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Abstract

Protonic ceramic fuel cells (PCFCs) have great potential in applications compared
with oxygen-ion-conducting-electrolyte based cells due to their relatively high ionic
conductivity under intermediate and low temperature operating conditions. In addition,
water is produced at the air electrode side of a proton-conducting fuel cell without
diluting the fuel in the fuel electrode side, which provides higher operating voltage than
an oxygen ion conducting SOFC. Among the proton-conducting materials, the most
traditionally and widely used one is barium cerate-zirconate based perovskite oxide. It
is simple to tailor its proton conductivity and stability by adjusting the doping
concentration of Ce*" and Zr*'. In a highly performed cell, the fuel electrode plays a
vital role. The conventional fuel electrode is fabricated by metal-electrolyte composites,
where the metal particles provide the catalytic activity and electronic conductivity and
the electrolyte material ensures the proton conductivity. The main drawbacks of this
cermet electrode are metal sintering and carbon coking, which degrades the cell
performance in a long run.

In past decades, exsolution has been proposed as an effective way for in situ
nanoparticles growth from perovskite oxide by a controlled phase decomposition
process. Exsolved nanoparticles are socketed strongly in parent perovskite and show
better resistance towards coarsening and coking compared with conventional electrodes.
The nanoparticles exsolution from perovskite can be simply accomplished by doping
the catalytically active transition metal into the perovskite structure, followed by
chemical or electrochemical reduction.

The exsolution phenomenon has been well investigated on perovskite titanate
oxide. However, little study has been focused on the exsolution from protonic
conducting oxides and their applications in PCFCs. This thesis explores the exsolution
behavior from the doped barium cerate zirconate oxide. Generally, nicely distributed

particles are obtained on the BCZY perovskite through the in situ exsolution approach.



Different from the previously observed process, where the B-site cations diffuse from
bulk to surface for nucleation, here, the exsolution from BCZY perovskite competes
with a phase segregation/decomposition process. In reduction, Ba-M-O phases (M is
transition metal) are firstly formed on the perovskite surface, followed by the exsolution
of transition metal ions from the Ba-M-O phases. This mechanism determines that for
the B-site exsolutions from barium cerate zirconate oxide, A-site deficiency is
unnecessary. Moreover, the cell parameters are found to have a significant effect on the
electronic conductivity and stability of the materials with exsolution, which should
draw the attention when optimizing the material properties in order to obtain a good
performance.

By doping two transition metals on B-site, alloy particles are able to be achieved
by exsolution. Compared with the single metal exsolution, the migration tendency of
the metal ions to the surface is hindered by the other one. In this work, the co-exsolved
Ni-Cu alloy particles show a much tidier nanoparticles distribution than the single
particles, with a smaller particle size and higher population. Moreover, the doping of
bimetal promotes their solubility in the perovskite structure. While the addition limit of
sintering aids (N1, Co, Cu etc.) is generally believed to be within 1 wt% (about 4 mol%)
and sintering aids-rich impurities are constantly observed during the perovskite
sintering, the nickel and copper bimetal doped BCZY perovskite shows a single pure
phase, with a solubility of at least 5 mol% of the total doping concentration.

More importantly, the Cu particles exsolved from the doped BCZY oxide show a
strong catalytic activity towards CO oxidation reaction. Furthermore, the morphology
of Cu particles is reconstructed by oxygen plasma, exhibiting even higher catalytic
activity. This gives a great view in plasma modifying catalyst morphology, hence
enhancing performance. The recent work on the catalytic tests of BCZY supported Cu
particles shows a very high activity and promising performance, which draws a lot of

value on the exsolution from BCZY.
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1 Introduction

1.1 Energy consumption

Energy plays an important role in the development of society throughout history.
The demand for energy is also rising gradually in some main fields like industry,
transport and domestic. Among the various energy resources, fossil fuels dominate the
global energy economy over the past thirty years, seen from Figure 1-1. But the
conversion efficiency of power stations for fossil fuels is only about 40%-65%, which
means only about half the energy in the primary fuel is converted into electrical energy.
However, looking at the world energy consumption trend, renewable energy is expected

to take more proportion in the next 20 years.

5000 - Liquids

Natural gas
4000 - /
3000 —

Renewable energy

Consumption in million tonnes oil equivalent

2000
Hydroelectricity
1000 + Nuclear energy
04

T T T T T T T T T T T T
1990 1995 2000 2005 2010 2015 2017 2020 2025 2030 2035 2040

Year

Figure 1-1. Projected global energy consumption?.

1.2. Why CO; conversion?

The biosphere currently converts carbon dioxide to useful products through
photosynthesis. This is a low-efficiency process (typically only 1-2%) yet for many

millennia it has successfully achieved equilibrium in the biosphere. Unfortunately, the
1



advent of our current fossil fuel civilization is driving the atmosphere away from this
equilibrium with an ever-increasing concentration of CO; produced from the
combustion of fossil carbons. This imbalance is widely accepted to be a major cause of
global warming and climate change, and civilization ignores this threat at its peril.
Furthermore, the increasing use of fossil fuels cannot be sustained and we face
catastrophic energy and raw materials (i.e. chemical feedstocks) shortages in future
decades. Figure 1-2 reveals the global annual atmospheric CO» concentration over the
past 2000 years, indicating that it is fairly stable at 270-285 parts per million (ppm)
before the 18™ century®. After that, the Industrial Revolution led to the rapid rise of
global CO> emission, especially in recent decades. It is reported that the global
temperature has risen by 1 to 1.2 °C now because of global warming. It is therefore,
imperative to reinforce the biological conversion of CO; with technological solutions
offering higher efficiency and use of other energy sources in addition to direct solar,

with an emphasis on high product selectivity.

410
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290

250
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Figure 1-2. Atmospheric CO2 concentration over the last 2000 years. Figure

reproduced from Ref. 2.

One of the solutions is exploring environmentally friendly alternatives to fossil
fuels, such as wind, wave, tidal, solar and nuclear to reduce CO> emissions**. But
renewable energy technologies are still too immature to utilise the energy production to

people’s daily life. CO> sequestration is another solution, but it is likely to have an

2



energy cost. Conversion of CO; to useful fuels and chemical feedstocks, not only
reduces CO; in the atmosphere, but also reduces dependency on fossil carbons,
increasing energy security.

The concept of CO; conversion is to utilize produced COy, i.e. from a chemical
plant or cement manufacturer, as a vector to utilize clean electricity producing fuels and
feedstocks. Cleaner and safer methods for conversion to hydrocarbon feedstocks via
the coupled Water-Gas-Shift (WGS) and Fischer-Tropsch processes are therefore
highly attractive.

The critical step is the reduction of carbon dioxide into a useful precursor (CO)
using clean energy. The ability to reduce CO; efficiently could play a role in reducing
greenhouse gas emissions and moving us towards, a more sustainable economy. CO
produced by CO> reduction can be used in chemical production or reacted with H> to
produce liquid fuel via the Fischer-Tropsch reaction. Indeed, synthetic hydrocarbons
are proposed to be the promising alternative to the supposed energy carrier of hydrogen,

given their convenience in energy storage and transportation®’.
1.3 Solid oxide electrolysis cells and solid oxide fuel cells

In the search for efficient processes to reduce COz, Solid Oxide Electrolysis Cells
(SOECs) appear to be promising candidates by realising CO; reduction and H»
production at the same time. In order to understand the CO; electrolysis process under
a solid oxide electrolyser, we need to have a brief introduction about SOEC first.

Solid Oxide Electrolysis Cells are essentially Solid oxide Fuel Cells (SOFCs)
operated in reverse, meaning that current is applied to the cell instead of being drawn

from the cell. The operating principle for SOFC and SOEC is shown in Figure 1-3.



Solid Oxide Fuel Cell (SOFC) Solid Oxide Electrolysis Cell (SOEC)
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Figure 1-3. Operating principles of a solid oxide fuel cell (left) and solid oxide

electrolysis cell (right).

A traditional SOFC consists of three parts: porous cathode (air electrode) and
anode (fuel electrode), separated by a dense electrolyte (ceramic membrane, the most
widely used is yttria-stabilized zirconia, YSZ). Oxygen is reduced to O* by the
electrons from the external circuit at the cathode (Eq. 1-1). Then the produced oxygen
anion O* diffuses through the dense electrolyte to the anode driven by oxygen partial
pressure difference, reacting with the fuel (usually H») at the anode and releasing the
oxidation product (H20) and electrons (Eq. 1-2). The electron transportation from the
external circuit can then produce electricity. Thus, SOFCs play a role in converting
chemical energy into electrical energy. Thermodynamically, this electrochemical

process can keep going as long as the feed from both sides is continuously supplied.

20, + 2¢7 - 02" Eq. 1-1
Hz + 02_ i Hzo + 2e Eq 1-2
Total reaction: H, +1/2 0, — H,0 Eq. 1-3

Reversibly, SOEC is operated oppositely by generating fuels from electrical
energy and heat, converting electrical energy into chemical energy. As shown in Figure
1-3, H2O is split into hydrogen and oxygen anion under the externally supplied voltage.
Then, the produced O travels across the electrolyte to the anode to be oxidized into

oxygen and consequently release electrons. The whole reaction is listed as Eq. 1-4.



Electricity+heat 1
Hzo _ HZ + 502

Eq. 1-4

Typically, the operating temperature for a solid oxide electrolysis cell is between
700-1000 °C. Although the high operating temperature can provide faster electrode
kinetics®, the thermodynamic relation explained in Figure 1-4 indicates that the higher
operating temperature would lead to more heat release. Therefore, the chemical-to-
electrical energy-conversion efficiency will be lowered with higher operation
temperature, which is not favourable for fuel cells. The relation in Figure 1-4 shows
that the electric energy required for the reaction (AG) decreases with increasing
temperature (provide more thermal energy, TAS) while the total energy demand (AH)
only rises slightly. Thus, in the high temperature steam electrolysis (HTSE), the higher
operating temperature will lower the electrical energy demand, which makes the
electrical-to-chemical energy-conversion efficiency to be above 100% (in an ideal

electrolysis cell). The heat can be supplied by the joule produced during the reaction in

the cell’, making HTSE much more energy efficient.
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Figure 1-4. Electrical, heat and total energy requirements for water electrolysis as a

function of temperature. Figure reproduced from Ref.10, Elsevier.1°



Solid oxide electrolysis cells (SOECs) can electrolyze not only H>O but also the
mixture of CO2 and H>O to produce syngas (a mixture of CO and H») by Reverse Water-
Gas-Shift (RWGS) reaction. Syngas can be then converted into many types of
hydrocarbon fuels'!, such as methane and methanol, through the Fischer-Tropsch
process. This CO; and H>O co-electrolysis provide a carbon-neutral process by
decreasing and utilizing CO; into fuel at the same time. In this way, energy can be stored

in the form of synthetic hydrocarbon fuels.

1.4 Oxygen ion conductor and proton conductor

1.4.1 Electrolyte

As an important component of SOEC, the property of electrolyte influences not
only the cell output performance and operating temperature, but also the choice of the
electrode materials to be compatible with it. In order to perform efficiently in the cell,
the electrolyte needs to meet the following requirements: (a) it should be dense enough
to prevent the direct reaction between fuel and oxygen gas from the two electrodes. (b)
possess negligible electronic conductivity in order to force the produced electrons to
travel through the external circuit. Meanwhile, electrolyte needs to possess ionic
conductivity that allows ions (oxygen anion or protons) to transfer between electrodes.
(c) should have sufficient chemical stability not to react with electrode materials during
processing and operation and to withstand the considerable oxygen partial pressure
gradient between electrodes, and in order words, electrolyte needs to be stable both in
highly reducing and oxidizing conditions. (d) compatible thermal expansion co-
efficiency with other cell components connected with it, for mechanical integrity of the
cell. (e) Last but not least, electrolyte should have good mechanical strength and must

be cost-effective!> 13,

1.4.2 Oxygen ion conductors

Up to now, the most widely studied and used electrolyte is yttrium stabilized

zirconia (YSZ). Known as an excellent oxygen-ion conductor, YSZ has sufficient

6



conductivity to operate in an SOFC at a temperature higher than 800 °C due to the high
activation enthalpy for oxygen ion conduction. Although current SOFC technology
based on oxygen ion conductors is well established, the high operating temperature still
causes challenges including materials incompatibility, expensive sealing technology,
cell interconnect issues, and material mechanical problems, etc!*. Moreover, the
electrical efficiency is still significantly lower than theoretical value'>. Another
limitation that needs to be mentioned is that the water would be produced or supplied
at the same electrode side with fuel in an oxygen conducting cell, which will dilute the
fuel, reducing the Nernst potential.

In comparison, an intermediate-temperature (600-800 °C) SOFCs design could
remove most of the disadvantages existing in high-temperature one while keeping most
of the advantages. Although the utilization of a thin film of electrolyte could reduce the
cell operation temperature, it still needs to work at a temperature as low as 800 °C in
YSZ based SOFC. Therefore, exploiting electrolyte with high ion conductivity at

moderate temperature is the key to solve this problem.
1.4.3 Proton conductors

Protons were firstly shown to exist in some oxides in 1960s'®. After that,
systematic investigations were carried out by Iwahara!” group on the doped oxides such
as LaYOs, LaAlOs and SrZrOs, which was well known as oxygen ion conductor before,
presented proton conductivity in steam containing atmosphere at elevated temperature.
However, their conductivities were very low. Later, Iwahara et al. discovered other
perovskite materials with higher proton conductivity, SrCeOs'%2! and BaCeO3**%
based compounds, performing complete fuel cell and steam electrolysis tests in a
laboratory scale. Other researchers®*%° illustrated that Gd-doped BaCeOs ceramics
were fully dominated by protonic conduction at 600°C while showed an oxide ion
conduction at 1000 °C. In the temperature range of 600-1000 °C, mixed conduction was
observed. Although the power density is not very high, only 0.2 W cm™ at 800 °C, if

the cells could be optimized, e.g., decreasing the electrolyte thickness and using an



electrode with better performance, it would be very promising for the proton conducting
electrolyte to work at lower temperature with higher performance.

When CO; and H>O co-electrolysis happens on a proton conducting SOEC, as
illustrated in Figure 1-5, steam is electrochemically split to H" and releases Oz by
external electrical potential (Eq. 1-5). The protons transport across the proton
conducting electrolyte to the cathode and in situ reduce CO: at the three-phase boundary
(Eq. 1-6). It is also possible that H» is produced at this side according to Eq 1-7. In this
case, the proton can be utilized directly to produce syngas if selective catalysts are
adopted at the cathode. Various hydrocarbons can then be obtained by Fischer-Tropsch

synthesis using the precursor synthetic gas.

Anode:

H,0 - 2H* + 1/20, + 2e” Eq. 1-5
Cathode:

CO, + 4H* + 4e~ - CO+ H, + H,0 Eq. 1-6

The overall reaction of the steam and CO> co-electrolysis is obtained by adding Egs.

(1-5) — (1-6), leading to:

HZOanode + COanthode - COcathode + Hanthode+OZanode Eq- 1-7
H,O 0o,

e
Anode —

+ +

Electrolyte —
Cathode —
p=

CO, CO H, H,0

Figure 1-5. Electrolysis cell configuration on a proton conducting solid oxide

electrolyte.
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1.4.4 Review on BaCeQO3

After more than twenty years of research, the perovskite-type (ABX3) cerates and
zirconates system have been well established in the proton conductor area, and BaCeOs-
based materials in particular exhibit remarkable high proton conductivity in oxides?’?’.
Other typed of oxides were also been investigated, such as fluorite-related structured
binary rare earth oxides and pyrochlore structured ternary oxides*’!. These range of
materials’ conductivities were either obtained from experiments or calculated from
available data, and their proton conductivities as a function of temperature was
compared by K.D. Kreuer’?, as shown in Figure 1-6. It demonstrates that the higher
proton conductivity is observed among perovskite-type structure with BaCeOs-based
compounds. However, stability turns out to be a severe problem for barium cerates,
especially in CO; containing atmosphere even with a low concentration and water

vapour participating environment. The oxides can decompose in these situation and

form barium carbonates (Eq. 1-8) or barium hydroxides (Eq. 1-9)*°.

BaCeO; + CO, — BaCO; + CeO, Eq. 1-8
BaCeO; + H,0 — Ba(OH), + CeO, Eq. 1-9
T/°C
1200 800 600500 400 300 200
?Eoeptlgg ; dopant concentration
=T N mol% in most cases
"‘_'.-,\

PH ,0 =30 hPa

el

’t! %
Baa Caszo" ?O 0@0

'
w

. ) o
5 9, ee,o
c
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/‘*‘“
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Figure 1-6. Proton conductivities of various oxides.*
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Various doping (Ti*, Gd*', In**, Zr*', Ta>*, etc) approaches were adopted to
enhance BaCeOs stability***%, and out of these systems cerates and zirconates were
found to be mutually soluble, and many investigations were done based on the cerate-
zirconate solid solution to develop the adequate electrolyte with good stability and
relatively high proton conductivity. However, it seems that high proton conductivity
and material stability are antagonistic>’. BaZrOs; was proved to be stable in CO> and
H>O containing atmosphere because the higher electronegativity of Zr reduced the
basicity of material, which decreased the interaction of oxide with acid gases. However,
the lower basicity is not favourable to the formation of protonic defects, which was
demonstrated by researchers that while stability increased when enhancing doping
amount of Zr, protonic conductivity of barium cerate would decrease, proving that the
increased stability is at the cost of reducing proton conductivity?”. Furthermore, Zr
doping strategy can also lead to a poor sinterability of materials, which will require a
very high sintering temperature (up to 1800 °C) to obtain dense ceramics. It will not
only cause more heat consumption but also result in metal evaporation problem. The
high sintering temperature also makes it less flexible to choose an electrode material
with enough porosity after co-firing in some specific cell preparation method. Therefore,
other doping methods need to be considered.

One of the most effective way to lower the sintering temperature is by decreasing
particle size of the oxide powder in either chemical means (alkoxide route®®, sol-gel
method®’, combustion method*’) or mechanical process*' (grinding powder in a
planetary mill). Another possible way is through the addition of sintering additives (for
example some 3d-elements oxides, Ni2*, Cu?*, Zn**) in the process of conventional
solid-state synthesis. It was found that only a small amount of sintering aids was able
to decrease the sintering temperature and improve stability without impairing material
conductivity. In the literature, this technology is referred to as a solid-state reactive
sintering method*?. The basic mechanism of action for the sintering aids in lowering
the sintering temperature is the low melting point of Ba-M-O or Y-Ba-M-O phase that

helps the growth of grain boundary. It was reported that the addition of CuO allowed
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the BaCeOs sintering temperature to be as low as 1000°C to get dense*’. Gorbova and
co-authors** investigated the effect of CuO on the densification behaviour and
conductivity of Gd-doped BaCeO3 (BCG) ceramics, revealing that only 1 mol% of CuO
could reduce both the calcination and sintering temperature by 250 and 150 °C
respectively. When sintered at 1450 °C for 3h, BaCeo.9Gdo.1O3-5 only has ~86% density
while samples with Cu doping achieved almost ~95% of relative density. Conductivity
tests showed that BCG doped with Cu had higher conductivity than undoped samples,
which was only 68 mS cm™ for BaCesGdo203-5 but 92 mS ¢cm™ was achieved for
BaCeo.84Gdo.15Cuo.01 at 900°C in wet air. Copper oxide favoured the sintering ability of
Ba-containing ceramics in that the low-temperature melting point of Cu0 (~1030°C),
BaCuO> (1000°C) and Ba,CuO; (800°C)* provided a liquid phase during firing for
enhancing densification and grain growth, reported by Yang et al*®. In addition, a
eutectic can be formed between BaCuO, and CuO at a temperature above 900 °C.
Similar sintering behaviour was also found in cobalt or nickel oxide doped ceramic
material, published by Ricote et al.*’ The sintering temperature of BaZro.oxCexY0.103-5
decreased by about 250 °C with the addition of 1 or 2 mol% of cobalt or Ni, achieving
a high relative density of 94%. However, the ionic conductivity was decreased with Co
or Ni doping in BaZro9Y0.1035 while it did not change much for BaZro7Ceo2Y0.1035
with or without sintering aids. A similar phenomenon was also observed by Babilo and
Haile*®, who found that the introduction of 4mol% nickel, copper and zinc oxides could
considerably enhance the sinterability of BaZrossYo0.1503-5, especially with Zn doping
that over 93% of theoretical density was obtained for BaZr35Y0.1503-5 at 1300 °C. The
conductivity in H2O saturated N> was only slightly lower than that of unmodified
sample, analysed with A.C. impedance spectroscopy results. It demonstrated that zinc
oxide was a very promising candidate for reducing sintering temperature without
impacting much on the material conductivity.

By optimizing the doping ratio of B-site cations, Tao et al.*’ synthesised a new
protonic conductor, BaCeo 5Zr0.3Y 0.16Z10.0403-5, and its total conductivity reached 3.14

mS cm' at 400 °C in wet 5% Ha and over 10 mS cm™! above 600 °C. Moreover, thermal
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gravimetric analysis (TGA) test under pure CO; proved satisfactory chemical stability
of this new oxide compared to the other doped BaCeOs materials. Other doping
elements were also exploited for BaCeOs3 to improve the sinterability, chemical stability
and remain the same electrical performance. Bi et al.’® offer a new approach to solve
the antagonistic between the stability and conductivity by doping BaCeO3 with the
trivalent element indium (10%-30%) that possesses high electronegativity. The resulted
In-doped BaCeOs reached dense at relatively low temperature and stayed stable in CO»
containing atmosphere, showing the great possibility to be used in proton conducting

SOFC or SOEC application.

1.5 Proton conduction background

1.5.1 Perovskite background

“Perovskite” was first discovered by Gustav Rose in 1839 for samples existing in
the Ural Mountains. It was named after a Russian mineralogist, Count Lev Aleksevich
Von Perovski. Although perovskite was originally used to describe the compound of
calcium titanium oxide (CaTiO3), currently it is generally employed to name a group of
oxides with a formula of ABO; and similar structures. Typically, the A-site cation is
usually larger than the B-site and has a similar size with oxygen anion. Figure 1-7 (a)
depicts an ideal cubic perovskite structure, with B-site cations occupying the corners of
the cube, in six-fold coordinated, while A-site cations are located in the cube centre, in
twelve-fold coordinated, and oxide ions are placed half way of the edges. Figure 1-7 (b)
illustrates another way to view the structure with A-site ions sitting on the cube corners,
and B site ions in the middle of the cube and the hole of the oxide ions octahedron.
Oxide ions are now occupying the face centre of the cube. Figure 1-7 (¢) shows that the
BOg octahedra are not isolated in the system but share oxide ion in the three dimensions,

resulting in the corner-sharing octahedra network.
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Figure 1-7 (a, b) Visualising the ideal cubic perovskite structure in two different way,

(c) corner-sharing network of BOg octahedra.

One of the distinct properties of perovskite is that it can accommodate distortions
from the ideal cubic structure, providing flexibility for incorporating cations of different
sizes. For example, the stoichiometric valence combination can be A'"B>*03, A2 B* 03,
A¥'B*"0s, where the A-site can be occupied by either M* (Na*, K*), M?" (Ca**, Ba*",
St?"), or M** (La**, Fe’") and the B-site can be M>" (Nb*", W>"), M*" (Ce*', Ti*") or
M** (Mn**, Fe*"). In addition, vacancy and atomic-scale intergrowths with other
structural motifs can be accepted within the perovskite structure, determining the
possibility of a variety of valence at the A and B-sites cations. This doping strategy of
varied valence would provide an effective way to tailor material property and create
various defects in the structure under either oxidizing or reducing environment. For
example, when the overall valence of A-site and B-site cations is less than 6, the missing
charge will be compensated by introducing oxygen vacancies. A-site can also
accommodate vacancies in some cases to design the material with a specific property.
The allowed existence of defects in the perovskite structure provides its flexibility in
redox cycling, making materials to be redox stable and work well in the SOFC or SOEC
application.

