structure (heating rate 5 °C/min) respectively. The purity of the
sample was examined using a STOE X-ray diffractometer with a Cu-Kα X-ray source.

7.2.3 Reduction
The reductions of all of the samples in this chapter were carried out at 1000 °C for 24 h
in 5% H2 in a tube furnace (heating rate 5 °C/min).

7.3 Coating LSCM with palladium in air investigation
Using the same coating procedure as for the ruthenium coated LSCM, the palladium
coated LSCM was studied by XRD after it was heated in air for 11 h. The XRD pattern
of the sample is shown in Figure 7-1. Compared to as prepared LSCM, a PdO peak was
observed in the XRD pattern of the palladium coated LSCM after it was fired in air.
After refining the data, there was a slight increase in the pseudo unit cell parameter of
the palladium coated sample which indicated that there might be some palladium
diffused into the perovskite grains (ap (LSCMPd) = 3.8722, ap (LSCM) = 3.8720). In
order to confirm whether or not any palladium had diffused into the LSCM perovskite
while heating in air, the morphology of the sample was studied by SEM as shown in
Figure 7-2. According to the picture, there were fewer palladium oxide particles on the
surface of the perovskite than expected, considering the obvious peak of PdO that was
observed in the XRD pattern. This might be due to the fact that LSCM perovskite was
in the form of a very fine powder. Therefore, it did not have as large perovskite grains as
LSGT10 perovskites in chapter 4, which had enough surface area for PdO particles to
be seen more easily in SEM.

After the sample was reduced in 5% H2, it was studied by TEM to see if any palladium
nano particle exsolution had taken place (see Figure 7-3). According to the TEM result,
no palladium nano particle exsolution was found on the surface of the perovskite. The
palladium particles observed in the experiment were almost 200 nm in size. They
seemed more like particles deposited on the surface of the LSCM which had
agglomerated after heating over an extended period of time instead of having exsolved
from the lattice of the perovskite [122, 244]. Therefore, it seemed that the palladium
catalyst had not dissolved into the perovskite while heating in air. The reason for this
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might be that the palladium existed in the form of palladium oxide after the LSCM
coated with palladium nitrate was heated at low temperature. However, palladium oxide
will start to decompose to palladium metal at above 750 °C in air and the process is
reversible once the temperature decreases [245]. The palladium oxide may not have
started dissolving into the LSCM perovskite lattice before it decomposed to metal. Once
the palladium oxide became palladium metal at high temperatures, it became even more
difficult for it to enter the LSCM perovskite grains, as has been observed in the case of
ruthenium metal in the previous chapter. Therefore, the palladium catalyst stayed in the
form of metal on the surface of the sample throughout the heating at high temperatures
in air. After the sample was cooled down, palladium metal became an oxide again,
which explains why the PdO was observed in the XRD pattern.

Figure 7-1 XRD patterns of LSCM perovskite: (a) coated with palladium catalyst at 1100 °C in air, (b) as
prepared LSCM
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Figure 7-2

SEM image of LSCM coated with palladium at 1100 °C for 8h in air

Figure 7-3 TEM and EDX image of LSCM coated with palladium at 1100 °C in air after reduction

7.4 Investigation of coating LSCM with palladium in
oxygen atmosphere
The fact that palladium oxide decomposed to palladium metal when it was being heated
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at high temperatures seemed to make it more difficult for palladium to dissolve into the
LSCM perovskite. A similar phenomenon was also noticed when LSGT perovskite was
coated with palladium oxide in Chapter 4. For that reason, the coating atmosphere was
changed to oxygen since a higher oxygen partial pressure would help maintain the
stability of PdO at high temperatures. Moreover, lower coating temperatures (700 °C
and 900 °C) and higher coating temperatures (1300 °C) were also investigated, since it
is more likely for palladium to stay in the form of oxide at lower temperatures, and
higher temperatures will increase the reactivity of the sample which may promote the
diffusion of the palladium into the perovskite.

The XRD patterns of the LSCM coated with palladium in oxygen at different
temperatures are shown in Figure 7-4. According to the XRD patterns, the perovskite
maintained its structure throughout the process of heating in oxygen and PdO was
observed in the XRD patterns of every sample. When the sample was coated at 700 °C,
the intensities of the peaks of the PdO were smaller compared to the ones for the
samples which were coated at 900 °C and 1100 °C. This may be due to the fact that the
palladium oxide was not crystallized enough at this temperature. When the sample was
coated at 1300 °C, the intensities of the PdO peaks became small again. This may be
due to the fact that more palladium had diffused into the perovskite lattice at this
temperature.