In an ideal cubic perovskite structure, the relationship between radiuses of A site

and B site cations can be calculated from the unit cell parameter (Eq. 1-10).

ra+ro

a:rB+rO: NG

Eq. 1-10
Where a is the cubic unit cell parameter, and ra, rg and ro is the ionic radii of A, B
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and oxide ion, respectively. However, only a few oxides form an ideal cubic structure,
like SrTiO3, most perovskites have a mismatch between A and B site. Titling or
distortion will happen in this case, resulting in tetragonal or orthorhombic structure or
that with lower symmetry. In order to evaluate the degree of distortion from the ideal
cubic structure and predict the stability in the structure system, the Goldschmidt
tolerance factor (1) was given, defined as the size mismatch between A-O and B-O bond

lengths which are calculated from the sum of empirical ionic radii (ra, rs, ro) (Eq. 1-11).

_ Tao __ ra+ro _
T T Tarso | V2(rs+ro) Eq. 1-11

T<1

(b) In-phase tilting (c) Out-of-phase tilting

K & d
T

Figure 1-8. Distortion of the perovskite structure. (a) For t > 1, the BOg octahedra are

slightly stretched, For t < 1, octahedra undergo a cooperative tilting, when the
adjacent layer tilt in the same direction, giving rise to in-phase tilting (b), when in the

opposite direction, resulting in out-of-phase tilting (c).

For the ideal cubic structure (e.g., SrTiO3; and BaZrO3), t is almost unity. For t >
1, the A-site cation is too large for the cuboctahedra cavity formed between BOsg
octahedra, therefore, BOs octahedra need to stretch a bit to accommodate the large A-
site cation, and the resulted structure is presented in Figure 1-8 (a). In this case, B-site
cation is not at the octahedral symmetry centre any more. In the situation when t < 1, it
may come from the smaller cation substitution on the A-site or larger cation on B-site.
Therefore, A-site cations are too small in the cuboctahedral cavity to contact with all
the twelve oxide ions. The structure mismatch is then adjusted by cooperative rotations
of the octahedra but remaining the whole corner-sharing connectivity, the A-site cation
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can contact all the 12 oxide ions in this way. This process is called octahedral tilting
and can be divided into in-phase tilting ( tilt in the same direction, Figure 1-8 b) and
out-of-phase titling®! (tilt in the opposite direction, Figure 1-8 c).

Octahedra tilting may give rise to some consequences on material property. It is
known that the electronic conductivity for some materials come from the electron
hopping between the B-site cation in the structure. When tilting happens, the angle
between B-O-B bond drops from 180° to (180° - ®), and the more tilting, the larger .
This will influence directly the interaction between B-site and oxide ion (orbital overlap,
inter-atomic distance etc) and result in the change on the properties like band gap, the
width of conduction band>*->3. Moreover, titling sometime cannot always make the
smaller A-site cation bonding with 12 oxide ions, which makes the A-site cation
coordinate with only 8-10 ions. The asymmetric environment may, in turn, have an
effect on oxide ions diffusion pathway>*. Generally, cations size mismatch generating
tolerance factor in the range of 0.78 < 1 < 1 can be accommodated by titling in the
perovskite structure.

It is found that the extent of distortion can decrease with increasing temperature®>
37 and in some structures, it can even transfer into cubic symmetry at high temperature.
This is probably because the A-O bond expands more than the B-O bond during heating,

thus the tolerance factor will be approaching 1.
1.5.2 Proton defect formation

For perovskite structure, the protonic defects are introduced with the dissociative
absorption of water, which requires the existence of oxide ion vacancies, V. The
vacancies can be formed either by intrinsically varying the ratio of the constituents in
the compounds (e.g., A12xBOs.5) or by extrinsically doping a lower-valent cation (e.g.
AB1.yMy03.5) on the B-site to compensate for the electroneutrality. In the case of doping
strategy, the lower-valent cation can substitute up to 25% of the B-site cation. The
modification of stoichiometric perovskite oxides provides materials with the optimized

property. In high-temperature perovskite-type proton conductors, ABO3 (A = Ca, Sr, Ba;
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B = Ce, Zr) are most frequently modified to enhance its proton conductivity. For
example, for the most conventional developed A>*B*"O; configuration of BaCeO3, the
replacement of Ce*" by a trivalent cation M>" enables the appearance of extra oxygen
vacancies V, in the crystal structure, and this process occurs according to the following
Eq. 1-12 given in Kréger-Vink notation:
2Cef, + 05 + M,05 — 2M¢, + Vi + 2Ce0, Eq. 1-12
When exposing to water vapour or H» containing atmosphere at elevated
temperature, proton defects appear in the form of hydroxyl ions by incorporating water

molecules, represented by Eq. 1-13:
H,0g) + 03 + Vo — 20H, Eq. 1-13

where the water molecule dissociates into a hydroxide ion and a proton. While the
hydroxide ion occupied an oxygen vacancy, the proton is covalently bonded with lattice
oxygen, producing two positively charged proton carriers (OH) that are free to hop
between oxide sites. Because the formation of proton defects is accompanied by a
significant weight gain in Eq. 1-14, the protonic conduction property and proton

concentration can be evaluated by thermal gravimetric analysis (TGA).
1.5.3 Proton transportation mechanism

The most widely accepted explanation for proton transfer is the Grotthuss
mechanism >’ In the Grotthuss mechanism, proton conduction occurs in an infinite
network of hydrogen bonds. Two steps (Figure 1-9) are responsible for the proton
transfer in this process, rotational diffusion of the protonic defect and proton migrate
by hopping from one oxide ion toward another nearest-neighbouring one in the lattice
with oxygen remaining on their crystallographic positions, as symbolized by: OHee*O
— OeseHO. Quantum molecular dynamics (MD) simulations®%? illustrated that
rotational diffusion process was fast with low-activation barriers, indicating the rate-
limiting step is the proton transfer reaction associated with bond breaking. However,
Kreuer®® suggested that proton transfer was mainly through the Grotthuss-type

mechanism (hopping and rotating) at moderate-temperature range, while at high
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temperature, the vehicle mechanism was also involved. That is, the proton movement

takes place with the help of a carrier (vehicle), e.g., H3O".

proton
transfer

rotational
diffusion

Figure 1-9 The trace of a proton in a perovskite showing that two principle features of
proton transport: rotational diffusion and proton transfer® (data have been obtained
by a quantum-MD simulation of a proton in cubic BaCeQ3). Figure reproduced from

Ref. 63, Annual Reviews.

1.5.4 Electronegativity effect on hydration enthalpy

In the formation of proton defects, the process of water molecule dissociating into
a hydroxide ion and a proton can be regarded as an amphoteric reaction, where the
oxide acts as an acid to absorb the hydroxide ion by oxide ion vacancy and a base
accomplishing the protonation of lattice oxide ion. Atomistic simulation results reveal
a negative hydration enthalpy for CaZrOs;, SrZrO; and BaCeOs, indicating the
dominated proton conductivity at low-temperature range in these materials. However,
there is some controversy about how the structure and chemical parameter will
influence the enthalpy of the hydration reaction®*%°. But an increasing number of
investigations show that the reaction enthalpy becomes more exothermic with
decreasing electronegativity of the cations (decreasing Bronsted basicity of the oxide),

especially the B-site cation with larger electronegativity variation range in the
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perovskite. For example, with a decrease order of electronegativity in titanate, niobite,
stannate, zirconate and cerate, the equilibrium constant of the hydration reaction is in
an increasing order®®. This electronegativity effect seems to be in conflict with the
amphoteric reaction process we mentioned above. Consider now that the hydration
reaction is divided into two steps, the first is the occupancy of oxide ion into the oxygen
vacancy and the second the protonation of the lattice oxide ion including both the new
formed one and the already existed one in the structure®®. Typically, it is the second step
that determines the difference in the thermodynamics property of hydration reaction
while the first step seems to prevail in perovskite oxides®>. But the reason is not clear
now.

When correlating with the electronegativity difference AXg.a between the B-site
cations and the A-site cations of the perovskite, a better correlation is observed between
the electronegativity and hydration enthalpy.®’” Specifically, perovskites with smaller B-
A electronegativity differences have the more negative values of hydration enthalpies.
However, the relationship is not perfectly linear with much scatter, either resulting from
limited equilibrium measurements or actual points, further research is essential to find

out other underlying and finer correlations.
1.5.5 Protonic defects stability

Apart from the variation of the hydration enthalpy, hydration entropy can also be
evaluated together with the dehydration temperature of oxides. The dehydration
temperature can reflect the stability of the protonic defects. Different from the chemical
stability of perovskite oxide against the acid atmosphere, where it increases with higher
electronegativity, the stability of protonic defects varies in opposite order. For example,
with an increasing order in chemical stability in cerate, zirconate and titanate, their
protonic defects stability is in a decreasing trend. It is also found that crystallographic
symmetry does not have the same much influence on the perovskite thermodynamic
stability as on its protonic defect stability®?. For example, BaCeOs and SrCeOs have

almost identical stability towards CO> but SrCeOs3; shows worse stability with protonic
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defects because of its stronger orthorhombic distortion. Acceptor dopants are then
supposed to affect the protonic defect stability of the host perovskite due to the
reduction of local symmetry, as evidenced in Figure 1-10 by the decreased stability of
Y-doped BaCeO3 and Sc-doped SrTiO3 compared with the undoped samples. But this

does not work well with Y-doped BaZrOs, which is considered as a perfect acceptor

dopant for BaZrOs.
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Figure 1-10 Equilibrium constant of hydration reaction for Y-doped BaCeOs, BaZrOs3,
and Sc-doped SrTiOs compared with the reaction equilibrium of the host BaCeOs,

BaZrOs and SrTiOs compounds with CO2%. Figure reproduced from Ref. 66, Elsevier

1.5.6 Proton mobility and its activation enthalpy

Quantum-MD simulations found that in the transfer process, proton moves from
outside the BOs octahedron but not along the edge of two octahedron oxygen, forming
a strongly bent hydrogen bond®®. It is supposed that the repulsive interaction between
the proton and the highly positive charged B-site cation (H/B-repulsion) renders the

formation of a linear hydrogen bond. Figure 1-11 (a) illustrates the proton diffusion
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path in BaCeOs simulated by Kreuer®. In the beginning, hydroxyl ion was formed at
oxygen atom A with a proton at position 1. By rotational motion around oxygen A, the
proton can move from position 1 to position 2. The rotational motion of the proton
around the oxygen atom was found to be in the plane perpendicular to Ce-O-Ce axis,
shown as a ring-like object in Figure 1-11 (b). Because of the Ce-O bending, the proton
then moves to position 3 and forms a hydrogen bond with oxygen atom B. Transfer
from position 3 to position 4, there exists an energy barrier. If the bond length between
A and B can be shortened to reduce the energy barrier, proton then may transfer to
position 4. At this position, the Ce-O bending motion would eventually break the
hydrogen bond with oxygen A and the proton move to position 5, which is equivalent
to position 1, accomplishing a proton transfer from one oxygen site to the neighbouring
one.

The contribution of bond energy change (H/B repulsion elongates B-O bond) to
the activation enthalpy can be estimated by H/B-repulsion. This is further supported by
the fact that cubic perovskite structure with pentavalent B-site cation has a significantly

higher activation enthalpy of proton mobility than that with tetravalent B-site cation®.

(a) (b)
a
& : - &
e
®—Ce . —0

Figure 1-11. (a) Suggested proton diffusion path between two oxygen atoms. Proton
diffuses from position 1, passing through position 2, 3, and 4 until arriving at position
5. (b) The ring-like object around an oxide ion generated by proton motion (T=900

K)®. Figure reproduced from Ref.60, Elsevier

In addition, deviation from an ideal cubic structure can also lead to an increase in
20



the activation energy for proton mobility. Miinch et al.”

compared Y-doped BaCeOs
and SrCeOs and found that Y-SrCeOs showed higher activation enthalpy for proton
diffusion and lower conductivity owing to its large orthorhombic distortion structure. It
comes to think about the effect of acceptor dopant on the activation enthalpy. Aliovalent
dopants with matching ionic radii are supposed to have a little negative impact on the
activation energy of host perovskite owing to its less influence on the structure
symmetry change. This is adapted for oxide ion conductivity, however, not suitable for
proton conductivity. For example, large cation of Y** doped BaZrO; showed high
proton mobility than size-matched cation Sc*" and In** doped oxides. Although the
large Y** doping lead to local lattice expansion and even tetragonal distortion at higher
doping level, the acid/base property of the coordinating oxygen kept almost
unchanged’', leading to the chemical match contribute more on the proton mobility than
size match. Proton mobility and activation enthalpy are independent of Y3*
concentration (up to 20%). But in the case of BaCeOs, Y** doping increases its
activation enthalpy and decreases the proton mobility.

It is then not surprising to find in Figure 1-6 that BaZrOs3 is among the best proton
conductor with the highest proton conductivity. BaZrOs has a perfect cubic structure
with the highest lattice constant, which enables high solubility limit of proton defects
and provides high proton mobility. The activation enthalpy for proton defects diffusion
is also decreased by the strong Zr/O covalency bond which reduces the repulsion
interaction between Zr and proton.

In addition to the factor of the chemical match with the oxygen ions suggested by
Krewer et al.,”? defect association was proposed to result in a higher conduction

1.7 carried out

activation energy with increasing dopant concentration. Karmonic et a
neutron vibrational spectroscopic measurements and found that a considerable amount
of protons were associated with the dopant in the doped SrCeOs. Meanwhile,

Hempelmann et al.”*

proved the existence of trapping centres that is adjacent to the
dopant ion. By analysing the pre-exponential factor of the conductivity of Yb-doped

SrCeOs, Scherban and Nowick’® proposed that not all the dissolved protons are mobile
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carriers. Moreover, the OH-dopant binding energies were calculated by Davies et al.,”®

which illustrated the negative values for Sc** and Y** -doped SrZrOs, suggesting that
all OH-dopant pairs were bound. Among the three dopants, Sc** showed the highest
binding energy and Y** had the smallest. The defect association may give rise to larger

activation energy which would limit the proton mobility.

1.6 Electrodes and exsolution

1.6.1 Electrodes

Apart from the electrolyte, electrodes process (anode and cathode) plays a crucial
role in cell performance. For a given electrode material, it should fulfil several
requirements, including high electrocatalytic activity towards desirable reactions on
that electrode side, ion transport property, electronic conductivity, porosity allowing gas
diffusion, stability under working conditions (reduction or oxidation condition),
thermal compatibility with other cell components (electrolyte or interconnect),
tolerance with poisonous gases. For its electrocatalytic property, various approaches
were applied to prepare the nano-catalysts on the electrodes, such as mechanical mixing
of electrode material with catalysts, impregnation of catalysts solution on the electrode
scaffold, etc. Sometimes the ionic (IC) and electronic conduction (EC) can be provided
by a single material, regarded as mixed ionic and electronic conductor (MIEC). For
composites electrode with IC and EC two phases, the active sites are those interfaces
where IC, EC and gas-phase meets together (referred to as triple phase boundary, 3PB),
as shown in Figure 1-12 (a). In the case of electrodes made from the MIEC, the
electrochemical reaction takes place at the whole electrode surface exposed to the gas
phase, which is the entire solid/gas two-phase boundaries, referred to as 2PB (Figure 1-
12 b). Considerable work focuses on maximizing the reactive boundary by optimising

the microstructure of the electrode or by applying different preparation methods.
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Figure 1-12. (a) 3PB fuel-electrode in IC-EC composite structure (SOEC mode), (B)
2PB fuel electrode in single-phase MIEC structure (SOEC) mode.

1.6.2 Exsolution mechanism

In-situ exsolution from perovskite oxides has been found to be a very promising
method to obtain metal nanoparticles with catalytic activity while the parent perovskite
is used directly as the electrode materials. This process is quite easy to achieve by
simply doping the catalytic cation on the B-site of the perovskite lattice under high-
temperature sintering in oxidized condition, followed by exposing the oxide material to
reducing atmosphere (for example, 5% H2/Ar) at about 500-1000 °C or by
electrochemical switching for only minutes, applying a certain voltage to the electrode.
Then the B-site dopant cation can partially exsolve to the material surface in the form

of nanoparticles, as illustrated in Figure 1-13.
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Figure 1-13. Illustration of metal exsolution from perovskite.
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Before the systematic investigations of exsolution from perovskite carried out by
Neagu et al.”’ in recent years, the observation of nanocatalysts grown from the
perovskite lattice under reducing atmosphere can be traced back to almost twenty years
ago, when Nishihata et al.”® found that palladium (Pd) reversibly moved out of and into
the LaFeos57C00.338Pdo.0sO3 perovskite lattice when cycled between reductive and
oxidative atmosphere. In comparison with the Pd-impregnated y-Al,Os catalysts, the
‘intelligent’ Pd-perovskite catalysts showed higher resistive to ageing during the
conversion of CO and NOx measurements. Afterwards, this technique was used in
decorating perovskite surfaces with catalytically active Pd, Ni, Ru, Rh and Pt
nanoparticles in the application of SOFC”? and automotive emission control’® #3-84,
However, in many cases, except the preferred metal nanoparticles, the large A-site
cation, such as La*", also precipitated on the perovskite surface in the form of La,Os or
La(OH)s after reduction treatment,’® 3% which is usually detrimental to the catalytic
performance and electric conduction of materials. This is because with the ongoing
exsolution of B-site cation, the left parent oxide possesses more amount of A-site cation
than the nominal stoichiometry, that is A-site excess, perhaps arranging as Ruddlesden-
Popper phases (Eq. 1-14). While perovskite can only tolerant a limited A-site excess,
the A-site cation would be expelled out of the lattice to keep the perovskite structure in

a stable state (Eq. 1-15).

exsolution

(n4 1) ABOz ¢«——— Apy1By Ozps1 + B+ 0, Eq. 1-14
decomposition

Apy1By03p1 ———— AO 4+ nABO, Eq. 1-15

Or the total reaction can be expressed as Eq. 1-16:

exsolution

ABO; — (1 — @)ABOs + A0 + aB + a0, Eq. 1-16

The concept of exsolution applied in the above perovskite is all based on the
stoichiometric compositions, with A/B=1, and only for limited kinds of easily reducible
cations. By control of non-stoichiometry (A/B<1, A;.4BOs.5), Neagu et al.”’ found that
by tailoring the non-stoichiometry, harder-to-reduce cations that have higher Gibbs free

energy in the reduction reaction can also be exsolved and the undesirable precipitation

24



of A-site cation-containing phases can be inhibited, as exemplified by Eq. 1-17.

exsolution

Aj_4BO3;_s —— (1 —a)ABO;_g+ aB + £0, Eq. 1-17
This is because, on one hand, the A-site deficient A1.,BOs.; can be regarded as B-site
excess, which may drive the B-site cation exsolved from the perovskite lattice naturally
to maintain a stable stoichiometric structure. On the other hand, under the pre-existence
of A-site deficiency, the B-site exsolution would drive the perovskite composition
towards a stable ABO3 stoichiometry but not A-site excess, which alleviates the
formation tendency of AO precipitations. The beneficial effect of non-stoichiometry on
the B-site exsolution can be observed in Ni exsolution from the tailored perovskite
stoichiometry and is explained as follows. ABOs+, A1.4BO3 and A1..BOss -type
perovskite oxides were designed by adjusting the doping content of trivalent La*" on
the A-site, represented by (Lao3St0.7)(Nio.0sT10.94)O3.09, (Lao.s2S10.28)(Nio.06T10.94)O3,
(Lao.4St0.4)(Nio.06Ti0.94)O3-5, respectively.®® However, XPS investigation revealed an A
and O-site enriched surface that was even developed on the A-site deficient oxide,
which could act to locally suppress B-site exsolution. This A, O-site enrichment on the
surface was generally observed in perovskite and inherently formed during high-
temperature annealing in oxidizing atmosphere.®” Therefore, a “cleaved” surface, which
belonged to the ‘bulk surfaces’, was also used to investigate exsolution due to its
nominal designed stoichiometry. After reduction, no particle was observed on the native
surface of the ABOs+ -type oxide, and only limited number of nanoparticles were
occasionally observed on its cleaved surface (Figure 1-14 a), further illustrating the
detrimental effect of A-site excess on particle nucleation. On the cleavage of A1..BO3
(Figure 1-14 b), numerous particles were distributed uniformly and can also be seen on
the regular surface. A1.BOs.5 -type oxide in Figure 1-14 (c) showed a terraced-like
surface morphology and a lot of particles were located on the terrace edge. The easy to
exsolve on the surface of the deficient host perovskite proved the controllable

nanoparticle exsolution with non-stoichiometry.
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Figure 1-14. The key role of non-stoichiometry and perovskite surface structuring in

the B-site exsolution, exemplified by SEM images presenting Ni exsolutions from (a)
(Lao.3Sro.7)(Nio.0s Ti0.94)O3.09, (ABO3+,), (b) (Lao52Sro.28)(Nio.os Ti0.94)O3, (A1-«BO3) and
(c) (Lao.aSro.4)(Nio.0sTi0.94)O3-5, (A1-4BO35). The samples were reduced at 900 °C for
15h in 5% Ha/Ar. Figure adapted from Ref. 86.

In order to explain the promoting effect of A-site deficiency on exsolution at an
atomic scale, we need to describe the general exsolution process in detail first. Initially,
when an A1.,BO3 perovskite is exposed in reducing atmosphere (e.g., 5% H>/Ar) at
elevated temperature, oxygen ions are stripped from the perovskite lattice due to the
low pO2 in the atmosphere, resulting in formation of oxygen vacancies and electrons

as follows:
08 - V5 + 2¢™ + 0, Eq. 1-18

The perovskite becomes A-site deficient and oxygen deficient A1.,BO3.s:

Reduction

A_BO; ——— A;_,BO3_; Eq. 1-19
With further reduction, the number of oxygen vacancies reaches the limit value

that can be accommodated in the perovskite structure, diim:

Further Reduction

Ay_oBOs_g Ay BOs 5, Eq. 1-20

After that, the continuing reduction would lead to the destabilization of the
perovskite lattice that cannot be tolerated simply by octahedra titling. In this case,
reducible B-site cations are exposed and favourable in nucleation:

B%* + 2¢” =B Eq. 1-21

Note here the nucleation is not necessary in the form of metal. For the B-site
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occupancy consisting of only cations with positive Gibbs free energy AG of the
reduction reaction, it would exsolve in the form of metal oxide, such as TiOz.s from
Lao.4Sr94TiOs3. Nucleation is preferred to occur primarily on the surface of the host
lattice where the nucleation barrier is supposed to be lowered by crystal defects.®®
Moreover, since lattice oxygen is firstly stripped from the very surface of the perovskite
oxide, numerous oxygen vacancies are created on the surface of the grain, but only a
few or ‘none’ exist in the layers beneath. Thus, an oxygen concentration gradient is
produced which drives the bulk oxygen ions naturally migrating towards the surface to
balance out the gradient. Meanwhile, the nucleation of the B-site cation on the surface
also drains exsolvable B-site cations diffusing from the bulk to the surface to balance
the compositional gradient. This compensation process fuels the growth of the metal
clusters and cations diffusion is reported from about 100 nm depth of the surface.®
Here, we see that the metal nucleation occurs in fact in the form of Schottky-type defect
reaction expressed by Kroger-Vink notation as follows:
Bg+ Op © B+ -0, + Vg + V§ Eq. 1-22

Coupled with oxygen vacancies induced through reduction, the presence of A-site
vacancies may facilitate the destabilization process of the lattice due to the high
deficiency on two of its three primitive sites, as shown in Figure 1-15. The removal of
oxygen ions can be thus visualized as locally secluding the B-site cations from the main
perovskite framework into incipient exsolution. Unit cells occupied with A sites remain
unaltered, while the ones with A-site deficiency is expelled due to the initial ‘B-site
excess’ state.”’

The defects, such as A-site and oxygen vacancies, assist not only with the
nucleation but also ions migration by minimizing lattice collisions and suppling

hopping sites, which in turn drive the exsolution of active B-site cations.”
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Figure 1-15. Schematic of the B-site cation exsolving from A-site-deficient
perovskite. The larger silver spheres, small grey spheres highlighted in yellow, large
dark spheres represent O-sites, B-sites and A-sites, respectively. A-site vacancy is
depicted in a large hashed red sphere’’. Figure reproduced from Ref. 77, Nature

Publishing Group.

28



Apart from the beneficial effect of non-stoichiometry on promoting the reduction
of ions and alleviating the segregation of AO island on the surface, A-site deficiency
can play a role in trigger the formation of exsolutions that beyond thermodynamically
favourable matter. As in the previous exsolutions on stoichiometric oxides, most
exsolvable cations (Ru*", Rh**, Pd**, Pt*") that are reported are easier to reduce and
have a very negative reduction free enthalpy values, AG < -200 kJ/mol, meaning that
the exsolution of these cations is spontaneous. However, with the existence of A-site
deficiency, the thermodynamically unfavourable reduction of TiO> to Ti2O3
(AGrio2—Ti203 = +38 KJ/mol, T=1100 °C) can be triggered in the perovskite. This
suggests that A-site deficient can act as a general driving force for exsolution, more
general than the reducibility of the cations.

As we mentioned at the beginning, the unique property of exsolution method is
that nanoparticles grown from the perovskite lattice exhibit enhanced thermal stability
and significant resistance towards coking during the catalytic or SOFC test. In
comparison with the deposited particles, the exsolved Ni particles are reported to
present distinct lower tendency to agglomerate and coke when exposing in reductive
atmosphere at high temperature for tens of hours. Only less extent of coalescence occurs
in the exsolved particles when particles are initially close to each other.®’ Generally,
exsolved particles are pinned to their original location and showing high stability in the
metal-oxide interfaces. Aside from the thermal stability, when exposed in a
hydrocarbon environment, conventionally deposited Ni particles are uplifted by the
formation of carbon fibres at the metal-oxide interface owing to the catalytic activity of
Ni (Figure 1-16 a), which would result in irreversible catalysts damage. Whereas, Ni
particles prepared by exsolution exhibited exceptionally low extent of coking with
limited short carbon fibres laying on the oxide support (Figure 1-16 b), suggesting a
remarkable resistance to coking.®® The high thermal stability and coking resistance is
proposed to result from the socketing nature of the exsolved particles in the host
material that about one-third of the volume is immersed in the host lattice (Figure 1-16

¢).®? Additionally, lattice strain is found to exist between the particles and the host
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perovskite due to the crystallographic coherence (Figure 1-16 d), further contributing

to the different physical and chemical properties of the exsolved particles.®’

Ni particle

Figure 1-16. (a) Ni particles prepared by vapour deposition after coking test, (b) False
colour micrograph of Ni particles obtained by exsolution after coking test, (c) Dark
field TEM micrograph of a Ni particle exsolved on (110) surface after ageing (~3%
H20/5% Ha/Ar, 930 °C, 60h), (d) detailed TEM micrograph of the metal-perovskite

interface. Figure adapted from Ref. 89, Nature Publishing Group.

1.6.3 The extent of A-site deficiency in Perovskite

It is found that the extent of A-site deficiency in a specific material highly depends
on the doping cations, and materials with A-site deficiency exceed the maximum
tolerated vacancy would comprise a cation stoichiometric perovskite phase and a
secondary phase.’! Transition metal perovskites are found to accommodate low range
of A-site deficiency, especially for oxides with a high fraction of nickel cations resided
on the B-sublattice, as investigated experimentally by in situ neutron diffraction
analysis, transmission electron microscopy and thermogravimetric analysis. This is
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proposed by Konysheva and co-worker’! to be relevant to the Me-O bonds energy.
When “one-vacancy” on the A-site exists in the perovskite structure, at the local level
the coordination number (CN) of the connected twelve O® ions would change from 6
to 5. Since O* ions cannot support a 5 fold coordinated state®?, the distorted oxygen
sublattice need to be compensated within the perovskite structure. In NayWOs3; and
La;3Nb(Ta)Os, transition metal cations are in the high valence of 6+ or 5+, leading to
a high degree of covalence in the Me-O bonds (W-O, Nb-O, and Ta-O) and Me-O
network thus tends to be stable. As a result, the oxygen sublattice can be stabilized, and
a high proportion of cations vacancies at the twelve coordinated A-sites can be tolerated.
In contrast, nickel cations in perovskite can flexibly change their oxidation state
between 2+ and 3+ valence, giving rise to a less stable [NiOs] octahedra and thus an
unstable perovskite structure. Konysheva and co-workers’! summarized the correlation
between the maximum A-site deficiency in perovskites and the average B-O (<B-O0>)
bond energy or the average metal (A, B)- O bond energy <ABE>, illustrated in Figure
1-17. The <ABE> values can help to assess the effect of the chemical origin of A-site
cations on the maximum A-site deficiency (Figure 1-17 b). The negative values indicate
the thermodynamic favourable character of the formation of the bond. The average <B-
O> bond energy shows an almost linear dependence upon the maximum A-site
deficiency. With the most stable <B-O> bonds, La;3Nb(Ta)O3; exhibits the highest
tolerance to A-site deficiency, achieving a fraction of 2/3. Compounds containing a high
concentration of Ti show relatively less capacity toward A-site deficiency due to the
lowered <B-O> bond energy. Extrapolate to the zero value of the maximum A-site
deficiency in Figure 1-17 (a), the corresponded <B-O> value means that perovskite
lattice with <B-O> bond energy varying between -175 — -190 kJ mol! can
accommodate negligible A-site deficiency. This approach provides a convenient

prediction for designing perovskite materials with a single phase.
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Figure 1-17. Correlation between the maximum value of A-site deficiency in the
perovskite with (a) average <B-O> bond energy and (b) average <ABE> bond energy
estimated from the thermodynamic data for 1. Lay3TaOs; 2. LaysNbOgz; 3. Nag.2sWOs;

4. Lays(Ti**05Ti%*05)03; 5. Lao2SrosTiosNbo203; 6. Lago(Mn**osMn*05)O3+s; 7.
Lap.55Sr0.4C0%" 0 2Fe3*0803; 8. LaNiOs, 9. LaCoOs. Figure reproduced from Ref. 91,
Wiley Publishing Group.

1.7 Phase diagram

In the sintering process, the participation of liquid phase can assist densification
usually by enhancing grain boundary transport rates and the densification rates. Specific
grain boundary properties may also be produced because of the distribution of liquid
film on this region. Typically, the amount of liquid involved in the densification is quite
small, only a few volume percent, which make the solidified liquid phase difficult to
detect and sometimes can only be revealed by high-resolution transmission electron
microscopy. The addition of sintering aids for densification in the sintering of ceramic

oxide is generally based on the principle of liquid phase sintering.
1.7.1 Y203-BaO-CuO system

The study of phase equilibrium diagrams is very useful in optimizing the condition
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for calcining, sintering and crystal growth of the superconducting compound
YBa>Cu3Oe+5. The pseudo-binary phase diagram of the YCuO» 5-BaCuO- constructed
by Nevriva et al.” is illustrated in Figure 1-18, where the copper ions were assumed to
be divalent and the possible deviation from stoichiometry were neglected. The diagram
can roughly be divided into the lower temperature region below 1075 °C and higher
temperature region above 1075 °C. At lower temperature, the phases in equilibrium
change with the molar ratio of BaCuO», with CuO + YCuO25 + Y2BaCuOs for 33.3
mol% of BaCuO;, CuO + Y2BaCuOs + YBaxCu3Oe s for 33.3 — 66.6 mol% of BaCuO»
and YBa;Cu30e.5 + BaCuO: for 66.6 — 100 mol% of BaCuOx. Peritectic decomposition
occurs for 1:2:3 phase at 1000 °C and for 0:1:1 phase at 1025 °C, leading to the new
phase equilibriums, that is, CuO + 2:1:1 + 0:1 :1 between 1000 °C and 1025 °C, CuO
+ 2:1:1 + L between 1025 and 1075 °C. Platinum containing phases, X3 and X4, are
also present now due to the platinum inserted during sample preparation. Above
1075 °C, liquid phases are formed in the whole range of BaCuO: concentration, making
the system more complicated. In the concentration range of BaCuOz below 19 mol%,
the co-existence of phases is Y203 + 1:0:1 + L. However, phase diagram at higher

BaCuO:> concentration range is less reliable due to the presence of platinum species.
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Figure 1-18. Pseudobinary phase diagram of the YCuO. 5 — BaCuO; system, A-
YCuOz2s, B-Y2BaCuOs, C-YBaCuz0e¢5, D-BaCuO». Figure reproduced from Ref. 93.
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In the Y203-BaO-CuOx system, one of the important investigations on the phase
equilibrium is the peritectic melting points of quaternary compounds Y>BaCuOs and
YBaxCu3O¢+5 and the ternary eutectic point of YBaxCuzOs+s/BaCuO2/CuO/liquid
phases. Typically, the liquid phase in the Y-Ba-Cu-O system contains Y**, Ba**, Cu®",
Cu” and O* ions and maintains electrical neutrality by adjusting the relative amounts

of the Cu?*, Cu" and O ions.
1.7.2 BaO-CuO system

In the BaO-CuOx and BaO>-CuOx systems, only a few phases were reported,
including BaCuO2.2.12, BaCu02.26-2.39, BaCuO2.5, BaxCuO3-+x, Ba2Cu30s+x, BaCu2O2+x,
BasCus0s, BasCu3Os:x, BazCuO4, BaCu304, BazCuxOs+x, and BaCuOx. As indicated
by the formulas, many of the phases are nonstoichiometric in terms of the oxygen
content.

Roth lab® firstly determined the phase equilibrium of BaO-CuOx system in air. In
this system, two phases were confirmed, BaCuO> and Ba,CuOs. Under the atmosphere

1. conducted experiments on phase diagram of

of 1 atm oxygen pressure, Nevriva et a
CuOx-BaCuO; quasi-binary system. Later, combined with thermal analysis, the
diagram is reexamined by Zhang et. al®® and further completed by Zimmermann et al.,”’
illustrated in Figure 1-19.

Ba;CuOs melts at 900 °C by the peritectic reaction (L + BaO — BaxCuOs3) at a
composition of 35 mol% CuO. Under the finite cooling rate, peritectic reaction does
not reach completion and part of the liquid remained unreacted. This liquid is followed
by eutectic reaction below. Two eutectic reactions (E3 and E2) accompanied with a
slight increase in weight occur at 900 °C and 920 °C, through L — BaO + Ba;CuOs3 and
L — Bay;CuOs3 + BaCuOy, respectively. The eutectic composition is around 24.5 mol%
CuO for E3 and 36.5 mol % CuO for E2. This reaction does not occur in the heating
process. A phase transition takes place at 810 °C of the Ba,CuQOs, from tetragonal

structure at above 810 °C to an orthorhombic symmetry (Immm) at lower temperature.

Another eutectic reaction (L — BaCuO; +Cuz0) occurs at 890 °C near 71.5 mol%
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CuO, between the phase BaCuO; and CuO. The same eutectic point is reported to be at
varied temperature and contain a different liquid composition. For example, Roth et al.
reported that the eutectic took place at 900 °C and 0.62 mol fraction of CuO at 0.21 atm
oxygen pressure, while this reaction occurred at 926 °C and 72 mol% CuO at 1 atm
oxygen pressure, investigated by Nevriva et al®®. Lay et al®®. had the similar results on
this eutectic reaction as Nevriva et al., which is about 70 mol% CuO in the liquid
composition in air. Based on the experimental date by Nevriva et al. and Lay et al., Lee
and co-authors” calculated the thermodynamic data of the BaO-Cu,O-CuO system,
which shows the CuO/BaCuO>/liquid eutectic point at 1 atm oxygen pressure to be at
926 °C with 69.5 mol% CuO and at 0.21 atm oxygen pressure to be at 906 °C with 69.8
mol % CuO. The melting temperature of BaCuO> was calculated to be 1028 °C and
1007 °C at 1 atm and 0.21 atm oxygen pressure, respectively. The temperature of this

reaction changes with the BaO-CuO composition.
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Figure 1-19. Pseudo binary phase diagram BaO-CuO, pO2 = 0.21 bar. Figure
reproduced from Ref. 97.

The behavior of BaCuO; phase on heating and on cooling is different. This phase
remains stable up to 1016 °C, then melts by the synthetic reaction (L1 +L2 — BaCuO,).
The temperature of 1060 °C is the highest temperature, below which the two liquids

coexist. During cooling, the synthetic reaction dose not take place. The two liquids will
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remain at temperature below 1016 °C. Each liquid finally solidifies at the respective
eutectic point E1, E2.

CuO transfers into Cu20 at 1025 °C, but no observation has been confirmed of the
transition.

Another type of phase diagram, shown in Figure 1-20, provides potential functions
(oxygen pressure and temperature) on both axes and is exemplified by the so-called
stability (or predominance) diagram.'% Each line in this figure represents the conditions
for the corresponding two or three phases in equilibrium, with the phases stable on each
side of the line. For example, the 2:1 phase is stable when oxygen pressures and
temperatures are between the bold sold lines (1-9), while 1:1 phase remain stable in the
condition range of thin solid line (2-8). For 2:3 phase, it can be stabilized at oxygen
pressure and temperature condition above the short dash line (4), and for the higher Cu
content phase, 1:2 phase, it is only stable below the chained-dot line (6). Below the two
dots chain line (10), the barium cuprate phases totally decompose and copper species
exist in the form of Cu metal. Overall, the stability fields of the phases in the Ba-Cu-O

system are bounded by the following reactions:

2Cu,0 = 4Cu + O, Eq. 1-23
4CuO = 2Cu,0 + 0O, Eq. 1-24
2Ba0, = 2Ba0 + 0O, Eq. 1-25
Ba,CuO33; = Ba,Cu03; + (0.1)0, Eq. 1-26
6Ba,Cu05; + (3.1 +y)0, = 8Ba0, + 2Ba,Cu30s,y Eq. 1-27
2Ba,Cu05; = 3Ba0 + BaCu,0, + (0.6)0, Eq. 1-28
8BaCu0; + (0.3 +y)0, = 2Ba,Cu033 + 2Ba,Cu30s,, Eq. 1-29
3BaCu0O, = Ba,CuO34 + BaCu,0, + (0.45)0, Eq. 1-30
Ba,Cuz05,, = CuO + 2BaCu0, + (y/2)0, Eq. 1-31
2BaCu,0, + 0, = 2Cu0 + 2BaCuO, Eq. 1-32
2BaCu,0, = 2Ba0 + 4Cu + 0, Eq. 1-33
2Ba0 = 2Ba+ O, Eq. 1-34
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2Ba,Cu305,y = (2 —y)0, = 6Cu0 + 4Ba0, Eq. 1-35

It is worth noting that the phase equilibriums in this figure only express the
thermodynamic instability of a phase but say nothing about the kinetics, which means

that it is not known to us that how quickly the unstable phase decomposes.
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Figure 1-20. Stability diagram of the Ba-Cu-O system. Figure reproduced from Ref.
100.

Although the 1:1 phase is expressed as BaCuO-, evidence shows that the phase is

not stoichiometric but can dissolve an excess of oxygen.
1.7.3 NiO-BaO system

When BaO and NiO mixtures with different fractions for each component were
calcined, two products were observed, NiO*BaO and NiO<3BaO. NiO<BaO is
orthorhombic. In a pseudohexagonal unit cell, Ba®" is hexagonally close-packed and
nickel ions locate at the center of a square array of O*. The NiO+BaO single crystal can

be easily grown at about 1000 °C in N». A plate-like morphology is usually observed.
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This compound is soluble in acid but insoluble in alkali and water. For NiO+3BaO, it is
hexagonal (rhombohedral) with three oxygen ions in triangular arrangement and a
nickel ion at the center. NiO*3BaO is soluble in acid and alkali and rapidly absorbs
moisture from air.

! is shown in Figure 1-21. There are two

Phase diagram of NiO-BaO system!°
eutectic points: one is between NiO and NiO*BaO occurring at 1200 °C, the other one
is between NiO+*BaO and NiO<3BaO taking place at about 1080 °C. However, the
eutectic compositions are not determined. No eutectic takes place between NiO+3BaO

and BaO. The melting temperature of NiO*BaO and NiO+3BaO is 1240 °C and 1160 °C,

respectively.
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Figure 1-21. Phase diagram of NiO-BaO system. Figure reproduced from Ref. 101.

1.8 Aim of this thesis

This thesis aims to investigate the exsolution ability and process for transition
metal- doped barium cerate zirconates perovskite oxide. With exsolved nanoparticles
socketed on the proton conducting barium cerate and zirconates host, this material can
act as a cathode material for the CO> and H>O co-electrolysis in the SOECs.

v" Investigate the exsolution process of Cu and Ni particles from the doped barium
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cerate zirconate oxides.

v Understand the A-site deficiency effect on the particle exsolution in BCZY.

v Study the effect of bimetal doping on the material sintering and exsolution from
the BCZY perovskite.

v" Know how the A-site deficiency affects the material’s proton conductivity.

v Investigate the catalytic activity of BCZY-supported Cu particles towards CO
oxidation.

v" Tllustrate the enhanced sinterability with the addition of ZnO in BCZY oxide.

v Prepare and test electrochemical cells by tape casting method and optimized by

screen printing and impregnation methods.

1.9 Outline of this thesis

The chapters of the thesis are organized as follow:

Chapter 2 describes the sample and cell preparation method and summarizes the
principle of the techniques employed in this project.

Chapter 3 examines the Cu particles exsolution process from doped BCZY
perovskite and explores the influence of A-site deficiency and Cu doping level on the
lattice constants and lattice hexagonality. The conductivity was dramatically increased
after exsolution and exhibited metallic property. The highest conductivity was achieved
by modifying A-site non-stoichiometry and Cu doping concentration.

Chapter 4 compares the different Ni exsolution process in doped BCZY oxide by
adjusting stoichiometry. Three different types of Ni particles are observed as a result of
the existence of impurity at the grain boundary and co-segregation of barium.

Chapter 5 demonstrates the influence of bimetal dopants in the BCZY perovskite.
A pure phase is obtained with the bimetallic doping strategy, increasing the solubility
of the transition metal in the perovskite structure. Compared with the single metal, the
bimetal doped perovskite shows a much nicer exsolution, with smaller particle size and
higher population. The native surface exhibits a similar exsolution phenomenon as the

cleaved surface. Different from the exsolution phenomenon from lanthanum titanate
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based perovskite, A-site rich surface (Ba rich) does not show prohibiting effect on B-
site cation exsolution. This chapter also illustrates that the enhanced proton
conductivity with the introduction of A-site deficiency in doped BCZY oxide is mainly
due to the improved pre-exponential factor at the grain boundary.

Chapter 6 describes the tape casting technique for the BCZYZ cell fabrication in
water or organic system. Screen printing method is also applied for the electrode
preparation to optimize the porosity. B-site cation exsolution is probably significantly
affected by the material preparation method. Impregnation is finally used for
introducing electrode materials on the porous scaffold.

Chapter 7 summarizes the main findings of this thesis.
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2 Experimental

2.1 Sample preparation

2.1.1 Solid state synthesis

BCZY materials with different dopants were prepared via solid state synthesis in
this study. The following describes the preparation process taking Cu dopant for
example.

1) Powder drying. BaCO3, CeO2, ZrO; and Y203 powders were dried in air at 300
°C for 2 h to remove absorbed H,O and COa.

2) Powder weighing. Remove the dried powders from the furnace at 300 °C and
weigh the chemicals immediately according to the stoichiometry.

3) Powder mixing. Starting materials were dispersed in acetone medium and
mixed by an ultrasonic probe (Herslcher UP200S) to break down agglomerates. After
that, the acetone was then evaporated under continuous stirring to obtain the dry powder.

4) Pre-calcination. The dried mixture was transferred into a crucible and then
calcined at 1000 °C for 12 h in air in a muftle furnace, with a ramping rate of 5 °C /min.

5) Powder mixing. The pre-calcined oxides were mixed with CuO (e.g., 4 mol%)
dopants by the ultrasonic probe in acetone media and then dried in air.

6) Pellet pressing. About 2.5 g powder was put into a steel die ($p=2.3 cm) and
pressed under a pressure of 1 ton holding for 20 s.

7) Pellet sintering. The pressed pellet was transferred on an alumina plate and
sintered at 1350 °C for 12 h in air with a ramping rate of 5 °C/min. A layer of powder
was applied as a buffer layer between the alumina plate and pellet to avoid the reaction
between them.

For the preparation of Ni, (Ni, Cu) and Zn doped BCZY, the sintering procedure

is the same, using specific precursors of desired transition metal dopants.
2.1.2 Exsolution

Exsolution was achieved by the reduction of samples in tubular furnace supplied
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with dry 5% Ho/Ar (25 ml/min). The reduction temperature varied between 500 — 900 °C

for 12 h with a ramping rate of 5 °C /min.
2.1.3 Tape casting

2.1.3.1 A brief overview of tape casting

Tape casting is a well-known technique in the fabrication of thin and flat ceramic
films with large area and controlled thickness. The flexibility of the unfired tapes allows
them to be either punched with holes or cut into various shapes. Lamination of the green
tapes can produce a multi-layer ceramic, which is quite effective for preparing a thick
electrode or electrolyte component or the co-firing of the two components. For the
electrode tape, in order to achieve a porous structure after sintering, pore formers are
needed in the preparation of tape slurry. The pores can be created by reducing the
sintering temperature or removal of added pore formers, either by heat treatment or
leaching.

In the preparation of the typical tape slurry, the ceramic powders are first dispersed
in a solvent to produce a well-dispersed suspension. After that, in order to enhance the
plasticity of the slurry for casting into a tape, some plasticizers are used to incorporate
with the binder that added in the following step to create the cohesion between the
ceramic particles. In addition. After a complete mixing and removing the small bubbles,
the slurry is cast into a tape, followed by drying in air for a few hours. The solvent can
be an organic system or water and in the case of the latter the system is more
complicated by the existence of specific problems such as the limitation of
binders/plasticisers available or drying problems.

2.1.3.2 Slurry preparation.

The powder used for slurry preparation was obtained either from grinding the
sintered pellet or the mixture of pre-calcined BCZY powder with dopants. The powder
was ground in an agate mortar, followed by 500 rpm ball milling for 20 min and 800
rpm ball milling for another 20 min in propanol medium. Here, water-based system and
organic-based system were both tried to obtain a dense electrolyte tape and at the same

time a porous electrode tape. In the first stage of slurry preparation, the ceramic powder
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was mixed with dispersant (Hypermer KD6-LQ-(MV)) and solvent (de-ionised water
in the water-based system or binary organic solvent MEK/ethanol in the organic-based
system), forming a well-dispersed suspension. The mixture was then subjected to ball
milling using 18 zirconia balls (¢p=8.8 mm) under the speed of 160 rpm for 18 h. For
porous electrode slurry, pore former in the form of graphite, spherical particles of
PMMA or starch was added with ceramic powder in this step. In the second stage,
binder (Polyvinyl alcohol, PVA, 15 wt%) was used to ensure the good cohesion of the
entire chemical system. In order to improve the plasticity of the slurry, plasticizers
(Glycerol and Poly(ethylene glycol)) were added into the dispersed mixture. Because
of the formation of foam during ball milling, defoamer 2,4,7,9—tetramethyl-S was also
added to the system to produce a homogeneous suspension. After adding all the
organics, another ball milling under 100 rpm for 4 h was required to ensure sufficient
mixing. For dense electrolyte slurry, ball milling with a low speed of 26 rpm was needed
for 18 h for de-aeration. The electrolyte and electrode tape formulations in the water-

based and organic-based system are shown in Table 2.1-2.3.

Table 2.1 Formulations of green tapes in a water-based system.