Figure 7-5 shows the XRD patterns of the samples after they were reduced. According
to the XRD results, the structure of the perovskite changed from rhombohedral to
primitive cubic structure after reduction, which was in agreement with the literature
[238]. In addition, 2nd phases of MnO and La0.6Sr1.4MnO4 (Ruddlesden–Popper
structure, K2NiF4) were observed in the XRD patterns of all of the samples, regardless
of their coating temperatures. The appearance of the 2nd phases in the reduced sample is
expected, and MnO should be the result of a phase segregation from the K2NiF4 spinel
phase [238]. Moreover, the positions of the La0.6Sr1.4MnO4 peaks shifted as the coating
temperature changed.
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Figure 7-4

XRD patterns of LSCM perovskite coated with palladium catalyst in O2 for 12 h at different

temperatures

It seemed that it was the more oxidising environment, rather than the high temperature,
caused the phase separation from the LSCM perovskite, since the intensities of the
peaks were higher when the sample was coated at low temperatures. The presence of
MnO in the XRD pattern supports the above point. In addition, Yokokawa et al
compared the thermodynamic stability of perovskites and their related compounds, and
reported the possibility of the co-existence of the AMO3, A2MO4, and A2O3 (or MO) in
the AIII-M-O system. This is under the condition that the enthalpy of formation of
perovskites (δp) is larger than that of A2MO4 (δK), in conjunction with the condition that
δp, δK < 0 [246]. Therefore, the presence of the perovskite sample together with MnO
and La0.6Sr1.4MnO4 (K2NiF4 structure) might be due to the fact that the stabilization
energy of LSCM perovskite is larger than La0.6Sr1.4MnO4. Correspondingly, it was
thermodynamically favourable for them to co-exist under the experimental condition.
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Figure 7-5

XRD patterns of LSCM perovskite coated with palladium catalyst in O2 for 12 h at different

temperatures after reduction

After refining the XRD data, the changes in the unit cells of the samples corresponding
to the different environments were compared in the form of pseudo cubic unit cell
parameters ap (see Figure 7-6). According to the graph, there was very little change in
the unit cell parameters of the samples after they were coated with palladium in oxygen
at different temperatures. After reduction, the differences between the unit cell
parameters of the samples coated at different temperatures was also very small. The
volume of the sample increased by 1.2-1.3% after reduction, which was smaller than the
reported volume change of as prepared LSCM [238]. This might be due to the
decomposition of the perovskite caused by the reduction treatment.

Since the XRD peak position of the Pd metal overlapped with the LSCM, it is difficult
to tell if there was any palladium exsolution by looking at the XRD patterns. According
to the unit cell parameter data, there was also very little change observed, which could
not provide enough information to confirm whether or not the palladium had exsolved
from the perovskite. A better way to investigate any possible palladium exsolution was
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to study the morphology of the sample. The surface of the LSCM coated with palladium
after reduction was studied by SEM as shown in Figure 7-7. According to the SEM
images, the palladium catalyst particles observed on the surface of the perovskite were
generally very large and there was no nano particle exsolution observed. It seemed that
the palladium was still not able to dissolve into the lattice of LSCM perovskite, even in
an oxidising environment. This may be due to the same reason as when LSCM was
coated with palladium in air: the palladium oxide decomposed to palladium metal
before it started entering the perovskite grains. Since palladium metal is non-reactive
with LSCM perovskite, the palladium metal ended up adhering to the surface of the
LSCM perovskite and became an oxide again after the sample cooled down [247, 248].
As a result, the palladium did not enter the LSCM perovskite by the coating method,
which also explains why there was very little change in the unit cell parameters of the
perovskite even if the sample was coated with palladium at different temperatures.