Formulations (g)
Compositions
Electrolyte Electrode
Powder 18 8.7768
Pore former PMMA 1.7554
Stage 1
Dispersant KD 6 0.54 0.54
(18h, 160rpm)
Solvent DI water 8 8
PEG 1.08 1.08
Plasticizer
Glycerol 2.16 2.16
Stage 2
Binder PVA (15 wt%) 12 12
(4h, 100rpm)
2,4,7,9-
Defoamer 0.3 0.3
Tetraethyl

For the tape prepared in the organic solvent, its slurry formulation can be seen in

Table 2.2 (electrolyte) and Table 2-3 (optimized electrode tape by adjusting the
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proportion of the chemicals).

Table 2.2 Formulations of green electrolyte tapes in an organic solvent system.

Compositions Formulations (g)
Powder BCZY+ZnO 30.6
Solvent MEK/ethanol 14.5

Dispersant Triton 0.195
PEG 243

Plasticizer
DBP 2.19
Binder BUTVAR 3.37

Table 2.3 Optimized formulations of green electrode tapes in an organic solvent

system.
Formulations (g)
Compeositons
Electrode 1 Electrode 2 Electrode 3
Powder BCZY+ZnO 8.5 8.5 8.5

Graphite 5.355 (67.3%) |6.9615 (72.8%) 3.477

Pore former
Starch - - 2.745
Solvent MEXK/ethanol 10.15 15.225 15.225
PEG 1.701 2.552 2.552

Plasticizer
DBP 1.531 2.296 2.296
Binder BUTVAR 2.355 3.533 3.533

2.1.3.3 Tape casting process

A TTC-1000 (Richard E Mistler Inc) tape caster was used for casting. As shown
in Figure 2-1, for a casting process, the doctor blade was adjusted accordingly to leave
a gap between the carrier film and blade. Then the prepared slurry was poured into the
reservoir. When the carrier film was moving, the slurry was cast into a tape. Moving

speed was set at 4 cm/s. After casting, the tape was left in air to dry for about 4 h.
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Figure 2-1 Tape casting process.

2.1.3.4 Lamination of green tapes

A thin electrolyte can decrease ohmic resistance to improve electrochemical
performance, but it is at the cost of lowering cell’s mechanical strength. In this study,
the obtained thickness of electrolyte is less than 20 um, which is quite fragile and has a
serious curling edge after sintering. Therefore, the electrode layer needs to be thick
enough to provide mechanical strength for the cell. Usually, the green tape surface was
dried out and hard to stick together with another tape at room temperature, so during
the lamination process, a household iron was applied to heat the tape at ~50 °C during
pressing, to ensure the good adhesion between tapes. Meanwhile, a hand-rubber roller
was used to remove the bubbles between tape layers. In most cases, one layer of the
porous electrode is about 70 um, so two layers of porous electrode will be firstly
laminated together and then one layer of dense electrolyte is laminated on it. Finally,
another three layers of porous tape will be laminated with the previous one to form a
sandwich structure with the dense electrolyte being in the middle. In this way, the
sintered cell would exhibit sufficient mechanical stability.

2.1.3.5 Sintering temperature program

In order to ensure a high density of the electrolyte and prevent separation between
tapes, a sintering program was carried out as in Figure 2-2. Water evaporated before
270°C, together with some organic constituents in the tape. Organic additives burnt out
completely at 800 °C using a low heating rate of 1 °C /min to avoid edge curling of the

tapes. After that, the tape continued to be heated up to the sintering temperature with a

54



heating rate of 2 °C /min and held for several hours to obtain high density. After high
temperature sintering, the temperature was cooled down to room temperature with a

slow rate of 2 °C /min.
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Figure 2-2. Sintering temperature program of laminated tapes.

2.1.4 Preparation of solid oxide cell

2.1.4.1 Coated electrode scaffold

Apart from the cell being fabricated by lamination of electrolyte and electrode
tapes, the porous electrode scaffolds (anode and cathode) are also prepared by a coating
technique. As the sintered BCZYZ electrolyte tape is not perfectly flat, enough to coat
electrode ink by a screen-printing machine, the electrodes are coated onto the
electrolyte using the following procedure in Figure 2-3. A plastic tape having a hole of
6 mm in diameter was attached to the centre of the sintered electrolyte tape, making the
hole to be at the centre position of the electrolyte and acting as a mask. The exposed
electrolyte area was thus used to coat electrode on top. The electrode ink is made by
mixing 80 % electrode powder with 20 % Terpineol. A toothpick was dipped with some
electrode ink and rolled over the exposed electrolyte surface slowly, and a layer of

electrode materials with a thickness same as the plastic tape was then applied onto the
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electrolyte centre. This rolling process can repeat for a few times until the film was
uniform. Afterwards, the electrolyte coated with an electrode was transferred in an oven
for drying at 80 °C for 1 h. The plastic tape was then peeled off gently, leaving a layer
of electrode with diameter of 6 mm at electrolyte centre. The preparation of the
electrode on the other side was the same. The cell was sintered at 1200 - 1350 °C to

form an electrode structure and make good contact between the components.

plastic tape with a hole in centre
\
\\
Y

electrode ink «\. )

toothpick +— electrode electrolyte

Figure 2-3. Schematic of screen printing by hand.

2.1.4.2 Impregnation of electrode materials

The porous scaffolds of BCZYZ were used to further impregnate catalytically
active materials that will serve as electrodes. Impregnation solution of the electrode
materials was prepared by dissolving the nitrates of electrode precursor in absolute
ethanol, e.g. La(NO3)3-6H20, Sr(NO3)2, Co(NO3):6H>O and Fe(NO3)3-9H>O for
Lao 6Sr04Co02Fe0s03 (LSCF) anode material and Ni(NO3)2:6H>O for Ni cathode
material in SOEC. The ethanol provides a lower surface tension and more rapid
evaporation than water solution. In the preparation of LSCF precursor solution,
Sr(NOs)2 was found to be difficult in dissolving in ethanol, and it was firstly dispersed
in ethanediol and then mixed with ethanol dissolved La*", Co?" and Fe*" solution. The
concentration of LSCF and Ni precursor was 0.5 M and 1 M, respectively. Although a
solution of higher concentration may reduce the repeating time for impregnation, it
tends to produce agglomerated particles which are likely to deposit on the near-surface
of the porous scaffold and block the subsequent solution or even gas diffusion to the

inner area of the electrode. It is important to ensure the uniform distribution of the metal
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precursor solution on the electrode-electrolyte interface where the electrochemical
reactions occur predominantly. The precursor solution was introduced drop-wise onto
the porous electrode support using a 1 ml capacity syringe fitted with a needle and dried
in an oven at 80 °C for 10 mins. This process was repeated for 2-3 times until the
substrate was saturated. Then the impregnated cell was calcined at 800 °C (LSCF) and
650 °C (NiO) for 1 h for the nitrate decomposition and phase formation. The
impregnation and calcination processes were repeated for 5-8 times until achieving
desired solid loading.

2.1.4.3 Electrochemical test

Silver paste was coated on both electrode sides as a current collector. The cell was

sealed by Aremco Ceramabond™

in a home-made testing jig. A reducing atmosphere
of hydrogen was applied at the Ni electrode side to reduce the impregnated NiO to Ni

metal catalysts at 600 °C for 5 h.

2.2 Characterization methods and techniques

2.2.1 Powder X-ray diffraction

X-ray diffraction method is widely applied for the material characterisation to
analyse crystallographic structure and crystalline phases on an atomic scale. In a
crystalline structure, the atoms are arranged regularly in a repeating pattern built up
from the smallest unit called unit cell. The array of atoms results in the formation of
parallel planes, which are in various orientations and directions with an interplanar
distance d. When a beam of incident X-rays of a certain wavelength strikes these lattice
planes, the radiation is scattered due to the interaction with atoms along certain
direction and forms a diffraction pattern. When Bragg’s law (Eq. 2-1) is satisfied, a set
of reflection beams will interfere constructively. Figure 2-4 shows the schematic
diagram of Bragg’s law. When two incident rays strike on the lattice plane with an angle
0, beam bb’ travels extra distance 123 (an integral number of wavelengths, n)A) than
beam aa’ does. In this case, constructive interference will occur.

2d sinf=n A Eq. 2-1
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Figure 2-4. Schematic diagram of Bragg’s law

Room temperature powder X-ray diffraction patterns were collected on a
PANalytical X-ray diffractometer operating with CuKa radiation (A = 1.5406 A). The
range of 20 is 10-90°. Sintered pellet specimen is ground into powder using agate pestle
and mortar, then transferred to a metallic sample disk. A piece of glass is used to press
the powder gently and make the powder disk to be at the same plane as the metallic
disk. The XRD patterns give the specimen information on phases, structure, and
preferred crystal orientations, et. al.

Variable temperature X-ray diffraction (VT-XRD) provides the diffraction peaks
under certain temperature and atmosphere, which is very useful for in sifu monitoring
crystal structures and phase transitions as a function of temperature. The VT-XRD
characterisation was carried out on a PANalytical Empyrean operating with Mo Kal
and Ka?2 radiation. The XRD patterns were collected from a polished pellet from room

temperature to 900 °C in 5% H>/N> atmosphere.
2.2.2 Scanning electron microscopy

Scanning electron microscopy (SEM)! is a very useful characterization technique
to provide information about the samples, such as microscopic texture, surface
topography, compositions and fracture features of materials. In order to obtain a good
microstructure photo from SEM, the samples should be ensured to be conductive. Gold-
coating method always be used for providing a conductive surface for the non-
conducting materials. In an operating process, electron beams with high energy are

generated from an electron gun and interact with the sample surface, emitting several
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types of signals. Figure 2-5 presents the various signals that produced from sample-
electron beam interaction, which carry the different information of the sample. The grey
rectangular is the sample and the blue water drop is the area affected by the electron
beam. The signals are emitted from the different parts of the affected area. For example,
Auger electrons and secondary electrons (SE) provide information about sample
surface and backscattered electrons (BSE) are generated from deeper area. In the even
deeper position, characteristic X-ray is produced. These signals are collected by one or
more detectors to form images that can be displayed on the computer screen. Generally,
the deep and large-affected area gives rise to a low resolution. When the specimen is
ultrathin (<100 nm) and the electron beam is very strong, electrons can be transmitted
through the solid specimen and different signals can be captured, which are often used

in transmission electron microscopy (TEM) characterization.

Electron beam

Secondary Electrons (SE)

Auger Electrons (AE) Topographical information (SEM)

Surface atomic composition

Characteristic X-ray (EDX)
Backscattered Electrons (BSE) Thickness atomic composition
Atomic number and phade differences

/\

Inelastic Scattering Elastic Scattering
Composition and bond states (EELS) Structural analysis and HR-imaging (TEM)

Transmitted Electrons
Morphological information (TEM)

Figure 2-5. Schematic of varied signals emitted from different parts of solid specimen

by electron beam.
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The main functions of the microscope used in this thesis are introduced in the
following.

(1) Secondary electrons (SE). When the electron beam is incident on the surface
of the specimen, electrons from the outer shell can be excited, producing free electrons.
If the energy of free electrons is large enough to escape from the material, they will
become the secondary electrons, which can be detected by a secondary electron detector.
The number of the detected secondary electrons, known as the signal intensity, depend
on the specimen topography and thus the surface morphology of specimen can be
provided.

SE images were recorded on a JSM-6700F Field Emission Gun (FEG) microscope
and FEI Scios DualBeam microscope. Both microscopes were operated at an
accelerating voltage of 5 kV and working distance of 7 mm.

(2) Back scattered electrons (BSE) are used to detect contrast between areas with
different phase or chemical compositions. They are a result of elastic collisions of high-
energy electrons with the specimen. Since heavy elements (with a greater atomic
number, z) backscatter electrons more strongly than light elements, they will produce a
higher signal to the detector, shown as a brighter area in the image. Thus, the number
of backscattered electrons reaching the detector is proportional to the z number of
samples.

BSE images were recorded on a FEI Scios DualBeam microscope with an in-lens
BSE detector.

(3) Energy-dispersive X-ray spectroscopy (EDX). Relying on characteristic X-ray,
EDX is widely used to analyse element compositions and distribution in a sample. For
the generating of the characteristic X-ray, an incident electron beam with high energy
hits the specimen surface, stimulating an electron in an inner shell. Then the electron is
ejected from the shell and an electron hole is thus created. In this case, an electron from
an outer shell with high energy will fill the hole, and the different energy of the two
shells may be released in the form of X-ray. The emitted X-ray can be measured by an
energy-dispersive spectrometer. In addition, since the energy level is quantized, the

wavelength of X-ray is specified. By detecting characteristic X-ray counts of the
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specimen, the qualitative and semi-quantitative properties of elements can be
determined.

EDS analysis was carried out on a FEI Scios DualBeam microscope with an EDS
analysis system under an accelerating voltage of 20 kV.

In the microscope chamber, there are different detectors to collect various signals,
such as the Everhart-Thornley Detector (ETD), the Through-the-lens Detector (TLD),
backscatter electrons detector and X-ray detectors, etc. Among these detectors, ETD
and TLD primarily collect secondary electrons that carry the topographical information
of the sample surface. However, some backscattered electrons and electrons from
collision with the chamber wall are also detected by ETD positioned to one side of the
SEM column (Figure 2-6) and shows directional shadowing, while the eliminated
contributions from these electrons can be done by immersion lens and the Through-the-
lens detector which is located inside the column and thus shows non-directional
shadowing. The TLD efficiently collects second electrons signal and provides a high

contrast of sample’s topography.

ETD (SE) i
[ EDS (X-ray)
OS/;:*- ]
b/‘ ”V@ ! e
(@)

Specimen Surface h \ V’

Figure 2-6. Various detectors for collecting signals.
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2.2.3 Transmission electron microscopy

As illustrated in Figure 2-5, TEM information was collected from the transmitted
electron through an ultrathin solid film. Generally, TEM provides two methods for
sample observation, image mode and diffraction mode. The two modes are presented
in Figure 2-7. The operating principle of the two modes can be described as follows.
An electron beam is generated from the electron gun and is focused by the condenser
lenses. When the electron beam hits onto the specimen, it can interact with the specimen
and pass through it. The transmitted and diffracted electrons are then recombined and
focused by the objective lens, forming a diffraction pattern and an intermediate image
at the back focal plane. The beam then diverges and is focused by the projector lens to
produce the final image. The displaying of an image or an electron diffraction pattern

is determined by choosing images from the image plane or the back focal plane.

Imaging mode Diffraction mode
@ Electron Gun ﬂ

System of condenser lenses
Condenser aperture

Specimen

Objective lens

In back focal plane of

Objective lens Objective aperture

In image plane of
Selected area aperture Objective lens

Intermediate lens
(strength changes between two regimes)

Projector lens

Screen
Image Diffraction pattern

Figure 2-7. Schematic view of imaging and diffraction modes in TEM.,

62



Within the conventional TEM imaging, the contrast at lower magnification arises
from different adsorption of electrons by the material due to variations in compositions
or thickness of the specimen. Under higher magnification (high-resolution transmission
electron microscopy, HRTEM), the intensity of the image is given from complex wave
interaction that results from chemical identity, crystal orientation and electronic
structure.

Selected area electron diffraction pattern (SAED) can be obtained on the
fluorescent screen under the diffraction mode. The pattern is entirely equivalent to the
X-ray diffraction pattern: a single crystal produces a pattern of dots and a
polycrystalline will give a powder or ring pattern. For the single crystal case, the
diffraction pattern can provide information on the space group symmetry and
orientation of the specimen.

Scanning transmission electron microscopy (STEM) is a conventional TEM
equipped with additional scanning coils, detectors and necessary circuitry. Unlike
conventional TEM, STEM is modified by a system that transfers a convergent beam
across the sample, making STEM suitable for some analytical techniques such as
electron energy loss spectroscopy (EELS), Z-contrast annular dark field imaging (ADF)
and EDX spectroscopic mapping.

The series of TEM/STEM characterization were carried out on an FEI Titan
Themis, operated at 200 kV and equipped with a Bruker SuperX EDX detector, a CEOS
DCOR Cs probe corrector and a Gatan Enfinium EEL spectrometer. For the STEM
measurements, a probe current of ~100 pA is generally used for imaging or ~300 pA
for EDX mapping and a 21 mrad convergence angle. For HAADF images, the

inner/outer collection angles are 56.3 and 200 mrad, respectively.
2.2.4 TEM sample preparation via focus ion beam

When a single nanoparticle socketed on the surface of a ceramic grain needs to be
investigated by TEM, the TEM sample was prepared by focused ion beam (FIB),
operated on Scios DualBeam microscopy. Protective carbon and platinum layers were

firstly deposited onto the selected area to prevent damage from cutting by Ga?" ion
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beam. Besides the protective area, two rectangle holes were dug to allow the protected
sample to be cut off afterwards and picked up by a tungsten needle. The sample slide
was then melted onto the TEM grid and finely polished to less than 100 nm in thickness

step-by-step using Ga?* focused ion beam.
2.2.5 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique that can identify element composition, chemical state and
electronic structure in the material. It operates by irradiating a specimen with a beam
of X-rays in ultra-high vacuum condition. Simultaneously, electrons that escape from
the material surface is measured with regard to their kinetic energy and population. The
information from the specimen surface layer up to 10 nm can be detected by XPS.

Here, XPS measurements were carried out using a Kratos Axis Ultra-DLD

photoelectron spectrometer and the data were analysed by CasaXPS software.
2.2.6 Dilatometry analysis

Dilatometry test is used to analyse the shrinking behaviour of samples. It records
the linear dimensional change AL/Lo of a ceramic as a function of temperature while it
is subjected to a controlled temperature procedure. The schematic diagram of the
dilatometer is shown in Figure 2-8. During the measurement, pushrod movement
resulting from the length change of the sample is detected by a linear variable
displacement transducer, producing an electrical signal which is then transmitted to the

analogue-to-digital converter in the Thermal Analysis (TA) system controller.

Pushrod Alumina spacers

J / \
Tube casing
T———

Furnace

Figure 2-8 Schematic diagram of dilatometer.
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Dilatometry tests were carried out on Netzch dilatometer Dil 420C. Pellets were
used to take the test with a diameter of 1.3 cm and a thickness of 2 mm in air atmosphere

with a ramping rate of 5 °C /min.
2.2.7 Thermogravimetry analysis

Thermogravimetry analysis (TGA) is a technique for measuring the change in
mass loss of a substance as a function of temperature or time. The sample is heated at
a constant rate and its mass is recorded continuously. The mass change will occur when
there is physical adsorption/desorption of volatile components, phase transitions or
chemical decomposition at a certain temperature. The plot of mass against temperature
depends on variables such as heating rate, nature of the sample and atmosphere being
used.

Thermogravimetric was carried out on a Netzch STA 449C Jupiter thermal

analyser in 5% Hz/Ar with temperature ramping rate of 5 °C/min.
2.2.8 AC impedance spectroscopy

AC impedance spectroscopy>™ is a powerful technique for characterizing the
electrical properties of ceramic materials. It is advantageous in that the measurement
can be implemented using arbitrary electrodes and most importantly, resistances from
bulk, grain boundary and electrode contributions can be separated. Moreover, when the
impedance results are obtained from an electrolyte material, the ionic conductivity
property of the grain and grain boundary can be achieved.

Ohm’s law states that the current I flowing in a circuit is proportional to the applied

voltage difference V and the constant of the proportionality is defined as resistance R:

R = Eq. 2-2

\

1
However, this relationship can only be used in a circuit containing the ideal resistor.
In the real circuits, more complex behaviour would occur, which require a more general
circuit parameter, impedance, to express the relationship between potential and current.

Impedance (Z) is generally defined as the total opposition to the alternating current

(AC) at a given frequency in a device, and it is expressed by a complex quantity which
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is graphically shown on a vector plane. An impedance vector consists of two
components, a real part (resistance R) and an imaginary part (reactance X). If X>0, the
reactance is defined to be inductive. If X=0, the impedance is purely resistive. If X<0,
the reactance is capacitive.

The impedance is measured by applying a small sinusoidal voltage perturbation to
the cell that is given as:
V() = V,sin(wt) Eq. 2-3
where, V(t) is the instantaneous voltage, Vo is the maximum amplitude of the signal, ®
is the angular frequency, t is time. The resulted current is thus also a sinusoid with the
same frequency but shifted in phase:
I(t) = Ipsin(wt + @) Eq. 2-4
where Iy is the maximum amplitude of the signal, ¢ is the phase shift in radians and
equals to 0 for purely resistive behaviour. The relationship between ® and frequency (v)
is expressed as:
w =2mv Eq. 2-5
Impedance is given by:

_
TG

Eq. 2-6
Using Euler’s relationship,

e’ = cosx + isinx Eq. 2-7
The impedance can be expressed as a complex function and the potential is described
as:

V() = Vyelot Eq. 2-8
The current is:

I(t) = Ipeilwt+® Eq. 2-9
The impedance Z can be then described with the combination of real and imaginary
impedance:

Vo

Z(w) = Ke‘i“’ = Zo(cos@ — ising) = Z' — iZ" Eq. 2-10

When the real part is plotted on the X axis and the imaginary part on the Y axis, a

Nyquist plot is obtained as shown in Figure 2-9.
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Figure 2-9. Nyquist plot with an equivalent circuit.

The equivalent circuit is commonly used to analyse the Electrochemistry
Impedance Spectroscopy (EIS) by interpreting the spectroscopy results into several
elements such as ideal resistors, capacitors and inductances. The impedance of the

common electrical elements is listed in Table 2-4.

Table 2-4. Impedance of common electrical elements.

Component Current vs. Voltage Impedance
Resistor E=IR Z=R
Inductor V' =Ldl/dt Z =ioL

Capacitor 1=CdV/de Z=1/ioC

When an electrochemical process is fitted with a resistance R and a capacitor C in

parallel, the impedance is expressed as:
1 1 1 .
7= Ziz_i =z t+ iwC Eq. 2-11

It can also be described as:

R 1-iwRC _ R ioR?C
1+iwRC 1- ioRC 1+ (wRC)2  1— (wRC)?

-1
Z=|z+inC| = Eq.2-12
In the Nyquist plots, the number of semicircles in the complex plane means the number

of varied electrochemical (RC) processes occurring, with each RC process being
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associated to a time constant (1),
T= RC= — Eq. 2-13

Typically, a Nyquist plot has an arc at high frequency (e.g. IMHz — 4kHz), a
second arc at an intermediate frequency (e.g. 4 kHz — 25 Hz) and a linear portion at a
lower frequency (e.g. 25 Hz — 0.1 Hz). Depending on the capacitance values associated
with the arcs, the three regimes can correspond to the grain interior (bulk), grain
boundary and electrode response, respectively. The relative magnitude of capacitance
related to the effects is listed in Table 2-5 which can be used in the creating of equivalent

circuits for data fitting.

Table 2-5. Capacitance values based on 1 cm cube and their possible interpretation®.

Capacitance [F] Phenomenon Responsible

1012 Bulk
10-1 Minor, second phase

10-1 - 108 Grain boundary

1010 - 10 Bulk ferroelectric

10— 107 Surface layer

107 - 103 Sample-electrode interface
10+ Electrochemical reactions

However, in most cases, the semicircle is not symmetric and exhibits depression
owing to deviations from the ideal situation. A constant phase element (CPE) is
introduced to substitute the capacitance. CPE element can be considered as an
illustration of the frequency dispersion of the electrochemical processes occurring in

the cell. The impedance of a CPE is:

1
Zcpg = Caa

Eq. 2-14
where a is the ionic correlation index in the range of 0 <o <1 with a = 1 corresponding
to an ideal capacitor.

Conductivity values with respect to varied electrochemical processes can be

deduced from the interception of the arcs with the real axis in the Nyquist plot. In

routinely studied materials, the temperature dependence property of the conductivity is
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also involved due to the nature of the thermally activated process. Conductivity in
ceramics occurs by a so-called “hopping” mechanism (Figure 2-10) for the transport of
species. In the nonactivated state, the mobile species (ions or electrons) vibrate in its
site at a frequency, v (usually around 10'? to 10" s'). When they gain sufficient
vibrational energy from heating, they are able to escape from the sites and become
mobile by hopping to adjacent atoms. The energy is called activation energy, Ea. This

thermally activated process can be expressed as:

oT = Aexp (— %) Eq. 2-15

where E. is the activation energy, A is called pre-exponential factor related to the
number of carriers per unit volume, ap>. When plotting log T vs. (1/T), where ¢ can be
obtained from the Nyquist plot, a straight line is obtained with the activation energy E,
being calculated from the slop of the line. The graph of logoT vs. (1/T) is called

Arrehenius plot.

N @ I

\_ @/

N

Figure 2-10. Mobile carrier hopping model.

In this work, the ion transport properties of the perovskite pellet were examined
by AC impedance spectroscopy with an amplitude of 20 mV over a frequency range of
20 Hz — 1 MHz on an HP 4284 LCR (inductance-capacitance-resistance) meter. Silver
electrodes were coated on the opposite sides of the dense pellets. The testing

atmosphere is dry/wet air, dry/wet 5% H»/Ar.
2.2.9 DC Conductivity

When the resistance from the jig design is higher than that of the investigated
material, the errors in the conductivity result from AC impedance spectroscopy become
unacceptably large. In this case, four-terminal DC measurement is used to determine

the total conductivity of material accurately. Different from the AC impedance
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technique, DC conductivity test is not able to identify processes from bulk and grain
boundary. As shown in Figure 2-11, four strips of gold mesh are attached to the sample
long side and end sections with gold paste, fired at 750 °C for 0.5 h. The sample is
mounted on the testing jig and a thermocouple and a zirconia pO> sensor are equipped
in the vicinity of the sample to record the test temperature and oxygen partial pressure.
The jig was then inserted in a furnace where the atmosphere can be controlled (e.g., air
or 5% Haz/Ar). During the test, a current (I) is supplied to the sample bar through the
two outer gold wires while the generated potential difference (U) is measured from the
two inner electrodes. The resistance of the material is thus obtained by Ohm’s law,
which is recorded with an online multi-meter sensor (Keithley 2000, Digital
Multimeter). When the distance between two inner electrode (L) and the cross-section
area (A) painted with gold paste at the outer surface are measured, the sample

conductivity can be given by equation 2-16.

o= == Eq.2-16

Figure 2-11. Schematic of the four-terminal DC conductivity measurement.

2.2.10 Inductively coupled plasma — Optical emission spectrometry

Inductively coupled plasma — Optical emission spectrometry (ICP-OES) is a
useful technique for detecting amounts of metals and several non-metals in a liquid

sample with very low concentrations. When the measurement is performed, argon is
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ionized by the intense electromagnetic field created within the coil by the high-power
radio frequency signal, generating high electron density and temperature in the order of
10000 K. Solution sample is delivered into an analytical nebulizer where it is
immediately changed into mist due to the high temperature and enters the central
channel of the plasma flame. The component elements (atoms) are excited by the high
energy of the plasma. When the excited atoms return to low energy position, emission
rays (spectrum rays) are released and the corresponded photon wavelength is measured.
The position of the photon rays determines the element type and the intensity would
give the element content.

Element concentration was measured on Thermo Fisher Scientific ICP-OES iCAP

6000 Series in this work. Ceramic samples were dissolved in nitric acid.
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3 In situ growth Cu nanoparticles from doped BCZY

perovskite

3.1 Introduction

Functional nanoparticles (NPs) have generated considerable interest in various
fields, and among them, metal NPs dispersed on oxides surface are extensively
investigated in catalyst, energy storage and conversion in batteries and fuel cells!?. In
the preparation of the NPs, in situ exsolution of B-site cation from perovskite (ABO3)
has been found an effective strategy to grow metal NPs on the oxide surface that can
be easily achieved by annealing the oxides in a reducing atmosphere (e.g., 5% Ha/Ar)*
7. Particle size can be tailored by varying parameters like reduction temperature and
time. Due to the strong interaction with the perovskite substrate, nanoparticles obtained
from exsolution are not prone to coarsen and show a high stability in severe
environment during operation®!!. So far, only limited kinds of cations (Ni**, Ru**, Co*",
Ag’, Rh*, Pd*, Pt*", Fe**, Cu?")® 7 were demonstrated to exsolve from the
perovskite lattice in the form of metallic NPs, and exsolution from the stoichiometric
ABO; perovskites is only achieved for the easily reducible cations, preferentially grow
in the bulk rather than on the surface due to the surface enrichment of large A-site
cations. To overcome these drawbacks, A-site deficient A1.xBOs.s was proposed to
promote the hard-to reduce cations to exsolve and allow exsolution to occur on the
surface’. This is because the non-stoichiometric perovskites with A/B <1 successfully
alleviate the A-site cation segregation and lower the cation diffusion barrier. Moreover,
A-site deficiency provides a strong driving force to pull B-site cation out of the lattice
to reach a stoichiometric structure.

Here, in our work, copper metal nanoparticles exsolution from proton conducting
barium cerate zirconate was investigated. Both stoichiometric and cation deficient
materials were prepared. The composition is Bai-aCeo.5Z103Y0.2-5CupO3.5 (a=0, 0.05;
b=0.02, 0.03, 0.04, 0.06, 0.08). To simplify the compound name, the prepared oxides

are named as BCZYCx, where x is the percentage of Cu doping concentration, d-
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BCZYC stands for 5% Ba deficient compositions. Different reduction temperatures
were applied to better observe metal exsolution process from the perovskites, and the

reduced specimen are named as rBCZYCx.

3.2 Microstructure and phase identification of Cu-doped BCZY

3.2.1 Microstructure of the as-prepared Cu-doped BCZY

The observation of microstructure of materials helps in understanding phase
formation and structure differences, and the generally used technique is Scanning
Electron Microscope (SEM). Figure 3-1 is the SEM images of the native surface of Cu-
doped BCZY pellets with different Cu concentration and Ba deficiency sintered at 1350 °C
for 12 h in air. All the samples show a dense microstructure except a few isolated pores
in 4% and 6% Cu doped oxides. Samples with a lower concentration of Cu, like 2%
and 3%, exhibit similar dense morphology and grains connect well with each other
forming smooth grain boundaries. But for samples with higher Cu doping level, they
display slightly smaller grains and the shape of the grains is almost cuboid, leading to
a disordered grain boundary. Observing the microstructure, Ba-deficiency does not

change the grain morphology much.
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Figure 3-1. SEM images of the native surface of prepared Cu-doped BCYZ pellets
sintered at 1350 °C for 12 h with different stoichiometry.

It is known that CuO could promote the densification of BCG or BZY at low

sintering temperature'8-22,

Different low melting phases were proposed to be
responsible for the increased ability of grain growth and grain boundary mobility, such
as CuO, Cu0, Y>2BaCuOs and BaO-CuO eutectic. However, no enough evidence has
been found to identify the existence of the liquid phases. Other sintering aids like NiO
and ZnO??* were also suggested that the formed BaY>NiOs and BaY»ZnOs phase
during sintering benefited the grain boundary mobility. Additionally after sintering,
these secondary phases (sintering aids-rich phase) most commonly exist at the grain
boundary rather than the bulk. In our work, extra phases are also found in the SEM

images shown in Figure 3-2. The impurities seem to vary in samples with different Cu

doping concentration. EDS line scan and element quantification results indicate that the
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impurities are BaO-Y203, Y203, Y203-ZrO3 and Y,BaCuOs for BCZYC2, d-BCZYC4
and d-BCZYC6, respectively. It is possible that other phases also existed beyond the

limited observation area of SEM.
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Figure 3-2. (a) SEM image and elemental quantitative results of
BaCeo:5Zr03Y0.18CU0.0203-5, (b) SEM images of BaCeo.5Zr0.3Y0.16CU0.0403-5, (SE in left,
BSE in right), (c) EDS line scan (left) and elemental quantitative results (right) of
BaCeo.5Zr0.3Y0.14CU0.0603-5.

3.2.2 Phase identification of the as-prepared Cu-doped BCZY

A-site non-stoichiometry effects on barium cerate-based perovskites is still not
fully understood by researchers. Ba deficiency can be unintentionally achieved either

by the BaO evaporation after exposing the material to a high temperature or deliberately,
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by adjusting the initial composition. It was reported that the perovskite structure could
not tolerate significant Ba deficiency in undoped BaCeOs, which would result in the
precipitation of CeO,?. In one sense this is not so critical as an overall Ba deficiency
will reduce Ba activity and hence limit degradation, even if not quite single phase. Ma
et al.?® suggested that 5% Ba deficiency could be tolerated in BaCeOj3 and formed a
single phase. When dopants were involved in the BeCeO3 lattice, Ba deficiency was
able to be accommodated as much as 4-10 mol% (depending on the dopant ions). For
example, a single phase of orthorhombic BaxCeo.90Y0.1003-5 was claimed when initial x
was between 0.90 and 1.20, considering the likely Ba loss.?” Among the different
stoichiometric materials, Bao.9sCeo.90Y0.1003-5 exhibited the highest conductivities in
dry or wet air and wet H>?’. The different behaviour upon A-site deficiency between
undoped and doped perovskite implies a defect chemistry mechanism in the applying
of dopants. Shima et al.?® proposed that the trivalent dopant Gd*>* not only substituted
Ce*" site but also resided on the Ba®" site, according to Eq. 3-1 (in terms of Ba
deficiency) and 3-2 (in terms of Ce excess, known that Ba deficiency can be regarded
as Ce excess).
2Bag, + 200 + Gdce + Vo' — Gdg, +2Ba0 T Eqg. 3-1
2Ce0, +Gdc. + Vo' — Gdg, +2Cec, +60o Eq. 3-2

However, this does not indicate that all the ions can redistribute on the Ba site
under Ba deficiency condition. The atomistic study revealed that this redistribution
process was energetically favourable over Ba-O vacancy pair formation, and sensitive
to the precise Ba/Ce ratio and experimental processing condition. Furthermore, small
ions were unfavourable to transfer from the Ce to the Ba site.?®

Powder X-ray diffraction is used to identify the phase of prepared Cu-doped BCZY,
shown in Figure 3-3 (a). On the first sight, the XRD patterns may reflect a cubic
structure, however, the rhombohedral and cubic structure have mostly similar patterns
in XRD, neverthless, the rhombohedral structure exhibits an additional reflection at
34.4° attibuted to the (113) plane while the cubic structure has no reflection at this
scattering angle. Although some peaks are split in the rhombohedral structure

expecially at high angle, but they cannot be resolved due to the close lattice spacings.?
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Therefore, all the samples prepared are indexed with the Rhombohedral R-3c space
group. Various impurities labeled with different symbols in the high magnification
Figure 3-3 (b). A summary of impurities is listed in Table 3-1. Throughout the
compositions, single phase was only obtained for BCZY C3, suggesting that Cu has here
been incorporated into the perovskite lattice. The ionic radius of six coordinated Y**
are 0.90 A and 0.87 A for Ce*", and the sizes of Zr** (0.72 A) and Cu* (0.77 A), Cu**
(0.73 A) are quite comparable, while Cu®* (0.54 A) seems to be too small compared
with the other B-site dopants. It is also known that BaZrO3 structure has cubic symmetry,
however, the doping with Y3* usually leads to an expansion of the BaZrOs cell and
causes tetragonal distortion due to the significant ion size mismatch. Therefore, when
copper is doped into the perovskite lattice, it may not only occupy Ce and Zr site, but
also be prone go into the larger Y>" site to relieve the octahedra tilting from size
mismatch®. This is probably the reason why Y>Os3 impurity is commonly existing in
the Cu-BCZY oxides, especially in Ba-deficient samples, e.g., d-BCZYC2 and d-
BCZYC3. This is in accordance with the precipitated CeO: in Ba-deficient BaCeOs
mentioned before. Even in stoichiometric oxides, when Cu doping level is more than
4%, the precipitation of Y203 still occurs. In addition, Y2BaCuOs peaks are found in
BCZYC4,d-BCZYC6,BCZYC8 and d-BCZY C8 compositions, and mZrO» is detected
in BCZYC2, BCZYC4 and d-BCZYC4 samples. The peaks at 32.5° and 32.8° in
BCZYC6 are not identified. The impurities in these materials suggest that Ba deficiency
did not promote the formation of a pure perovskite phase, on the contrary, the A-site
vacancy coupled with oxygen vacancy may destabilize the perovskite lattice,
prohibiting the B-site cation from incorporating into the structure, especially the lower
valence cation’. But this seems not to adapt to the BCZYC4 specimen, where the
deficient oxide possibly has less impurity, at least with no Y2BaCuOs peaks and much
weaker Y203 and mZrO» peaks if their relative intensities compared with the perovskite

peaks are taken into account.
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Figure 3-3. (2) RT powder X-ray diffraction patterns of as-prepared BCZYC, and (b)

the same XRD patterns as zoomed in selected range.

Table 3-1. Summary of impurities in BCZYC oxides.

composition) ) ) ) N L
@E\{\ \\\\\ LEAL BCZdYCZ g BC;YCB Rt BC;YC4 Sl BC;YCB gLz BC;YC—B
Y,0, v v v v v v v v
Y,BaCuOs v v v v

mZr0, v v v
Unknown v
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3.2.3 Effect of Cu concentration on the unit cell parameter of BCZYC

Pseudo-cubic unit cell parameter as a function of Cu concentration in
stoichiometric and A-site deficient BCZYC is compared in Figure 3-4 (a). Note here
the cell parameter without Cu dopant is not listed because the BCZY oxide sintered at
1350 °C is far from a pure phase unless it is fired at over 1500 °C, making it
incomparable with the Cu aided oxides. In the stoichiometric compositions, 4% Cu
doped BCZY has the smallest lattice constant. Typically, the substitution of smaller
sized ion for a larger one causes a contraction in the cell volume, and this well explains
the decreased lattice parameter with doping more Cu®" in the structure until 4 mol%. It
is thus further indicated that Cu®" replaced the Y** site. While Cu concentration
gradually increases, the lattice is expanding. One possible reason is that 4% Cu reaches
its solubility in the perovskite, and the higher concentration leads to the more
favourable formation of Cu contained impurities (mainly Y2BaCuOs) but less
incorporation in the lattice. Meanwhile, the higher (Y+Cu)/Ba ratio in Y2BaCuOs
impurity compared with that in the perovskite results in a higher Ba concentration left
in the perovskite oxide, which also contributes to a larger unit cell. Another possible
reason is the perovskite can tolerate a Cu concentration higher than 4 %, and there is a
critical point between 4 % and 6% Cu where repulsive interaction between cations due
to the continuingly introduced oxygen vacancies with the doping of Cu begin to
dominate the cell parameter changes and result in lattice expansion®!. Thus, with doping
too much copper, the oxygen vacancy effect dominates the lattice constant change
rather than the dopant ionic radius.

When A-site deficiency is introduced, the unit cell parameter changes differently
upon the Cu content. The existence of A-site vacancies increases linearly the cell
volume of BCZYC doped with up to 6% Cu while leading to a cell contraction at 8%
Cu-BCZY. According to the analysis in the stoichiometric samples, if decreased Cu
solubility and favourable formation of impurities are considered as the reason for the
expanded cell with increasing Cu concentration, one should expect stronger impurity

XRD peaks as a function of Cu concentration between 2% - 6% in the deficient samples,
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however, much weaker impurity peaks are observed in the deficient 4% Cu-doped oxide.
This suggests that the cell parameter change in stoichiometric materials is more
possibly attributed to the increased oxygen vacancy concentration in the higher Cu
doping level. Back to the deficient perovskites, a cell size contraction compared to
stoichiometric composition is observed for 2%. Normally, lattice constant would
decrease with the A-site deficiency because of the process of introducing a cation with
a smaller radius into the A-site. Thus, for the d-BCZYC2, the cell constant is determined
by the ionic radius. However, A-site vacancy would also promote the formation of
oxygen vacancy, leading to the critical point where oxygen vacancy effect begins to
dominate cell parameter occurring between 2% and 3% Cu dopant. The expansion
effect due to oxygen vacancy plays a stronger role with increasing Cu content until 8%,
where a cell contraction takes place. There is a relatively high concentration of
impurities in d-BCZYC8 by comparing the intensity of XRD characteristic peaks,

making it difficult to clarify the reason for cell contraction.
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Figure 3-4. Pseudo-cubic unit cell parameter of BCZYC as a function of Cu

concentration and A-site deficiency (the symbol size indicates the error size).
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3.2.4 Axial c¢/a ratios of as-prepared Cu-doped BCZY oxides

In an ideal hexagonal close packed (hcp) unit cell (Figure 3-5), the atoms of equal
size are at the corners with one inside at position G ,2 ,%) Adjacent atoms are in

contact, thus parameter a is equal to the diameter of the atom and c is equal to twice the

vertical height of a tetrahedron. This determines that:

= OD = 2R = a (R is the atomic radius)
C

D

£l
I

2

In triangle DLE, DE = DE - cos 30° =

Gl

While in triangle OED, ED? + OE? = OD?, yielding

(%)2 + (g)z = a?, giving

‘- 8—1633
a |3

An ideal c/a ratio of 1.633 in a hexagonal unit cell suggests that the distance
between every atom is the same. If the axial c¢/a ratio deviates from the ideal value then
the distances between nearest neighbouring atoms in the basal plane is different from
that between nearest atoms between planes.

The primitive Rhombohedral cell can be expressed with the R-centered hexagonal

matrix, as shown in Figure 3-5 (b). The two additional lattice points inside the

2 1 1 2

hexagonal unit cell are at (5 '3 ,5) and (% ,g ,5), respectively. This gives the ideal

c/a ratio to be 1.633 « (3/2) =2.4495.
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Figure 3-5. (a) hexagonal closed packed unit cell, (b) primitive rhombohedral cell

expressed with R-centered hexagonal matrix.

However, in perovskite structures, the atoms in close packing may be pushed apart
by ions in the interstitial sites, making the axial c/a ratio to deviate from the ideal value.
Therefore, the ¢/a value can reflect how well the ionic sizes match in the solid solution
and how close the geometry is to hexagonal matrix. Here, c/a ratios are calculated to
investigate the effect of Cu concentration and Ba deficiency on the lattice changes. As
demonstrated in Figure 3-6, in stoichiometric compositions, all the samples show a
lattice that deviates from the ideal hexagonal lattice with their c¢/a ratio lower than the
ideal value. Among them 4% Cu-BCZY has the lowest c¢/a value that suggests the most
deviation from the ideal hexagonal lattice. Additionally, axial c¢/a ratio exhibits the same
trend with the pseudo-cubic cell parameter as a function of Cu content in stoichiometric
perovskites, indicating that the doping of Cu in fact makes lattice deviate more from
ideal hexagonal unit, while expansion effect from oxygen vacancies in oxides with
higher Cu doping level (6%) leads to a less distorted hexagonal lattice, and the

expansion effect is more obvious along the ¢ axis than the a axis.
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While 4% Cu-BCZY has the lowest axial c/a ratio in the stoichiometric
compositions, the corresponding deficient oxide exhibits significant improvement. For
the other compositions, only BCZYC2 shows a slight increase in the c¢/a ratio when
applying Ba deficiency, but the rest result in a more distorted hexagonal lattice with
lower c/a ratio. Since oxygen vacancies were suggested to be advantageous for a higher
degree of hexagonal matrix, the introduction of A-site deficiency in BCZYC4 creates
extra oxygen vacancies in the lattice that expand the cell and give rise to a more
hexagonal unit cell. However, in 6% and 8% Cu-doped BCZY, the more oxygen defects
in deficient oxides affected reversely. The reason for this probably because lattice
oxygen atoms at different positions in the lattice have different energy or property due

to their surrounding cation environment.
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Figure 3-6. Axial (c/a) ratio of the hexagonal lattice of BCZYC as a function of

copper content and A-site deficiency.

The different oxygen sites have been proposed by Kreuer®? to explain the varied
activation energy for proton transfer in Y-doped BaCeO3 and SrCeOs perovskites. He

suggested that the large orthorhombic distortion of Y-SrCeOs has tremendous effects
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on the arrangement of lattice oxygen, resulting in nonhomogeneous chemical
interactions with the cations. It is thus suspected that there are also different lattice
oxygens in the BCZYC perovskite structure originating from the octahedra tilting and
its surrounded cation environment. As shown in Figure 3-7, the tilting of BOs octahedra
may result in different energies in different oxygen sites. The oxygen vacancies in
deficient BCZYC4 only located at the sites where cause more expansion along the ¢
axis, leading to a large unit cell and less deviation from hexagonal unit (defined as Ol
site). When more oxygen vacancies exist in the hexagonal lattice of d-BCZYC6 and d-
BCZYCS8, lattice oxygen has to be removed from the sites where will lead to more
expansion along a axis (defined as O2 site). Therefore, the lattice become to deviate

more from an ideal hexagonal unit.

.)Bn
& Ce
@®o
dY

Figure 3-7. BCZY unit cell, space group: R-3cH.

To summarize the copper dopant concentration and Ba-deficiency effect on the
cell parameter and deviation from ideal hexagonal lattice, in the low doping
concentration range (2% - 4%) of the stoichiometric compositions, the lowered cell
volume is determined by the smaller ionic radius of copper, and the lattice becomes less
hexagonal with the dopants. Doping more copper results in unit cell expansion and
closer lattice to hexagonal matrix due to the dominated oxygen vacancy effect, and the

number of oxygen vacancies is in the limit that preventing it from being removed from
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02 site. In deficient perovskites, more oxygen vacancies are created in their
corresponding stoichiometric oxides, and among them, deficient BCZYC4 shows the
best balance between dopants concentration and oxygen vacancies, producing a large
unit cell and less deviation from ideal hexagonal unit. However, simulation of the
structure needs to be carried out to confirm the assumption in future work.

XRD can be used to determine the crystallinity by comparing the integrated
intensity of the background pattern to that of the sharp peaks. Generally, the crystalline
compounds with high crystallinity give well-defined, narrow, sharp and distinct peaks.
In our work, all the XRD samples were prepared in the same condition and tested by
the same machine. Hence, the relative intensity of the main peak was used to compare
the crystallinity of the compositions. In Figure 3-8, the lowest XRD intensity appears
in the BCZYC oxide with Cu doping ratio of 4%. However, for the deficient
compositions, 4% Cu doped BCZY behaves the highest XRD intensity, indicating a
distinct improvement in the crystallinity of the material due to the Ba-deficiency.
Conversely, the XRD intensity of all the other samples is lowered by the A-site vacancy.
This i1s somehow consistent with the expanded unit cell and the higher degree of
hexagonal lattice in the deficient BCZY C4 oxide we mentioned above, supporting that

Ba deficiency is advantageous for 4% Cu-BCZY.
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Figure 3-8. (104) XRD peak intensity of BCZYC as a function of Cu concentration

and A-site deficiency.
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3.3 Copper exsolution from BCZYC perovskite

3.3.1 Phase identification of BCZYC oxide after reduction

The as-prepared BCZYC pellets were ground into powder and reduced at 900 °C
for 12 h in 5% Ha2/Ar, and phase identification of the resulting powders were analyzed
in Figure 3-9 (a letter of ‘r’ is put in front of the name of samples in redox history to
label as the perovskites after reduction). After reduction, the BCZYC perovskite
substrates retain a R-3cH symmetry, indicating no distinct decomposition of the parent
material occurred during reduction. Peaks at 43.5° and 50.4° corresponding to Cu metal
are found in all the compositions, revealing Cu metal were exsolved from the perovskite
structure. The absence of Y2BaCuOs oxide peaks suggests its decomposition and the
product of copper is in the form of Cu metal because of the reducing atmosphere, while
barium and yttrium are either reintegrated into the perovskite structure or left on the
perovskite surface as oxide impurities. There are no peaks of barium oxide shown in all
the materials after reduction, and it is either because of its small amount or re-dissolving
into the parent oxide. Y,O3 phase still exists in the materials with Cu doping more than
4%, making it difficult to determine the re-doping behaviour of Y203 product. Whereas,
mZrO; peak did not appear in rBCZYC2, demonstrating that the mZrO; probably re-

dissolved into the perovskite structure due to the B-site deficient after Cu exsolution.
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Figure 3-9. RT powder X-ray diffraction patterns of BCZYC samples after reduced at
900 °C for 12 h in 5% Ha/Ar.