Figure 7-6 The change of the pseudo cubic unit cell parameters of LSCM perovskite coated with palladium
at different temperatures in oxygen and after reduction
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Figure 7-7

SEM images of LSCM perovskite coated with palladium in O2 at different temperatures after

reduction: a. 700 °C , b. 900 °C , c.1100 °C , d. 1300 °C

7.5

Synthesis

of

La0.75Sr0.25Cr0.5Mn0.49Pd0.01O3-σ and

investigation of Pd exsolution
Although palladium did not enter the LSCM perovskite grains by the coating method, it
is still worth investigating whether or not it is possible for palladium to be doped on the
B-site of the LSCM perovskite. In order to answer the question, perovskite with the
nominal stoichiometry of La0.75Sr0.25Cr0.5Mn0.49Pd0.01O3-σ (LSCMP) was synthesised by
the combustion method. The XRD patterns of the LSCMP precursor which was fired at
500 °C and when it was calcined at 1000 °C and 1100 °C are shown in Figure 7-8.
According to the XRD patterns, the perovskite had already started to crystallize at
500 °C since the sample showed peaks of the perovskite, even if they are quite wide.
When the LSCMP was fired at 1000 °C, it had formed the rhombohedral structure with
La2Pd2O5 present as a 2nd phase. When the sample was heated at higher temperature,
there was no obvious structural change observed in its XRD pattern compared to the
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one synthesised at 1000 °C.

Figure 7-8

Room temperature XRD patterns of the precursor of LSCMP, LSCMP synthesised at 1000 °C and

LSCMP synthesised at 1100 °C in air

Table 7-1 lists the unit cell parameters of LSCMP heated at different temperatures after
refinement of the XRD data. Both of the synthesised samples had rhombohedral
structures. It was discovered that, when the LSCMP was calcined at 1000 °C, there was
0.042 mol La2Pd2O5 formed per mole of LSCMP. It seemed that the majority of the
palladium formed La2Pd2O5 with La, indicating that the formation of La2Pd2O5 was
more favourable for palladium when forming a solid solution with different cations.
This was confirmed by comparing the unit cell parameters of LSCMP synthesised at
different temperatures and the quantity of La2Pd2O5 2nd phase generated at different
temperatures. As the firing temperature increased, the unit cell of the sample became
smaller. The reason for this phenomenon may be due to the fact that there was more
La2Pd2O5 (0.045 mol) formed when the sample was calcined at 1100 °C, thus leaving
the rest of LSCMP with less La and potentially less Pd in the structure if the palladium
was able to be doped into the lattice of the LSCMP perovskite. As a result, the unit cell
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of LSCMP prepared at higher temperature showed smaller unit cell parameters.

Firing

Space

temperature / °C group
1000

R-3c

1100

R-3c

Unit cell

Unit cell

parameters (Å)

volume (Å3)

a= 5.50527(11)
c = 13.33488(31)
a = 5.50044(8)
c = 13.32698(24)

2nd phase

350.008(13)

La2Pd2O5

349.186(10)

La2Pd2O5

Table 7-1 Unit cell parameters of LSCMP calcined at different temperatures in air

The morphologies of the samples were also studied by SEM as shown in Figure 7-9.
The synthesised perovskite samples showed similar morphologies to LSCM (see Figure
6-2), but with much smaller particle sizes, even when synthesised at the same
temperature (see Figure 7-9a). When the sample was synthesised at a higher
temperature (1100 °C), the particle size of the perovskite increased and the sample
became more crystallized (see Figure 7-9b). There were no other different phases
observed on the surface of the samples.

Even if it seemed that the majority of palladium formed La2Pd2O5, it was still worth
checking whether the rest of the palladium had formed a solid solution of LSCMP and
was able to exsolve from the perovskite after reduction. In order to find the answer, the
LSCMP which was synthesised at 1000 °C was reduced in 5% H2 and then studied by
TEM and EDS (see Figure 7-10). The particles observed on the surface of the sample
were quite large in size and did not look like exsolved nanoparticles. Therefore, it
seemed that the palladium was unable to occupy the B-site of LSCM perovskite system.
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Figure 7-9

SEM images of LSCMP synthesised at different temperatures in air: a. 1000 °C, b. 1100 °C

Figure 7-10 TEM and EDS of LSCMP synthesised at 1000 °C after reduction in 5% H2

7.6 Discussion
According to the experimental results, it seemed that palladium was unable to be
incorporated into the B-site of the LSCM perovskite. This was the case regardless of
whether the LSCM was coated with Pd or the catalyst was one of the starting
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components during the process of perovskite synthesis. However, in Chapter 4, it was
demonstrated that palladium was able to enter the grains of the LSGT perovskite, and
also form a solid solution with the A-site deficient titanate system. Palladium nano
particle exsolution was also observed in the aforementioned chapter. So the question is
why palladium was unable to fit into the B-site of LSCM based perovskite system.
One of the possible reasons to the above question is that the formation of the 2nd phase
La2Pd2O5 observed during the synthesis of LSCMP is more thermodynamically
favourable, since the majority of the palladium added in the system formed the above
2nd phase. Another possible reason may be due to the fact that, in the LSCM system, Mn
exists in the form of Mn3+/Mn4+ on the B-site of the LSCM perovskite which increases
the oxygen ion mobility in the perovskite. However, at the same time, Mn can adopt
more than one type of coordination environment, meaning that the structure of the
LSCM perovskite is not as rigid as an A-site deficient titanate system in which Ti
strongly prefers 6-fold coordination. In order to fit palladium into the B-site of the
perovskite, it requires square planar 4-fold coordination, which will eliminate more
oxygen from the perovskite according to the result in Chapter 4. This requires the
structure of the perovskite to be strong enough to withstand the oxygen loss from the
system. Meanwhile, the LSCM system could not satisfy this requirement due to the
flexibility of the Mn cation. As a result, it is difficult for palladium to be doped into the
LSCM containing perovskite.

7.7 Conclusion
In this chapter, the possibility of coating palladium into the LSCM perovskite with the
aid of the ball milling method has been investigated. Both air and oxygen atmospheres
were explored when coating palladium into the LSCM perovskite at different
temperatures. However, it seemed that palladium was unable to be incorporated into the
LSCM perovskite via either of these methods.

In addition, the probability of doping palladium into the B-site of the perovskite with
the composition of LSCMP has been explored. Instead of occupying the B-site of the
perovskite, the majority of palladium formed 2nd phase with La during the process of
combustion synthesis. The higher the synthesis temperature was, the more 2nd phase was
168

Chapter 7 Coating La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) with palladium catalyst

formed in the final perovskite. There was no palladium exsolution observed after
reduction either, which confirmed indirectly that the palladium was unable to be
incorporated into the B-site of the perovskite. This might be due to the fact that it
required a more rigid perovskite structure for palladium to be doped into the perovskite,
since it may involve changing the coordination environment of the cations of the
perovskite.
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8.1 Introduction
In order to investigate the influence of the catalyst coating on the performance of the
perovskite, RWGS catalysis tests were carried out using the samples as catalysts.
Perovskites have been considered as potential catalysts for catalytic application due to
their capability of alternating the catalytic and electrocatalytic properties by
accommodating various cations on the A and B site. Kim et al has tested
BaZr0.8Y0.16Zn0.04O3 as catalyst for RWGS reactions at 600 °C for 5h and reported a
conversion rate of 37.5% for CO2 and a 97% selectivity of CO [249]. Daza et al
reported a CO2 conversion rate of 25% when using La1−XSrXCoO3−δ (0 X 1 in steps of
0.25) as catalyst for chemical looping RWGS (RWGS-CL) reaction. According to the
report, the best experimental condition for maximum CO generation was isothermal
reduction at 500 °C and CO2 conversion at 850 °C [161]. In their later report which
incorporated Fe into the perovskite, La0.75Sr0.25Co(1−Y)FeYO3 (Y = 0, 0.5, 0.75 and 1),
the conversion temperature was reduced by 300 °C with the conversion rate of 15%
[161].