3.3.2 Unit cell parameter and axial c/a ratios of the reduced BCZYC oxides

It is generally known that reduction of the material gives rise to a cell expansion
because the removal of negatively charged lattice oxygen results in the stronger

repulsion force between the neighbouring cations (0§ — vg + 2e” + %02 )’ 10,

Moreover, the electrons producing from this process lower the oxidation state of a
portion of Ce from Ce*" to Ce** according to e +Ce* — Ce*", which will also reflect
into an increase of the cell volume. But when the introduced oxygen vacancies reach
the limit oiim (0 is the number of lattice oxygen removed per formula unit of the
perovskite, standing for the extent of reduction, dim is the most oxygen vacancies that
the perovskite structure can hold) of stabilizing the perovskite structure, further
reduction will pull the B-site Cu?>" out of lattice, creating Cu nuclei (2e”+Cu®* — Cu’).
Reverse to cell expansion, this process allows the removal of oxygen vacancies and
results in a cell contraction®?, The unit cell parameter of stoichiometric Cu-doped BCZY

perovskite as prepared in air and after reduction at 900 °C are compared in Figure 3-10
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(a). A peak cell parameter is observed in the r-BCZYC4 sample among the reduced
oxides in the Cu concentration range of 2% - 6%, which indicates the highest amount
of oxygen vacancies in it. Compared with materials sintered in air, a decrease in cell
parameter is seen after reduction except for 4% Cu doped BCZY. This implies that -
BCZYC4 probably has a larger 61im value among the compositions which means that it
can tolerate a higher extent of oxygen vacancies, while the cell contractions in the other
compositions are supposed to be due to their decreased ability to tolerate oxygen
vacancies accompanied with Cu exsolution. The c/a ratios of the hexagonal lattice in
compositions after reduction are shown in Figure 3-10 (b), presenting a pretty much
same trend with the oxidized samples, except that the largest deviation from an ideal
hexagonal lattice exists in BCZYC6. Comparing single composition between oxidized
state and reduction state, an increased c/a value is observed in all the compositions after
reduction except the BCZYC6. This enhanced c¢/a value after reduction is possibly due
to the decreased Cu concentration in the lattice after exsolution, which is consistent

with the lowering c/a ratio as a function of Cu doping level in the oxidized perovskite.
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Figure 3-10. (a) Pseudo-cubic unit cell parameter and (b) axial c/a ratio of the
hexagonal lattice of stoichiometric BCZYC as a function of Cu concentration before
and after reduction.

In the reduced Ba deficient samples (Figure 3-11 a), the pseudo-cubic cell
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parameter follows the same trend with the compositions before reduction, except the
large jump in the d-BCZYC6, from the largest cell in oxidized condition to the smallest
one after a reduction treatment. It is known that with B-site Cu exsolving, the A-site
deficient compositions become more stoichiometric, which allows to accommodate
higher amount of oxygen vacancies in the structure, and thus leading to cell expansion.
But this seems not apply to the d-BCZYC6, whose lattice contracts a lot in the reduced
state, which means the structure has less oxygen vacancies but excessive exsolution.
The change in cell parameter is quite complicated, not only a matter of Cu exsolution
and oxygen vacancy change, but also accompanied with Ba transportation, which will
be illustrated in the following SEM analysis section.

In Figure 3-11 (b), the c/a value after reduction of the deficient samples also shows
a similar trend as the oxidized materials, except the d-BCZYCS. Reverse to the change
in the stoichiometric BCZYC, the deficient materials exhibit slightly less perfection in
hexagonal unit after reduction. The deviation may be a result that the deficient
structures begin to remove lattice oxygen from the O2 site. The expansion of unit cell
and improved hexagonality in d-BCZYCS is probably owing to the composition re-

arrangement between the impurities and parent perovskite during reduction.

=g

4.338 (b) 2.452

] oxidized —=— oxidized
o 4336 reduced 2451 - —=— reduced
5 |
O 4.334 4
g | 24501 heoretical value of (c/a)
84324 < N\ N/ | T
= ] ® 2.449
o o
= 4330
c
= ] 2.448
°Q
§ 4.328 4
S 1 2.447 4
T 4.326
3 1 2.446
& 4324 '

1 2.445 -

4.322 T T T T T T T T T T T T T T
0.01 0.02 003 0.04 005 006 0.07 0.08 0.02 0.04 0.06 0.08
Cu doping concentration Cu doping concentration

Figure 3-11. (a) Pseudo-cubic unit cell parameter and (b) axial c/a ratio of deficient
BCZYC as a function of Cu content before and after reduction at 900 °C for 12 h in

5% Ha/Ar.
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3.3.3 Microstructure of the reduced BCZYC pellets

Normally, to be at the lowest free energy state (most stable), the native surface of
the pellet has a different atom arrangement from the bulk due to the dangling bonds of
the surface atoms?. Thus, the atom rearrangement on the surface or near the surface will
take place in the form of typical cation enrichment of depletion in the crystals
containing multi-elements with various ion sizes. This segregation can cause a
deteriorated effect on the material surface property and functionality. The segregation
of the large A-site cation on the surface is found to be the most common phenomenon
in stoichiometric perovskite, in the form of AO islands or An+1BnO3n+1 Ruddlesden-
Popper structures. B-site cation exsolution is severely influenced by the AO segregation
even in oxygen deficient perovskites (ABOs.5). For example, only a few nickel NPs can
be found on the (Lao7Sro3)(CrossNio1s)Oss perovskite after reduction®*. This
demonstrates that apart from oxygen deficiency, A-site vacancy plays a key role in the
occurrence of exsolution, as first found by Neagu and co-workers’. The existence of A-
site deficiency restrains the surface A-site enrichment and benefit for the B-site
exsolution process. Therefore, in order to alleviate the effect of AO enrichment on the
exsolution, a cleaved surface obtained by breaking the pellet or grinding the coarse
powder to expose native surfaces was investigated for the exsolution process because
of the more representative of the nominal bulk stoichiometry.

Reduction temperature is a very simple and useful parameter in controlling the
size, population and dispersion of the exsolved particles, which allows to tailor the
microstructure of materials for different applications!®. Considering this factor, the
prepared Cu doped BCZY pellets with different stoichiometry were reduced at 500 —
900 °C for 12 h in 5% Hz/Ar. The morphology and distribution of the nanoparticles on
the cleaved surface were investigated by SEM. All the samples exhibited a similar
morphology. In order to minimize Ba segregation during reduction, a deficient sample
d-BCZYC6 is chosen for discussion. Basically, a large population of particles can be
obtained at each reduction temperature, as shown in Figure 3-12. When reduced at

500 °C, SEM images in Figure 3-12 (al-a3) indicate the existence of two kinds of

90



exsolved particles with different size ranges. The larger particles are between 200 nm
to 1 um in size and the smaller ones, distributed randomly on the surface, are
approximately 100 nm. In order to distinguish different particles in the following
discussion, the large particles are labelled as type I particle and the small ones are type
II. Increasing reduction temperature to 600 °C, the dual nature of particles remains the
same in size range, but the shape of type I particles becomes more spherical (Figure 3-
12 b1-b3). The distribution of particles seemed to be more regular, with the type I
particles sitting at the interface of three or four grains and the type II ones orderly
distributed along the grain boundaries. It is believed that more crystalline defects are
formed at the grain boundaries because of the mismatch of different orientation from
two planes, and these defects will be even more present at the interface of several
orientations. Meanwhile, the more defects impose the increased instability of the local
structure, making it more favourable for metal nucleation due to the lowered nucleation
barrier’. A large quantity of very small nanoparticles (labelled as type III particle) was
found on the surface in high magnification (shown in the red square in b2). It is also
noted that a thin layer exists underneath the type I particles (shown in the yellow circle),
which is believed to be a crystalline phase formed along with exsolution. This phase
can also be observed in samples reduced at 700 and 800 °C. Figure 3-13 shows the EDS
results of sample reduced at 600 °C. The quantification analysis of elements implies
that the large particle at EDS spot 3 is Cu metal, and the smaller one at EDS spot 1
contains mostly an amount of Cu with less Ba and Zr. It is possible that the Ba and Zr
are from the matrix or the particle because the particle size is smaller than the electron
beam effect area. For the substrate area at EDS spot 4, the EDS quantitative result is
almost identical to the Ba/Ce ratio present in Bag.osCeo.5Z10.3Y 0.14Cu0.0603-5 but with less
Zr and Y. No Cu was found in this area, suggesting that most copper atoms have already
been stripped from the perovskite lattice due to the reduction treatment. When the
reduction temperature is increased to 700 °C (Figure 3-12 c1-c3), the numerous type III
nanoparticles disappeared. The type I particles became even more spherical while the
type II particles grew slightly larger and less present. In addition, the surface of type I

particles seems to be composed of many layers, which may indicate its growing process.
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When reduced at an even higher temperature 800 °C (Figure 3-12 d1-d3), the number
of type II particles tend to be even lower with only a few particles distributed on the
grain, and mostly type I large particles are present along the grain boundary. In the
yellow square region of (d1), it seems that the largest particles are wrapped in an extra
phase that has the same contrast with the particles in the back scattering electron (BSE)
image inserted in (d1), suggesting the two phases may have the same element presence
in a large percentage. This extra phase can also be found on the pellets reduced at 500-
700 °C. EDS analysis of spot 2 in Figure 3-13 indicates that this phase is probably
barium cuprate. We suspect that some large particles grow from this extra phase, leaving
the phase shown in the yellow circle after copper exsolving. When reduced at 900 °C
(Figure 3-12 el-e3), only the type I particles are found on the surface. There is a
significant morphology change on the particles from sphere to polyhedron. Furthermore,
another phase with polygonal shape is socketed on the perovskite surface and some of
such phases have larger particles sitting on top. From the BSE image inserted in Figure
3-13 (el), no contrast difference is observed between the polygonal phase and the
substrate. EDS quantification result of the polygonal phase inserted in (e2) shows a

slightly Ba-excess.
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Figure 3-12. SEM images of cleaved surface of Bao.osCeosZro.3Y0.14Cuo.0603-5 pellet
reduced at different temperatures for 12 h in 5% Ho/Ar, (al-a3) 500 °C, (b1-b3)
600 °C, (c1-¢3) 700 °C, (d1-d3) 800 °C, (e1-e3) 900 °C. The inset in (d1) and (1) is
back scattered image, and the table in (e2) is the EDS quantification result of the
polygonal phase in the red circle. The number 1-3 means different magnification from

low to high.
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Figure 3-13. EDS spectra and quantitative analysis of particles and phases on pellet

reduced at 600 °C for 12 h in 5% Hj/Ar.
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Figure 3-14. Characterization of the sample reduced at 900 °C for 12 h in 5% H2/Ar.

(a) HAADF image of the particles and its EDS mappings, (b) surface layer of the

particle and EDS mappings, (c) the EDS line scan in area c in (b), (d) the EDS line

scan of the area d in (a). (The TEM characterization in this work was carried out by

Dr. Aaron Naden except those with extra annotation)

The morphology and chemistry of the exsolved particles obtained after reduction

at 900 °C for 12 h were analyzed by the TEM. As shown in Figure 3-14 (a), an extra

triangle-shaped phase attaching the particle is observed, which is the same phase as the

one underneath the large particle in Figure 3-12 (e3). EDS mappings show that the

spherical particle is rich in Cu, further confirming the identification of Cu metal. For
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the triangle extra phase, it is accumulated with barium species, especially in the inner
triangle area, showing as a Ba metal state. However, a shell structure is displayed in the
extra phase, composing several layers that consist of copper and oxygen elements. For
the surface layer of the particle, the similar shell structure is also observed. The EDS
line scans in Figure 3-14 (c, d) reveal the shell composition from outmost to the inner,
which is CuOx, BaOy for the Cu particle and BaOx, barium cuprate, Ba, barium cuprate

for the triangle phase.

(b)= 4 « BaM  CeM
¥ N
(c) =
2  SEe
oK
7

Intensity/ a.u. ~

0 100 200 300 400 500
Position/ nm

Figure 3-15. (a) HAADF image of the irregular-shaped phase after reduction the
cleaved surface at 900 °C for 12 h and its EDS mappings, (b) Ba and Ce EELS spectra
of the position 1 in (a), (c) Ba and O EELS spectra of the position 2 in (a), (d) EDS

line scan of the area indicated by the red arrow in (a).

For the polygonal-shaped phase obtained at 900 °C in the red circle in Figure 3-12
(e2), the EDS mappings in Figure 3-15 (a) demonstrate that it is significantly rich in
barium. The EELS spectrum in Figure 3-15 (c) further confirms the existence of barium
but also suggests the presence of a small amount of oxygen. For the perovskite bulk,

the EELS spectrum in Figure 3-15 (b) verifies the barium and cerium species, while the
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cerium is still in the Ce*" state after reduction. From the EDS line scan of the area in
(a), Figure 3-15 (d) indicates a small barium deficiency in the interface between the
barium metal phase and the perovskite substrate, about 50 nm thick, which is probably
due to the diffusion of lattice Ba>" to form the Ba metal phase.

Until now, we may still feel confused about the exsolution process of the Cu
particles since there are some other phases present during the period. In the following
experiment, the individual particles are followed to have a better observation on the
particle evolving and phase change.

It is also worth mentioning that native surface of Cu-BCZY also has the similar
Cu exsolution as the cleaved surface, not only in Ba deficient samples but also in Ba
stoichiometric compositions. This indicates the AO segregation problem did not hinder

the Cu exsolution from the doped BCZY material.
3.3.4 Particle tracking for exsolution process study

The as-prepared d-BCZYC6 pellet was polished in order to obtain a flat and
uniform, bulk-like surface for better observing exsolution process. Normally,
exsolution is more favourable to occur on the polished surface not only because of the
removal of A-site enriched surface but also the creation of more defects for nucleation.
Here, individual particles are followed treated with different reduction time and
temperature in 5% Hz/Ar. The microstructures are shown in Figure 3-16.

Before reduction, the pellet surface is clean with a defect at the area labeled 11,
seen from Figure 3-16 (a). After reducing the pellet at 600 °C for 2 h (Figure 3-16 b),
some nanoparticles (e.g., particles 4, 6, 7, 8, 9) appear on the surface as well as a number
of irregular-shaped phases like shown at position 3, 10 and 12. This kind of phase
actually also exists underneath the spherical particles, like particle 9. At the defect 11,
a mixture of nanoparticles with the irregular-shaped phases underneath is observed.
Further reducing the pellet for another 10 h (Figure 3-16 c), the irregular-shaped phases
at1,2,3,5, 10, 12 disappear with nanoparticles exsolving instead at their corresponding
position, and their particle size is smaller than the particles achieved after 2 h’s

reduction. Therefore, the irregular-shaped phases obtained after reduction for 2 h seem
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to provide a transient stage for particle exsolution, we name them as “intermediate
phase”. For the particles at position 4 and 8, two or three smaller particles are deposited
instead of the single one. As this phenomenon is thermodynamically contradictory, it is
believed one possible reason is that the single particle is kicked out by the high energy
electron beam in the operation of scanning microscope, resulting in the new growth of
particles at the corresponding position when reduced at 600 °C for another 10 h. At
position 11, a large irregular-shaped phase appears instead of the nanoparticles. EDS
mappings in Figure 3-17 indicate that this phase is accumulated with barium and copper,
and especially rich in oxygen, suggesting a barium cuprate phase. Moreover, there is a
small crack and convex shape around areas 1, 2 and 3 which means more defects are
created during exsolution, destabilizing the substrate perovskite. By further reduction
of the pellet at 700 °C for another 10 h (Figure 3-16 d), the individual particles at
positions 4 and 8 grow into a larger one again, while no morphological changes seems
to occur for particles 1, 2, 5, 6, 7, 9 except the expanded size. However, some particles
turned out to be much smaller and even diminish, such as the particles 12 and 10.
Particle population decreases a great extent at this temperature. Now areas near position
1, 2 and 3 exhibit a new irregular shaped phase, probably being another barium cuprate
composition but with different stoichiometry from 11 in Figure 3-16 (c). At position 11,
the barium cuprate phase decomposes and the original defect before reduction is
exposed now with several particles surrounded. Position 10 seems to become a bit
convex as we observed at 1, 2 and 3 before, and it is expected to form a new phase like
area 3 after further reduction. Then, reducing the pellet at 800 °C for another 10 h
(Figure 3-16 e), we can see that the particles become even less present and grow larger
(particles 1, 2, 4, 5, 6, 8, 12). Unsurprisingly, the supposed barium cuprate phase at area
3 decomposes now and a distinguish crack is around there with a large particle on top.
The convex area at area 10 1s also replaced by a new irregular shaped phase as expected,
which is possibly the Ba-Cu-O oxide with different element ratio from the previous
ones. Moreover, a large particle is occupied at the defect position 11 with the
surrounded particles disappearing. Finally, another reduction treatment at 900 °C for 10

h is carried out, only limited numbers of particles are left (Figure 3-16 f). Some larger
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particles, like particle 4, 8 and 9, turn to be smaller but have not diminished. For the
Ba-Cu-O oxide like phase at 7, 9 and 10, only spherical particles are achieved without
any other defect or new phases appearing. It is also noticed that the crack at position 3
is recovering and attaches better with surroundings, and the defect at position 11 is

totally decorated by the particles.

Before reduction 600 °C 2h 600 °C 10h

Figure 3-16. SEM images of the polished Bao.osCeo.5Zr0.3Y0.14CU0.0603-5 pellet reduced
at different temperature, (a) before reduction, (b) 600 °C for 2 h, (c) 600 °C for 10 h,
(d) 700 °C for 10 h, (e) 800 °C for 10 h, (f) 900 °C for 10 h. Note that each SEM image

was taken in the same area after the pellet was reduced at each stage.

Element Atomic %
Bal 14.52
ZrL 1.96
CuK 19.74
O K 63.78

Figure 3-17. EDS mappings and quantitative results of the irregular-shaped phased
obtained after reducing the polished Bao.ossCeo.5Zr0.3Y0.14CU0.0603-5 pellet at 600 °C for

12 h in 5% HJ/Ar.
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In order to identify the “intermediate phase” and the one underneath the particles
in Figure 3-16 (b), TEM sample is prepared from the position shown in the inset of
Figure 3-18 (a). It is noticed that instead of socketing into the larger irregular-shaped
phase, the particle is actually held by it from the side. EDS mappings show that the
large irregular-shaped phase is rich in barium and oxygen, probably being BaOy. The
large particle on top is copper metal. Below the polished surface, the Cu particle is not
embedded in the perovskite oxide neither, instead, it is immersed in anther BaOx phase,
which is also verified in the EDS quantitative result (1) in Figure 3-17 (b). Note here
the oxygen EDS quantification result is less believable due to the limited detection
ability of light element by EDS. For the perovskite bulk area 2 in (a), the EDS
quantitative result illustrates a similar composition as the designed
Bao.osCe0.5Z10.3Y0.14Cu0.0603-5 but with less copper that is resulted from its exsolution.
For the small particle immersed in the BaOy, the TEM image in Figure 3-18 (c)
demonstrates that there are some even smaller particles surrounding it. While the EDS
mappings show a Cu metal composition in this particle, the quantitative result (position
3) in Figure 3-18 (d) reveals the existence of small amount of barium, which is also
indicated in the barium EELS spectrum in Figure 3-18 (f). More obviously, the dual
composition in the particle can be seen from the BSE image in Figure 3-19 (b), where
a different contrast is shown in a single particle, with the dark colour implying light
weighed element and the similar white colour as the matrix, indicating the heavy
element Ba. For the copper state in the particle, the EELS spectrum in Figure 3-18 (e)
shows that copper mostly exists in the state of Cu’ with little amount of Cu?*, which
may be due to the oxidation when handling the sample in air. This oxidation can also

be observed in the oxygen mapping in Figure 3-18 (c).
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Figure 3-18. TEM characterization of the polished Bao.ssCeo5Zr0.3Y0.14CU0.0603-5
sample reduced at 600 °C for 2 h in 5% H2/Ar. (a) The TEM image and EDS
mappings of the particle with irregular shaped phase, the inset is the SEM image of
the TEM sample), (b) EDS quantitative results of area 1 and 2 in (a), (c) TEM image
and EDS mappings of the small particles immersed in the irregular-shaped phase, (d)
the EDS quantitative results of area 3 and 4 in (c), (e) and (f) the Cu and Ba EELS

spectra in the small particle in (c), respectively.

Figure 3-19. SEM (a) and BSE (b) images of the polished

Bao.9sCe0.5Zr0.3Y0.14CU0.0s03-5 pellet reduced at 900 °C for 10 h.

For the small intermediate phase indicated in Figure 3-16 (b), it is characterized in
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Figure 3-20. The EDS mappings show that the intermediate phase obtained at 600 °C
is rich in barium and oxygen. Although copper seems to exist, it shows a same contrast
with the perovskite bulk. While the bulk has been illustrated to contain only a negligible
amount of copper in Figure 3-18 (b), position 2, the copper species in the intermediate
phase can be neglected. The existence of barium and oxygen is further indicated by the

EELS spectra in Figure 3-20 (b).

Figure 3-20. (a) TEM image and EDS mappings of the intermediate phase on the
polished surface after reduced at 600 °C for 2 h in 5% Ho/Ar, the inset is the SEM
image of the intermediate phase, (b) Ba and O EELS spectra from the intermediate

phase.

3.3.5 Analysis with phase diagram of BaO-CuO system

Conventionally suggested exsolution mechanism is divided into four processes,
including diffusion, reduction, nucleation and growth? %1133 35 Tnitially, when the
perovskite is reduced, lattice oxygen is stripped creating oxygen vacancies and
releasing electrons. As the reduction progresses, the large amount of oxygen vacancies
destabilizes the local structure balance, producing the spontaneously B-site metal
nucleation at some points by adopting electrons. The nucleation is likely to occur on
the surface due to the lower nucleation barrier. The surface nucleation results in deeper

ions in the bulk diffusing to the surface to compensate for the compositional gradient
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until an equilibrium is reached or the re-organization of surface limits the process. This
causes particles growth. The ion diffusion depth can be hundred nanometers.
However, in our work, the Cu exsolution process seems to be different and more
complex. In addition to the exsolution from perovskite bulk, there exists a competing
process that exsolution occurs from an intermediate phase, that is, the frequently
observed barium contained phases. For further analysis, the phase equilibrium between
BaO and CuO need to be known. Figure 3-21 (a) presents the phase equilibrium of the
BaO-CuO system in air.*®3? As can be seen, there are three eutectic points (E1, E2, E3)
at about 900 °C. Compositions in equilibrium change with the BaO and CuO fraction
in the system and temperature. Since in our material, the amount of barium is far more
than copper, here we firstly analyze the barium rich region (BaO > 66.7 mol%) of the
phase diagram. From high to low temperature, the liquid phase (BaO + Ba,CuO3) is
solidified below 900 °C, followed by a composition change from BaO + Ba,CuOs3 (900
— 717 °C), to BaO> + Ba;CuOs3 (710 — 305 °C), and finally to BaO> + Ba>Cu3Os at low
temperature (< 305 °C). The schematic of phase change is illustrated in Figure 3-21 (b).
However, different from the condition determined in the phase diagram in Figure 3-21
(a), our experiment is conducted in a reducing atmosphere, with an exsolution of Cu
particles. In order to simplify the analysis, we firstly assume that the phase equilibrium
in the reducing atmosphere is the same as the one in air and the reduction temperature
is held at 800 °C. Therefore, Cu will exsolve from the BaxCuO3; compound that is in
equilibrium with BaO at this temperature. The Cu exsolution process will be
accompanied with precipitation of BaO, otherwise a phase with richer barium than 2:1
will be obtained, which disobeys the phase equilibrium at 800 °C. This process can be
expressed as Eq. 3-3 and Figure 3-21 (¢).
xBa,Cu0; = yBa,Cu03; + 2(x —y)Ba0 + (x —y)Cu+ 0.5(x—y)0, Eq. 3-3
With exsolution progresses, BaO proportion in the BaO-CuO system increases,
leading to the phase equilibrium left shift parallelly until a limited value of pure BaO,
shown as the blue arrow in Figure 3-21 (a). However, if the process of Cu exsolution
from Ba;CuOs is slow, the Ba;CuOs will not decompose completely when the

temperature is held at 800 °C for 12 h. This will lead to a continuous decomposition
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during cooling as long as the temperature is high enough for the decomposition reaction.
In this case, the equilibrium on cooling does not follow a vertical line but a line with a
positive slope, shown as the red arrow in Figure 3-21 (a). This process will finish until
a temperature at which the exsolution is thermodynamically limited and followed by a
vertical change in phase equilibrium at low temperature. Therefore, the incomplete
decomposition of BaCuOj3 finally gives rise to a mixture of BaO> and Ba,CuOs at room
temperature. This may well explain why we observe the barium cuprate phases rich in

oxygen in Figure 3-18.
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Figure 3-21. (a) Phase diagram of BaO-CuO system (Figure reproduced from Ref. 38
and 39), (b) schematic of phase change on cooling in the BaO rich region (BaO > 66.7
mol%) in air, (c) schematic of phase change on cooling in the BaO rich region (BaO >

66.7 mol%) in 5% H2/Ar at 800 °C.