In this chapter, we mainly focus on the discussion of the experimental results to
exemplify the effect of catalyst coating on the catalytic activity of LSGT10 perovskite
for RWGS reaction. Due to the limitation of time, only a few samples tested as a
preliminary investigation. More tests will be carried out in the future to further study the
influence of the catalyst coating. Samples which were tested for LSGT10 series include
as prepared LSGT10 (LSGT10 AP), LSGT10 coated with nickel catalyst at 1300 °C
(LSGT10Ni) and after it was reduced at 930 °C in 5% H2 for 20h (LSGT10Ni red). The
reason to choose LSGT10 coated with nickel catalyst and after it was reduced was to
find out in which form the catalyst coating worked better for improving the performance
of the perovskite. For comparison purpose, as prepared LSGT10 was also tested under
the same condition. For the same purposes, samples which were selected for LSCM
series include as prepared LSCM (LSCM AP), LSCM coated with ruthenium catalyst at
1000 °C (LSCMRu) and after it was reduced at 1000 °C in 5% H2 for 20h (LSCMRu
red)
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8.2 RWGS catalysis test result and discussion
Catalytic performances of all samples for the RWGS reaction were measured as a
function of time. The catalysis test result of LSGT10 based perovskite samples is shown
in see Figure 8-1. All samples showed 100% selectivity for CO. The CO2 conversion
rate when using as prepared LSGT10 as catalyst was increasing with time during the
first hour of testing and peaked at 70.4%. Afterwards, it started to decrease slowly with
time until the end of the test. Both LSGT10Ni and LSGT10Ni red showed much more
stable catalytic activities than uncoated LSGT10. Both samples showed a quick rise in
the catalytic activity during the first hour of testing. Then the CO2 conversion rate of
LSGT10Ni increased slowly with time, while LSGT10Ni red mostly stabilize at a fixed
conversion rate during the rest of the experiment. The slow increase of the catalytic
activity of LSGT10Ni might be caused by the fact that the LSGT10Ni was being
reduced which might eventually also produce nickel nanoparticles during the
experiment since there was excess H2 in the gas mixture.
The average CO2 conversion rates for the three samples during the test are 64.1%
(LSGT10 AP), 79.7% (LSGT10Ni) and 86.6% (LSGT10Ni red). It suggests that the
addition of nickel catalyst into LSGT10 perovskite has successfully increased the
catalytic performance of LSGT10. On average, the conversion rate of CO2 was
increased by 15.6% when nickel catalyst existed in the perovskite lattice and 22.5%
when nickel catalyst existed in the form of exsolved nanoparticles. Compared to the
nickel catalyst which existed in the surface lattice of LSGT10, it seemed that the nickel
catalyst worked better at improving the performance of LSGT10 after exsolving from
the perovskite as nanoparticles.
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Figure 8-1

Results of catalytic RWGS reactions over as prepared LSGT10, LSGT10 coated with nickel

catalyst at 1300 °C and LSGT10 coated with nickel catalyst after reduction. CO2 conversion rate is plotted as
a function of reaction time for 5h at 900 °C.

The catalytic test results of LSCM related perovskite samples are shown in Figure 8-2.
All three samples started to stabilize after the first hour of RWGS reactions and
maintain the same level of catalytic activity during the rest of the test. It is worth
pointing out that compared to as prepared LSGT10, as prepared LSCM showed better
stability and mostly maintained a fixed CO2 conversion rate throughout the experiment
once it stabilized. The CO2 conversion rate of LSCMRu was slightly higher but very
close to that of LSCM AP. A more obvious improvement in the catalytic performance in
RWGS reactions was seen from the LSCMRu red sample. In addition, traces of CH4
were detected in the outlet gases of LSCMRu and LSCMRu red. However, due to the
negligible quantity of CH4 compared to the amount of CO, 0.012% (LSCMRu) and
0.013% (LSCMRu red), the CO selectivity of both samples were still very high. The
average CO2 conversion rates for the three samples during the test were 82.0% (LSCM
AP), 82.6% (LSCMRu) and 84.6% (LSCMRu red). The addition of ruthenium coating
into the LSCM perovskite did improve the performance of the sample although it was
not as much as nickel coating LSGT10. Similar to nickel catalyst coating LSGT10
perovskite, it seemed that ruthenium catalyst improved the performance of LSCM
perovskite more after it exsolved from the perovskite lattice as nanoparticles.
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Figure 8-2

Results of catalytic RWGS reactions over as prepared LSCM, LSCM coated with Ru catalyst at

1000 °C and LSCM coated with ruthenium catalyst after reduction. CO2 conversion rate is plotted as a
function of reaction time for 5h at 900 °C.

8.3 Conclusion
A few LSGT10 related samples and LSCM related samples have been tested for the
RWGS reaction as a quick method to preliminarily investigate the influence of catalyst
coating on the performance of the perovskite. It has been proved that the catalyst
coating in the experiment did improve the catalytic activity of the samples to a different
degree depending on the catalyst and sample. In addition, it seemed that when the
catalysts existed in the form of exsolved nanoparticles, the performance of the
perovskite was improved further compared to when the catalysts existed inside the
perovskite lattice. For LSGT10, nickel catalyst coating improved its catalytic activity by
15.6% when nickel catalyst existed in the perovskite lattice and 22.5% when nickel
catalyst existed in the form of exsolved nanoparticles. For LSCM, ruthenium catalyst
coating improved its catalytic activity by 0.6% when ruthenium catalyst existed in the
perovskite lattice and 2.6% when ruthenium catalyst existed in the form of exsolved
nanoparticles. The CO selectivity of LSGT10 related samples was 100%. The CO
selectivity of LSCM AP was 100% and almost 100% after adding ruthenium catalyst
since traces of CH4 were observed. Comparatively, it seemed that the ruthenium catalyst
did not improve the catalytic activity of LSCM perovskite as much as nickel catalyst did
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at improving LSGT10. This might be due to the fact that ruthenium might not be as
active as nickel catalyst in catalyzing the RWGS reactions. More experiments will be
carried out later in the future to further study the effect of different catalyst on the
performance of the perovskites.
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9. Summary