The above analysis is based on the assumption that the phase equilibrium in
reducing atmosphere is the same as that in air. However, the real equilibrium is changed

with oxygen partial pressure. As shown in Figure 3-22, the compositions that can bear
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the P(O2) from high to low is BaxCu30s, BaxCuO3, BaCuO» and BaCu»O3, respectively.

The conversion between these phases in the Ba-Cu-O system is related to the following

reactions:

Ba,Cu30s,, = CuO + 2BaCu0, + (y/2)0, Eq. 3-4
3BaCu0O, = Ba,Cu0O34 + BaCu,0, + (0.45)0, Eq. 3-5
2Ba,Cu0;3; = 3Ba0 + BaCu,0, + (0.6)0, Eq. 3-6
2BaCu,0, = 2Ba0 + 4Cu + 0, Eq. 3-7
4Cu0 = 2Cu,0 + 0O, Eq. 3-8

Under even lower P(O3), the Cu20 and BaO can be reduced into the corresponding
metal state by the equation 3-9 and 3-10:
2Cu,0 = 4Cu+ O, Eq. 3-9
2Ba0 = 2Ba + 0O, Eq. 3-10

However, it is worth to mention that the phase diagram can only express
thermodynamically instability of a phase but does not offer kinetic information, which
means that it is unknown how quickly the unstable phase decomposes. This indicates
that although the P(O>) in our experiment may reach a value of 10"*°, the Ba-Cu-O phase
is possible to exist, even the BaO: phase. In addition, the migration of lattice Cu®*
towards the surface at high temperature may cause a local composition change. All
these factors will result in a different Ba-Cu-O system but not only the Ba-rich one we
discussed before. On reheating the pellet at higher temperature, the previously formed
barium cuprate phase has enough time for decomposition, while at some positions a
barium cuprate phase is prone to be produced, as observed in Figure 3-16. Apparently,
the higher reheating temperature and the local composition change due to ions
migration will give rise to the different barium fraction in the barium cuprate phase,
which is verified from the varied morphologies in the keep arising large irregular-
shaped phase in Figure 3-16. Although the “intermediate phase” on the polished surface
reduced at 600 °C for 2 h (Figure 3-16 b) is indicated to be BaOx by the TEM analysis,
it is believed that lattice Cu?* would diffuse towards the BaOx phase to form Ba-Cu-O

system if the sample is reduced for a longer time.
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Figure 3-22. Phase diagram of the system BaO(BaO2)-CuO(Cu20) at 1100 K. A and
B denote the phases Ba>CuOs3 and Ba,CuQz 1, respectively. Figure reproduced from

Ref. 38.

Overall, Cu exsolving from the doped barium cerate zirconate oxide also
undergoes a quite different route: the exsolution of barium cuprate phase from the
perovskite and the exsolution of Cu particles from the barium cuprate phase. This
process is illustrated as the schematic in Figure 3-23. When the Cu-doped BCZYC
pellet is reduced at lower temperature, i.e., 600 °C, Ba*" firstly diffuse towards the
perovskite surface in the form of BaOx precipitates. Afterwards, the lowered migration
barrier due to the removal of Ba>* from the lattice benefits Cu* to diffuse to the BaOx,
forming a Ba-Cu-O system contained barium cuprate. When reduced at higher
temperature, Cu particle is exsolved from the barium cuprate phase, accompanied with
the BaOy product. The lattice ions diffusion towards the surface and the exsolution of

particles make the local composition to reorganize, and thus producing a new Ba-Cu-O
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system in other positions. Since Cu is exsolved from the barium cuprate phase, some

barium is possible to exist in the Cu particles due to the incompletely decomposition.

Heat treatment in Longer reduction Further reduction

5% H,/Ar for 2h = time at higher T
BCZYC ————— BaO, precipitatcs ———— Ba-Cu-O

Ba?* diffusion Cu?* diffusion

composition
reorganization

BaO, + Cu  Ba-Cu-O at other positions

Figure 3-23. Schematic of Cu exsolution process from barium cerate zirconate oxide.

Herein, although B-site exsolution accompanied by A-site enrichment on the
surface has been proposed!® 4°, the phenomenon of co-segregation of A and B-site in
the form of eutectic oxide has not been found before. The two-step exsolution
mechanism explains the similar exsolution on the native and cleaved surface in this

material.
3.3.6 VI-XRD characterization of polished BCZYC pellet

Variable temperature powder X-ray diffraction (VT-XRD) is an effective
technique to monitor solid phase transitions in situ as a function of temperature. Thus,
the polished d-BCZYC6 pellet was tested by VI-XRD in 5% H/N>. The testing
temperature profile is shown as Figure 3-24 that each temperature is held for 6 h and
XRD pattern is collected every 2 h (3 times at each temperature) on heating, and only

1 h is held to collect the XRD data at each temperature during cooling down.
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Figure 3-24. Temperature program of the VT-XRD test.

The VT-XRD patterns are collected using MoKa radiation. A shoulder may be
observed at each peak in Figure 3-25 (a), and this is due to the stripping of peaks from
MoKa2. The perovskite peaks are indexed with the cubic symmetry. There is no
apparent change in the XRD pattern until reducing the pellet at 600 °C for 2 h,
distinguished by the apparition of two distinct peaks at 19.45° and 22.47°,
corresponding to the (111) and (200) plane of Cu metal, respectively. It is noticed that
the peak intensity of Cu metal after reducing at 600 °C for 2 h only increased slightly
with temperature and time, indicating that the nucleation process may be time-
dependent, but the growth of copper is relatively fast. In addition, another two weak
peaks at 11.17° and 12.85° appear at 700 °C, but they are difficult to identify. During

cooling, there is no apparent evidence for the phase change in Figure 3-25 (b).
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Figure 3-25. VT-XRD results of polished Bao.osCeo.5Zr0.3Y0.14Cuo.0s03-5 pellet on
heating (a) and on cooling (b) in 5% H2/N2. (Patterns are collected with MoKa

radiation).

As Figure 3-26 (a) displayed, the d-BCZYC6 pellet exhibits a larger unit cell after
thermal treatment in the reducing atmosphere than the initial one at room temperature.
Cell expansion is supposed to occur with increasing temperature, however, the cell
volume of 500 °C is larger than that at 600-900 °C. It is thus suspected that the
significant increase of cell volume after being reduced at 500 °C for 2 h (the first XRD
collection point at 500 °C) is due to the reduction of surface Ce*" to Ce** on the one
hand, with ionic radius increasing from 0.87 A to 1.01 A for six-fold coordinated cerium.
On the other hand, lattice oxygen is gradually stripped from the perovskite structure,
creating oxygen vacancies in the corresponding lattices. The removal of lattice oxygen
increases the repulsion between highly charged B-site cations and leads to an expansion
of the cell. Further reduction at 500 °C results in a dramatic drop in the cell volume.
This is supposed to be due to the diffusion of Ba** to form BaOx on the surface and the
followed Cu®' migration, producing Ba-Cu-O system. The lattice Ba** and Cu?"

migration process takes place until reducing the pellet at 600 °C for 2 h. After that, with
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further reduction at 600 °C until 900 °C, there is only a slow linear increase in the cell
volume which is attributed from the thermal expansion of the structure since almost the
same tendency is observed in the cell volume on cooling. The thermal expansion effect
can be further confirmed by calculating the thermal expansion coefticient between 600
and 900 °C, which is about 6.8 x10° K™!, close to the reported value of ~8 x10°° K!.4!-
*2 During this period, only decomposition of the barium cuprate occurs without
considerable cation diffusion to the surface that can produce a significant change in the
cell volume. Certainly, particle coarsening and mild local composition re-organization

keep taking place with the reduction, thus resulting in the slight variation of cell volume.
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Figure 3-26. Unit cell volume of the polished Bao.gsCeo5Zr0.3Y0.14Cuo.0603-5 pellet on
heating (black line) and on cooling (red symbols) calculated by the Rietveld

refinement of VT-XRD patterns. The symbol size represents the error.

It is noticed that on cooling the cell volume remains similar at temperature between
600 °C and 900 °C as those on heating, however, at 500 °C, it did not change back to
the value on heating. This indicates that the segregated barium species is not able to re-

dope into the perovskite structure.
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3.3.7 TGA test on the BCZYC oxide in reducing atmosphere

Considering a stoichiometric perovskite ABO3, during reduction, oxygen is
stripped from the perovskite lattice, giving rise to a structure with oxygen deficiency
ABOs.5, while 0 can represent the extent of reduction of the material. Because this
process is accompanied by a mass change due to the loss of lattice oxygen, the change

in oxygen stoichiometry can be monitored by thermogravimetric analysis (TGA). For

a perovskite decreasing weight from mago, t0 Mago,, , its number of moles is

conserved, as expressed in the following equation:

Magos _ MaBos s Eq. 3-11

H ABO3 WU ABO3 5

where WABo; and [ABos; represent the molar weight of the oxidized and reduced
perovskite, respectively. While the reduced perovskite is a product that depicts losing
oxygen from the ABO; oxide, the pago,, can be written as pago, —8-Ao (Ao is the

atomic weight of oxygen). Then Eq. 3-7 can be expressed as:

Mago; U ABO; Eq 3-12

Magoss Maso; —0-Ao

Obtaining the extent of reduction:

&= HaBos MaBo; —MABOs s Eq. 3-13
A, M Ao,

where Maso: “Maso.s s the weight loss can be measured in TGA. § is usually
M ao,

expressed in oxygen atoms per formula unit of perovskite (at./f.u.).

In Figure 3-27 is the TGA results of d-BCZYC4 and d-BCZYC6 measured in 5%
H/N> as a function of temperature. The slower weight loss before 380 °C observed in
sample d-BCZYC4 is because of the desorption of adsorbed water, which is about 0.9
wt%. This type of weight loss is not obvious in d-BCZYC6 sample. But for both
samples, their mass began to decrease in a more rapid speed after continuous heating
above 380 °C, which is attributed to the removal of lattice oxygen in the structure. After
reducing at 900 °C for about 8 h, both samples achieved their largest mass loss,
indicating the reduction reaches the equilibrium state. The extent of reduction is

calculated to be 0.18 at/f.u. for d-BCZYC4 and 0.17 at/f.u. for d-BCZYCé6.
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Figure 3-27. Thermal gravimetric analysis of Bao.osCeo5Zr0.3Y0.14CU0.0403-5 (a),

Bao.osCeo5Zr0.3Y0.14CU0.0603-5 (b) in 5% H2/N2 as a function of temperature.

In the reduction, the bulk oxygen migration towards the surface is driven by
balancing out the gradient that produced from firstly created oxygen vacancies near the
perovskite surface. If oxide ions are trapped in the bulk and cannot diffuse to the surface,
only limited surface oxygen can be removed, resulting in a low reduction extent. Thus,
the diffusion ability of oxide ions can affect the reduction extent of the materials. In the
migration process, lattice oxygen transport from one site to a neighbouring oxygen
vacancy, leaving behind a new oxygen vacancy and electrons. So, the migration of
oxygen vacancies is in the opposite direction to the lattice oxide ions. To accomplish
the hopping, the initial B-O bond (B1-Op bond in Figure 3-28) needs to be broken, and
the free oxide ion will migrate through the triangle described by two A-site cations and
one B-site cation while remaining equidistant to the Bo-site cation. This leads to a
curved path for the migration. Many researchers have suggested that the mobility of
vacancies is higher in lattices that exhibit high symmetry owing to the minimal
repulsing effects****. Looking back the axial ¢/a values for d-BCZYC4 and d-BCZYC6
in Figure 3-6, where d-BCZYC4 exhibits a much closer value to the ideal hexagonal
unit cell, meaning a much equal distance between the lattice points and more
homogeneous chemical environment in the structure, which promotes better oxide ion
mobility. Moreover, as we discussed in the cell parameter and c¢/a ratios section that d-
BCZYC6 has excessive oxygen vacancies that leads to more deviation from the ideal

hexagonal lattice, the further introduction of oxygen vacancy with reduction treatment
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may cause oxide ions trapped in the lattice and thus gives a slightly lower extent of

reduction.

‘A
JdB
@

Figure 3-28. Schematic diagram of the migration of the oxide ion in an ideal

perovskite. Vo is the oxygen vacancy.

3.4 Plasma treatment on the reduced BCZYC pellet

Copper oxide has been extensively studied as a catalyst in CO oxidation reaction
because of its relatively high catalytic reactivity and more cost-effective than other high
active noble metals, such as palladium, platinum and rhodium*-*. Nanoparticles
prepared from in situ exsolution from perovskite oxide exhibit high resistance to coking
under severe condition because of their strong interaction with the substrate. However,
the Cu particles obtained from BCZYC are not small enough and some of the large
particles are not nano-scale, providing low surface-to-volume ratios. CuO nanowires
(NWs) can be prepared from annealing the copper mesh or plate in the air at 500 °C for
two days ! However, it is quite time-consuming. Plasma was applied a lot in tailoring
the surface morphology and function of materials, especially in increasing the specific
surface aeras>>>% Moreover, plasma treatment only takes a few seconds or minutes,
which is very flexible and time effective. Herein, 60% oxygen/argon plasma treatment

was carried out on the reduced BCZYC pellet to modify the particle surface and be
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oxidizing to copper oxide for catalyzing CO oxidation in the future.

The morphology of the metal particles is changed greatly after treating the reduced
Bao.osCeo.5Z10.3Y0.14Cu0.0603-5 pellet under oxygen/argon plasma for only 10 mins
(Figure 3-29). Instead of a spherical smooth surface, the particle surface looks like an
urchin. This change of the morphology not only happened on the larger particles (type
I particles) but also the small ones (type II particles). However, different from the type
I particles, there seems to be some nanoparticles surrounding the type Il particles, which
can be seen clearly from the contrast in the image from T2 detector in Figure 3-29 (d),
that gather in the black circle with the diameter about 250-350 nm. There is not this
kind of black circle in the sample before plasma treatment, suggesting that this
phenomenon is caused by the plasma treatment. The tree like pattern in Figure 3-29 (d)

is possibly a result of peritectic reaction in the BaO-CuO system during exsolution.

Figure 3-29. SEM images (a, c), BSE image (b) and SEM image obtained from T2
detector (d) of polished Bao.osCe0.5Zr0.3Y0.14CU0.0603-5 pellet reduced at 800 °C for 12

h in 5% Ha/Ar followed by 60% oxygen/argon plasma treatment for 10 mins.

Transmission electron microscope (TEM) characterization was taken on the
reduced Bao.95Ceo.5Z103Y0.14Cu0.0603-5 pellet after plasma treatment to further observe

the microstructure of the particles. As shown in the HAADF images and EDS mapping
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and spectra results in Figure 3-30 (a), the urchin-like particle contains a dense core and
a porous whisker structure grown on top. EDS mapping shows that both the core and
whiskers mainly consist of Cu element. Oxygen is also detected in the whole particle,
however, EDS spectra in Figure 3-30 (b) showed that compared with the strong Cu peak
intensity, oxygen is relatively limited in the core area but is more in the whiskers. Area
2 and 3 have a similar spectrum, suggesting a similar composition between them.
Therefore, the dense core is not fully oxidized by plasma. The pellet surface, bulk and
interface between the particle and substrate is also compared in the EDS spectra in
Figure 3-30 (c). The apparent different one is area 4, whose composition is mostly Cu.
For the other four areas, 1, 2, 3, and 5, their compositions are almost the same as the

substrate composition.
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Figure 3-30. (a) EDS mapping of a large particle on Bao.9sCeo5Zr0.3Y0.14CU0.0603-5
pellet after reduction and plasma treatment (60% oxygen plasma for 10 mins), (b, )
EDS spectra of the particles and bulk material. (The TEM characterization for the

plasma-treated particle was carried out by Dr. David Miller)
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For the oxidation of the copper particles by oxygen plasma, this is because the
plasma contains the excited gas atoms and molecules (O>) that carry a large amount of
internal energy. The active oxygen species bind to active surface sites (Cu) all over the
pellet material. Once the surface of Cu particle is being oxidized by oxygen species
with forming numerous oxidized nuclei, the oxidation reaction will move towards the
centre of the particle as O species is supposed to diffuse more quickly than Cu. However,
we do not investigate more detail here on the formation process of the urchin and
whisker morphology.

Instead of growing into an urchin morphology, the type II particles in Figure 3-29
only have a few whiskers on top and have a lot of nanoparticles surrounding them, as
revealed by the HAADF image in Figure 3-31. The central spherical particle is about
60 nm and composed of only Cu element indicated from the EDS mapping, suggested
being Cu metal. Apart from the 60 nm particle, Cu element is also distributed in the
whisker and the clusters on both sides. In fact, the surrounded Cu cluster consists of
several nanoparticles with a diameter of 20 nm. But there is a contrast difference on the
Cu mapping, with low contrast on the shell of the particles, including both the central
particle and the surrounded 20 nm particles. Combined with the EDS mapping of
oxygen, it is supposed that only the out layer of Cu particles is oxidized by the plasma
and the whisker should be uniformly copper oxide. This core-shell copper-copper oxide
structure suggests that before plasma treatment they are supposed to be Cu metal
nanoparticles. However, we did not observe the surrounded nanoparticles in the SEM
image of samples before plasma treatment. Figure 3-31 (b) is the EDS spectra of the
particle and its surroundings, from which we can see area 1 and 4 have the similar
composition with the substrate at 9, while area 2, 5 6 and 8 have a much stronger Cu
peak in addition to the substrate peaks. Comparing the peak intensity of Ba and Ba, Ce,
Ba peak is relatively stronger at position 2, 5, 6, 8 than at 1, 4, 9. Therefore, it is assumed
that areas in 2, 5, 6, 8 is Ba rich and probably has Ba-Cu-O oxide phase. At area 3 and
7, only Cu and very weak O peak is observed without the other elements, suggesting a
pure Cu or copper oxide phase here. The bulk area under the particle was also analyzed

in Figure 3-31 (c) but did not show much difference with what is observed in Figure 3-
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Figure 3-31. (a) EDS mapping of a small particle on reduced
Bao.9osCeo.52r0.3Y0.14CU0.0s03-5 pellet after plasma treatment (60% oxygen plasma for

10 mins), (b, c) EDS spectra of the particles and bulk material.

The surrounded nanoparticles can be better observed in another particle shown in
Figure 3-32. The size of the central particle is approximately 90 nm while the
surrounded particles are around 15 nm. Each 15 nm nanoparticle connects tight and
both the 90 nm and 15 nm particles’ surface are oxidized by oxygen plasma. We think
that these surrounded nanoparticles are the same ones we observed of the black circle
in Figure 3-29 (d). A possible reason for the adherent nanoparticles is that the high
energy plasma causes some metal species evaporation nearby the large particle and
immediately deposition when the plasma supply is stopped. EDS Spectra in Figure 3-
32 (b) exhibits strong Cu peak at area 2 mixed with some substrate peaks (Ba peak is
stronger than (Ba, Ce), which is the same phenomenon as showed in Figure 3-31 (b).

The other four areas, 1, 3, 4 and 5, possess similar composition with parent oxide.
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Figure 3-32. (a) EDS mapping of a small particle on reduced
Bao.9sCeo5Zr0.3Y0.14Cu0.0s03-5 pellet after plasma treatment (60% oxygen plasma for

10 mins), (b) EDS spectra of the particles and bulk material.

3.5 DC Conductivity tests on BCZYC oxide

3.5.1 DC conductivity tests of BCZYC oxide prepared from two-steps

In solid state fuel cells or electrolysis cells, the electrochemical reaction occurs at
the triple phase boundary (TPB) where the reactive gases, oxide ions or protons and
electrons meet. In order to maximize the effective area of the TPB, an ideal electrode
material should act as a mixed ionic and electronic conductor (MIEC) apart from the
higher electrocatalytic activity towards desirable reactions.” While exsolved copper
particles on our prepared proton conducting electrolyte material BCZYC provide the
catalytically active sites for an electrode material, the electronic conductivity was
measured by Four-point probe method. The bar for the conductivity test was prepared
by grinding the 1350 °C sintered pellet and pressing into bar followed by another heat

treatment at 1350 °C for 12 h. The relative density of the sintered bar was measured to
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be 80.8% of theoretical density for BaCeo.5Zr0.3Y0.16Cu0.04035 and 87.3% for
Bag.9sCeo.5Z103Y0.14Cu0.0603-5. The decreased density of the bar compared with the
pellet sintered for one time is possibly due to the lack of liquid phase sintering and solid
reactive sintering. The test was carried out at 600 °C in 5% H2/N: and the corresponding
results are shown in Figure 3-33. The peak conductivity of BaCeo.5Z103Y0.16Cu0.0403-5
is about 0.0045 S cm™ after reduction at 600 °C for 3.17 h and suddenly drops to 0.0035
S cm™!. After leaving the measurement to run for about 15 h, the conductivity remains
stable and decreases during cooling until being non-conductive at room temperature
(RT). For the Bao.osCeo.5Zro03Y0.14Cu0.0603-5 sample, its highest conductivity reaches
1.26 S cm™! followed by a continuous dropping to 1.0 S cm™ after 20 h’ reduction. At
RT, the conductivity also decreases to almost 0, suggesting that both samples exhibit a
semiconductor behaviour. The morphology of the bar is investigated by SEM
characterization. Apparently, the population of exsolved Cu nanoparticle in sample
BaCeo.5Zr03Y0.16Cu0.0403.5 is less than that in Bag.9sCeo.5Zro3Y0.14Cu0.06035 on the
native surface (shown in Figure 3-33 b, ), and the nanoparticle size on the native
surface of the two bars is among 30-100 nm. An irregular shaped phase in Figure 3-33
(e) is observed at the grain boundary in sample Bao.osCeo.5Zr0.3Y0.14Cu0.06035. In
addition to the native surface, the bar is also cracked with the mortar and pestle to check
the inner surface. Surprisingly, it is found in Figure 3-33 (c, f) that there are Cu
nanoparticles exsolved in the inner surface even if the density of the bars is over 80%,
with particle size in the range of 30-100 nm and 150-900 nm for
BaCeo.5Z103Y0.16Cu0.0403.5 and Bag.osCeo.5Z103Y0.14Cu0.0603-5, respectively. It is
supposed that the larger, interconnected particles could have a positive effect on

improving the material electronic conductivity.
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Figure 3-33. Four-point probe conductivity test in 5% Hz/N2 at 600 °C for
BaCeo.5Zr03Y0.16CU0.0403-5 (a) and Bao.gsCe0.5Zr0.3Y0.14CU0.0s03-5 (d), SEM image of
native and inner surface for Bao.gsCeo5Zr03Y0.16CUo0.0403-5 (b) and (c) respectively and
for Bao.gsCeo.5Zr0.3Y0.14CU0.0s03-5 (€) and (f) respectively. (The native surface is the
one exposed in the reducing atmosphere, and the inner surface is the one exposed

when the dense bar is cracked by mortar.)