This work aims to improve the performance of A-site deficient titanate based
perovskites and LaCrO3 based perovskites with small quantities of catalysts (Ni, Ru and
Pd) as potential cost-effective fuel cell materials for PEMFC applications. The
technique employed in this experiment involves integrating the impregnation and
exsolution methods, in order to form a catalyst doped layer or a layer of catalyst
partially anchored on the surface of the perovskite. The optimisation was achieved by
using the well-known flexibility of the perovskites for accommodating various cations
and defects in the lattice.

The A-site deficient titanate used as the substrate material for catalyst coating was
La0.4Sr0.4GaxTi1-xO3-x/2 (x = 0.06, 0.1) since this material would lose Ga from its surface
when it was first reduced in 5% H2. This project aimed to take advantage of the Ga
depleted layer, by preserving it through a fast cooling process, and fill the Ga vacancies
with catalysts from the surface of the perovskite. Nickel was firstly used as the catalyst
to be coated onto the perovskite from its surface as a pre-investigation for the later
experiments. It has been demonstrated that it is possible to dissolve the nickel catalyst
into the LSGT perovskite lattice from its surface. The dissolved nickel catalyst was also
able to exsolve to the surface of the perovskite as nanoparticles after being reduced in 5%
H2. The same experimental method was later applied to ruthenium and palladium
catalyst to be coated onto LSGT perovskite. However, compared to nickel catalyst, each
of them reacted very differently to the same coating process due to their different
properties. Different coating atmosphere and heating time was used for both catalysts in
order to dissolve them into the perovskite from the surface. After the catalyst coated
samples were reduced in 5% H2, only palladium managed to exsolve from the
perovskite as nanoparticles. In order to understand the mechanism of palladium
incorporating the A-site deficient titanate, different assumptions were proposed and Asite deficient titanate doped with palladium with different stoichiometries were prepared
and studied based on the assumptions. The results showed that Pd2+ adopts a square
planar 4-fold coordination on the B-site of the A-site deficient titanate.
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The LaCrO3 based perovskite used as a substrate material to be coated with catalyst was
La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM). The perovskite was firstly coated with ruthenium
catalyst with the assist of ball milling procedure. The sample was studied by VT-XRD
in order to find out the optimal temperature to coat the LSCM perovskite with
ruthenium catalyst. Combined with the TEM and EDX results, it can be confirmed that
ruthenium catalyst was able to dissolve into the LSCM perovskite lattice upon heating
in air and exsolve as nanoparticles after reduction. The reducibility of the LSCM
perovskite has also been shown to be improved by the ruthenium catalyst coating. More
experiments need to be carried out in order to confirm whether or not the exsolved
ruthenium catalyst could re-dissolve into the LSCM perovskite. Palladium catalyst did
not successfully dissolve into the LSCM perovskite from its surface even if heating the
perovskite in oxygen at high temperatures. An effort was made to dope palladium into
LSCM perovskite by combustion method. However, single phase was not obtained and
palladium formed 2nd phases with the other cations.

A few samples were selected for the catalytic tests of RWGS reactions as a preliminary
study of the effect of catalyst coating on the performance of the perovskite. The
experimental results showed that the catalyst coating method did help to improve the
performance of the perovskite. It seemed that ruthenium catalyst improved the
performance of the LSCM perovskite by a smaller degree compared to nickel catalyst
coating LSGT10 perovskite. However, more experiments need to be carried out to
confirm the assumption.

The possibility of utilising a combination of impregnation and exsolution methods to
modify the surface of the perovskite with small amounts of different catalysts has been
demonstrated in this study. This work has revealed that the ability of a catalyst to
dissolve from the surface of the perovskite not only depends on the size difference
between the catalyst cation and the B-site of the perovskite. Other factors such as the
heating atmosphere and heating temperature, heating time, and the stability of the host
lattice may also affect whether or not the catalyst is able to dissolve into the perovskite.
The core concepts of this study can be very beneficial for reducing the amount of
catalyst required, especially in the case of noble metal catalysts. Future work may even
apply this technique to other fields such as SOFC, catalysis, electrochemical devices,
etc.
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