However, the particle size and distribution in Figure 3-33 is different from what
was achieved on pellet in Figure 3-12. We think that it is because the bar for
conductivity test is sintered from the powder that is already pure phase, which means
the material of the bar is sintered twice, causing a different sintering process from the
pre-calcined powder with the lack of solid reactive sintering and liquid sintering. This
may influence the homogeneity of perovskite composition and even the surface energy

and lattice distortion, which further changes the Cu exsolution behaviour.
3.5.2 DC conductivity tests on BCZYC oxides prepared from one-step

Follow on from above, the bar was then prepared with pre-calcined powder to
make it sinter for only one time (called prepared in one-step), and the relative density
of this kind of bar was about 98.5%. DC conductivity test was carried out in air and the

results are presented in the following Figure 3-34. Generally, the conductivities of Cu-
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doped BCZY in air are not very high, ranging from 0.01 to 0.1 S cm™! depend on the Cu
concentration and Ba-deficiency. The conductivities in air are quite stable after testing
for a long time. All the samples show a semi-conductor property with decreased
conductivity during cooling (except the 6% Cu-doped BCZY). Figure 3-34 (b) presents
the influence of Cu concentration and Ba-deficiency on the Cu-BCZY conductivity in
air. Basically, for the A-site stoichiometric Cu-BCZY, the conductivity increases with
Cu doping concentration, but for 5% Ba-deficient samples, the trend is opposite, with
slightly change between each other. And the effect of Ba-deficiency seems to be greater

on the samples with higher Cu doping level.
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Figure 3-34. DC conductivity test of Cu-doped BCZY (one — step) in air.

Conductivity performed in reducing atmosphere are listed in Figure 3-35 and the
comparison between tests in air and Ho is presented in Table 3-2. Conductivities of Cu-
BCZY in 5% H2/N2 are much higher than that achieved in air, and the highest
conductivity is obtained in d-BCZYC4, with the peak conductivity at 600 °C reaching
44 S cm™! after reduced for about 10 h, which is over 3000 times higher than its
conductivity in air. For the stoichiometric samples, the peak conductivity does not

change much (6.8 — 7.8 S cm™') with Cu ratio, as clearly seen in Figure 3-35 (b).
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However, when introducing 5% Ba deficiency, significant change happens to the 4%
Cu-BCZY, with conductivity being the lowest in stoichiometric samples becoming the
highest (44.0 S cm™) in the deficient ones. This different change is believed to be related
with the increased unite cell volume and more ideal hexagonal unit cell we discussed
in the previous XRD characterization section, where the Ba-deficiency in BCZYC4
improves the c/a ratio to closer ideal value that is advantageous for the mobility of ions,
and thus gives a higher extend of exsolution, which is responsible for the electronic
conductivity. The slightly more oxygen loss in TGA test has also indicated a more
exsolution in the deficient BCZYC4 oxide even with less copper doping concentration
than 6%.

It can also be observed that the dramatic rising of conductivities for each sample
occurred at different reduction times, as it took about 20-35 h reduction for the
stoichiometric BCZYC bar and about 10 h for the Ba-deficient compositions. Moreover,
in stoichiometric BCZYC, the time acquired for jumping to the peak conductivity
decreases with higher Cu doping ratio. This suggests that both A-site deficiency and Cu
concentration play a role in accelerating exsolution. It has been reported that A-site
deficiency facilitates the formation of oxygen vacancies and thus the release of
electrons that participating in the reduction of metal ions. In addition, B-site cation
migrated to the adjacent B-site along a curved trajectory in the perovskite, and this
trajectory curve is in the (110) planes (Figure 3-36)'°. When the A-site vacancies are
presented, the migration repulsion force from positively charged A-site is lowered, and
thus lowers the B-site migration barrier, facilitating its diffusion. In addition, as we
proposed that the competing route for Cu exsolution is from the intermediate barium
cuprate phase, the deficient samples are expected to require longer time for barium
migration to form this intermediate phase at surface and thus a slower exsolution.
However, the time-efficient exsolution in the deficient compositions indicates that the
barium diffusion is not the exsolution rate control parameter while the exsolution rate
is more determined by the copper transportation in the lattice. It is also noticed that
conductivities are not so stable after a long time of reduction but gradually decrease

(call it decay), and the decay rate is calculated according to Eq. 3-14. Comparing the
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decay rate summarized in Table 3-2, Ba deficient samples seem to result in a higher
decay rate than the stoichiometric ones, except the 4% Cu-BCZY. The different
behaviour in 4% Cu-BCZY is believed to be owing to the improved hexagonal lattice
of perovskite lattice after introducing A-site deficiency in it.

Rdecay = (Omax — Omin) / (Omax * t) Eq. 3-14
Where Rgecay 1s the decay rate, omax is the maximum conductivity at 600 °C, Gmin is the
minimum conductivity after dwelling at 600 °C for a long time, which is the value

before cooling, t is the time between the two values.
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Figure 3-35. DC conductivity test of Cu-doped BCZY (one — step) in 5% Ha/No.

Furthermore, different from the semi-conductor property achieved in air, the
results in 5% H2/N> reveal a metallic behaviour of the samples during cooling, with the
conductivity becoming over twice at room temperature (RT) than that at 600 °C (Figure
3-35). Although the conductivity of d-BCZYCS (0.32 S cm™!) is rather low in 5% Ha/N>,
the materials still show a metallic behaviour after exsolution. But when the Cu doping
concentration is as low as 2%, Cu exsolution is not able to transform the
semiconducting material into a metal property one because of the less population of Cu

nanoparticles and very low conductivity.
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Table 3-2. DC conductivity results of Cu-BCZY (one — step) in 5% Ha/Na.

toichi ti

Tolemety 4.0.02 0.03 d-0.03 0.04 d-0.04 0.06 d-0.06 | d-0.08
Conductivity/{Scm™)
Air 0.024 0.012 0.014 0.023 0.011 0.095 0.011 0.073
peak 0.014 | esne 11.9 6.8 44.0 7.8 8.3 0.42
decayed | No decay 6.9 4.1 6.0 34.9 7.1 6.5 0.32
5% H,/N,
RT 0 14.0 9.2 15.1 75.0 18 16.5 0.61
SIS 0 0 0.75 0.29 0.26 0.15 0.27 0.42
rate %/h
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Figure 3-36. B-site cations diffusion trajectory down the [001] direction, according to

De Souza et al.®

The metallic conduction behaviour of perovskite in reducing atmosphere is
believed to be produced from the exsolution of Cu nanoparticles. SEM images of the
bar after the conductivity test in Figure 3-37 demonstrate that copper particles are not
only exsolved on the native surface but also the inner surface. This was observed after
the bar was cracked. On the inner surface, most of the particles are distributed on the
grain boundary. Extra phases are also observed on both the native surfaces of d-
BCZYC4 and d-BCZYC6, and they are possibly Ba-Cu-O oxide or BaOy revealed by
EDS quantification analysis and BaCOs3 suggested by XRD. However, this extra phase
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at the grain boundaries is found to be a lot on the d-BCZYC6 surface but not on d-
BCZYC4, which is considered to have a negative effect on the conductivity and give
rise to a lower electrical conductivity in higher Cu doping level. As known before, after
plasma treatment, the type II particles are surrounded some 10-20 nm Cu particles,
forming a black circle in the SEM image from T2 detector. The SEM images with low
magnification can be seen in Figure 3-38. Apparently, the black circle, composed of
partially oxidized Cu NPs, forming a connected path on the, especially along the grain

boundary.

Native surface ‘ Inner surface

verticle ' §
¥

Bay 95Ce 52r.3Y0.16CU0.0403.5

Bay.95C€0 52r03Y0.14CU0.0603.5

Figure 3-37. SEM images of Bao.ssCeo5Zr0.3Y0.16CU0.04035 (a, b, ¢) and
Bao.ssCeo5Zr0.3Y0.14Cu0.0s03-5 (d, e, f) after conductivity tests in 5% Hy/Ar. (a, b, d, €)
are the native surface and (c, f) are the inner surface. The inserted tables in (b, €) are

the EDS quantification analysis of the phases in red squares; the inserted SEM images
(c, d) are the inner vertical surface; the inserted XRD pattern in (d) is the XRD of the

bar.
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Figure 3-38. SEM images of cleaved surface of Bao.osCeo5Zr0.3Y0.14Cuo.0603-5 With Cu
exsolution after 60% oxygen/argon plasma treatment for 10 mins. (a) from ETD

detector, (b) from T2 detector.

Conventional exsolution mechanism suggests that the diffusion depth of ions from
the bulk to the surface is only about 80-130 nm, and the process would be finally limited
by the equilibrium or the surface re-organization!!. In this case, a ‘core-shell’ structure
of perovskite grains after exsolution is formed, with surfaces having depleted B-site
cation and the core having unchanged stoichiometry!!. By using DFT simulations, Gao

et al.®®

also suggested that particle nucleation preferred to take place on the native
surface rather than in the bulk because of its smaller strain energy Esuain. Additionally,
they revealed that surface morphology had an important influence on nucleation. For
example, a higher population of particles were observed at the grain boundary region
and concave sites. This was because dihedral angle, ¢ at these sites was smaller than
that at the flat surface (m), leading to a lowered surface energy and favourable nucleation.
However, in our work, Cu exsolution occurred not only on the native surface but also
on the inner surface, even the bar prepared in one-step has 98.5% relative density, which
means that it is not very likely for hydrogen gas to diffuse into the bulk to create oxygen
vacancies that required for exsolution in the bulk. Moreover, we also need to mention
here the exsolution on the inner surface of the bar is only observed on the surface that
is parallel to the top native surface to some extent but not on the vertical surface, as

illustrated in Figure 3-39. Moreover, the inner surface with exsolution exhibits clear

grain shape and grain boundary while the surface without exsolution is difficult to see
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the grain boundary (seen in Figure 3-37 c¢). This indicates that the diffusion of oxygen
vacancy or copper ions is greatly favoured along with certain facets. The preferential
orientation for exsolution has already been proposed by Neagu et al.!° They believed
that in the quasi-cubic structure, the key defects required for exsolution were coplanar,
which only happened on (110) orientation, and thus favoured metal nucleation. On the
surface that is overall quasi-stoichiometric, exsolution was not prone to occur. This
explains why we cannot observe Cu nanoparticles on all the inner surfaces. For the
achievement of exsolution in the bulk, it is attributed to the high mobility of oxygen

vacancies in the perovskite lattice.

(a) (b)

Figure 3-39. (a) the parallel and (b) the vertical inner surface of the bar.
3.5.3 TEM analysis of the BCZYC oxide after DC conductivity test

Microstructure and composition of phases in the Bag.osCeo.5Z103Y 0.14Cu0.0603-5 bar
after conductivity test was investigated by TEM, shown in Figure 3-40. Apart from the
nanoparticles on the native surface, an extra phase is present at the grain boundaries.
EDS mappings in Figure 3-40 (d) display that the concentration of Cu in the
nanoparticle is significantly higher than that in the substrate perovskite, suggesting that
the particle is Cu metal. For the extra phase at the grain boundary, although the EDS
mappings show that it is rich in Ba, Ce and O, the identification of Ce species is
unreliable since Ba(La) and Ce(La) peak have an overlap due to the similar excitation
energy. On the native surface, a lot of small holes appear, labelled in green arrow in
Figure 3-40 (b), and a thin layer of precipitation in yellow sign is observed underneath
the particles with about 20 nm in thickness seen from the HAADF image in Figure 3-

40 (d). According to our previous discussion, this precipitate is probably barium oxide.
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The holes are supposed to be a result of the introduction of a large concentration of
defects after about 100 h’ reduction and exsolution during the conductivity test. It can
also be seen in Figure 3-40 (c) that the contrast in the near-surface layer of the bar is
not uniform, with some strips of dark contrast, especially from the 120 nm depth below
the surface. This can be attributed to the significantly loss of Ba*>* in the near surface

area during exsolution process and creating significant Ba vacancies.

Figure 3-40. (a, b) SEM images of Bao.osCeo0.5Zr0.3Y0.14CU0.0s03-5 after conductivity
test in 5% H2/N2, (c) cross section of the FIB sample for TEM analysis, (d) HAADF
and EDS mapping of the FIB sample.

The TEM image in Figure 3-41 displays a clear view of the particles and the near-
surface layer. Spherical particles are attached on the perovskite surface but not
‘socketed’ in the substrate. It has been reported that nanoparticles exsolved from
perovskite had a strong interaction with the substrate oxide, that one-third of the
particles were submerged in the substrate. But this interaction and adhesion between
the parent oxide and exsolved particles can possibly diminish with increasing particle

size!’. EDS spectra and quantification analysis were carried out to investigate the
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composition of different phases and area of the matrix. The large amount of Cu in
Figure 3-41 (d) is from the detected Cu TEM grid. Ka peak was used to analyze the Ba
and Ce quantity, confirming the extra phase at the grain boundary (position 4) to be
BaOx. From the EDS spectra in Figure 3-41 (b), area 1-3 have pretty much identical
composition, except that there may be slightly more oxygen in the surface area 1 than
the bulk 3 (as see that oxygen peak is relatively more intense compared to the others).
Additionally, more yttrium is found to be in position 2 from Figure 3-41 (c), probably

coming from the Y-Ba-Cu-O impurity in the material.
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Figure 3-41. (a) TEM image of Bao.o5sCeo5Zr0.3Y0.14CU0.0603-5 Sample after
conductivity test, (b-d) EDS spectra and quantification results of areas indicated in
(a). (note that oxygen quantification is not reliable due to the less sensitive of EDS to

light elements)

The bright field TEM image in Figure 3-42 (al) shows the near-surface ‘mystery
layer’ and underlying grain structure, the corresponding convergent beam electron
diffraction (CBED) patterns are in Figure 3-42 (b1) and (cl), respectively. The crystal
structure of the two layers is much the same with only slightly different orientation but
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the d-spacings are indistinguishable. These results are consistent with the similar
composition observed by EDX. In fact, the surface mystery layer seems to compose of
two different layers (Figure 3-42 d1), with the top porous one being about 75 nm in
thickness and the bottom one being similar thickness with lighter contrast (Figure 3-42
a2, labelled in blue). (b2), (c2) and (d2) are the FFTs from HRTEM images taken from
locations indicated in (a2). The fewer and much weaker reflections in FFT of area (c2)
suggest reduced crystallinity and are almost amorphized. (b2) and (d2) are essentially

the same, consistent with the CBED data.

(b2l
(c2)

Figure 3-42. (al) bright field TEM image of Bao.osCe0.5Zr0.3Y0.14CuU0.0603-5 sample
after conductivity test, (b1, c1) the corresponding convergent beam electron
diffraction (CBED) patterns of areas labelled in (al), (d1) dark field TEM image of
the surface layer, (a2) bright field TEM image of the surface layer, (b2-d2) the

corresponding FFT from the HRTEM images taken from locations indicated in (a2).

3.5.4 Surface etching of the BCZYC sample after DC conductivity test

Samples after conductivity test were etched with 0.01 M aqueous solution of
HNO; for various times (2 min, 15 min, 120 min). The same piece of the sample was
used for each time of etching, and SEM characterization was taken after each etching.
Dilute HNOj3 solutions with the same concentration were prepared for the three times’

etching and the solutions after etching were analyzed by Inductively coupled plasma —
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Optical emission spectrometry (ICP-OES). Before the acidic treatment, the SEM image
in Figure 3-43 (a) shows a rough surface with particles, precipitates and extra phase
(BaOy) on it. After 2 min etching, the surface seemed to be smooth and the morphology
of particles are changed but still attached on the surface. Precipitations are absent now
and the number of extra phases at the grain boundary decreases. Figure 3-44 illustrates
the ion concentration results for each solution after etching treatment. The graph reveals
that after 2 min etching, the removed composition contains relatively more Ba
compared with the parent stoichiometry, meaning that the surface is Ba enriched that
possibly from the BaOx phase after copper exsolution. Then, the sample is etched for
another 15 min, at this stage most of the particles have been removed, corresponding to
an increase in the copper relative concentration in the acid solution. Y** is also etched
a lot, probably from the Y203 impurity in the material. Cerium does not dissolve much
now and even less than the first 2 min treatment. Thus, it is believed that the first 2 min
etching dissolves the damaged near-surface layer that contains the perovskite matrix
and barium oxide precipitations. BSE image shows a darker contrast at the grain
boundary, suggesting that more light elements are distributed at grain boundaries
compared with the bulk. SEM image collected by T2 detector in Figure 3-43 (c)
demonstrates that although the surface is not as rough as that before etching, a lot of
nano-sized precipitations still exist. After another 120 min acidic treatment, the sample
surface becomes cleaner without many nano precipitates on top. Grains begin to detach
from each other and some grain boundaries show a twisty shape. Additionally, ICP
analysis indicates more elements are removed by HNO3 in the final 120 min etching,

especially Y**, indicating further removal of Y>Os3 impurities.
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Figure 3-43. SEM images of Bao.osCe0.5Zr0.3Y0.16CU0.0403-5 after conductivity test in
5% Ha/N before etching (a), after 2 min (b), 15 min (c) and 120 min (d) etching in
0.01 M aqueous HNO3 solution.
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Figure 3-44. lons concentration after etching for varied time in 0.01 M HNO3 aqueous

solution.
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3.6 CO oxidation test on BCZYC oxide with copper exsolution

Precious metals have been used as efficient catalysts for CO oxidation due to their
high activity and stability. However, the high cost and limited availability of the
precious metals required seeking their substitutions for the catalytic reaction. Transition
metals and their oxides have been paid considerable attention, and among them copper
was found to act as an effective substitute for precious metals in CO oxidation>®3%,

In our work, CO oxidation test was performed on the exsolved Cu particles from
BCZY substrate. The samples after O2/Ar plasma treatment were also tested as a
comparison, and the results are illustrated in Figure 3-45. Carbon monoxide is hardly
oxidized before 240 °C on both exsolved copper catalysts. When gradually increase the
temperature, CO conversion on copper particles after plasma treatment rises at a higher
speed than that on metallic copper particles. Finally, 100% carbon monoxide is
converted at about 330 °C on plasma oxidized copper and at almost 400 °C on metallic
copper catalysts. Thus, after O»/Ar plasma treatment, the CO oxidation performance is
greatly improved on copper particles. It has been reported before by Jernigan and
Somorjai* that CO oxidation on a thin film of copper is catalyzed by different oxidation
states of copper and the rate of the reactions varied upon copper oxidation states. Huang

et al.®

have proposed that the participation of surface lattice oxygen on the copper
catalysts attributed to the different performances of CO oxidation on Cu, Cu20 and
CuO. The reaction progresses according to a Mars-van Krevelen redox mechanism®' as
in Eq. 3-15 and 3-16:
CO+0g. > CO,+Vs Eq. 3-15
0:+Vs > 204 Eq. 3-16
Where Ost is the surface lattice oxygen and Vs is surface oxygen vacancy on the
catalysts. In this process, the re-oxidation of the catalysts surface is usually faster than
oxygen withdrawal from the metal oxide, determining the oxygen withdrawal step to
be rate limited.

In our work, the low temperature restricted the CO conversion to occur for both

the samples at the beginning until 240 °C. When the temperature increases, copper
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particles with plasma treatment exhibit considerable higher CO conversion than
metallic copper particles under the same reaction temperature. This is because only
limited number of surface lattice oxygen is obtained from oxidation of non-active
metallic copper at low temperature, while plasma-treated copper particles have been
partially oxidized to Cu'* or Cu?" that is able to provide lattice oxygen to react with
carbon monoxide. Performing at a higher temperature, the rate of copper oxidation is
improved, thus forming more surface oxygen and facilitating CO oxidation. The lower
temperature required for 100 % carbon monoxide conversion on plasma-treated
catalysts is probably due to the existence of copper oxide and its large specific areas
from urchin-like morphology. Therefore, oxidation state and morphology of copper
particles have a significant effect on the CO oxidation, and more parameter (e.g. oxygen
concentration and time in plasma treatment, CO concentration in the inlet gas) need to

be adjusted to obtain the catalysts with the best performance in the future work.
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Figure 3-45. CO oxidation on exsolved copper particles from
Bao.osCeo5Zr0.3Y0.14CU0.0603-5 before and after 60% O/Ar plasma treatment as a
function of temperature. (BCZYC catalysts were reduced at 600 °C for 12 h. The inlet
gas flow rate: CO 5 mL/min, air 195 ml/min, catalysts particles size: 250-500 pm,

catalysts mass: 0.71 g).
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3.7 Conclusions

1). The limitation of Cu doping in the barium cerate zirconate is possibly lower
than 4 mol%, more doping results in producing impurity phases, such as Y203,
Y2BaCuOs and mZrOs,.

2) BaO-CuO oxides are believed to be the intermediate phase for Cu exsolution
from BCZYC perovskites. Continuous composition re-distribution happens between
the BaO-CuO phases, substrate perovskites and the exsolved Cu particles.

3) Deficient BCZYC4 oxide exhibited the highest electric conductivity in 5%
H2/N>, which is favored from its higher hexagonality in lattice that gives rise to a higher
extent of reduction (more oxygen loss and thus more exsolution).

4) The BCZYC oxides (Cu > 3%) show metallic property in 5% H2/N2 due to the
exsolution not only from the surface but also from the bulk in the dense bar.

5) Oxygen/argon plasma treatment oxidizes the exsolved copper particle on
BCZYC oxide and changes the copper particles from sphere to urchin-like and whisker

shape. This treatment enhances the performance of Cu-BCZY in CO oxidation.
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4 Influence of cation stoichiometry on Ni exsolution from

BaxCeo.5Zr0.3Y0.2-yNiyOs3-5

4.1 Introduction

Nickel has been extensively investigated as an active catalyst in various fields,
such as CO; reforming of methane to syngas®®, steam reforming’®, CO methanation®
11 etc. Although the catalytic performance of nickel catalyst is not as good as some
noble metals such as Rh, Ir and Pt,*23 the higher loading amount of Ni is feasible in
terms of the catalyst cost in order to increase the activity per volume of the catalyst,
making it widely utilized practically and a promising catalyst in comparison with the
limited availability and high cost of noble metals. However, nickel suffers severe
carbon coking problem, which requires further development of nickel catalysts with
less coking deactivation to meet the industrial application. Uniformly distributed
nanoparticles prepared by in situ exsolution from the perovskite host are found to
exhibit high resistance towards carbon coking due to the strong interaction with the
matrix oxides.}*'®> Moreover, nanoparticles can either remain as metallic nanoparticles
or reversibly re-dissolve into the perovskite lattice during oxidation, thus avoiding
catalysts agglomeration during the redox process, greatly enhancing the lifetime of
catalysts'®”. Ni exsolution has been reported from various perovskite materials, such
as LaosSrosTio7sNio 2503 18, LaoaSro4ScosNio.10s-5'°, PrBaMni 7Nio30s:5%, etc, but
only few studies were done on the barium cerate based proton conducting materials,
among which only the impact of Ni exsolution on the electrochemical performance of
SOFC or SOEC were widely investigated but Ni exsolution process remains unclear.?*
26 Therefore, in this chapter, three samples (BaCeosZro3Y016Nio0sOss,
BaCeo5Zr0.3Y0.14Ni0.0603-5, and Bao.osCeo5Zr0.3Y0.14Ni0.0s03-5) of nickel doped BCZY
oxides were prepared, and the nickel exsolution process was investigated as a function
of reduction temperature. In addition, A-site deficiency was applied to study the

influence of the non-stoichiometry on the nickel exsolution behavior.
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4.2 XRD characterization of BaxCeo5Zro3Y0.2-yNiyOs.s.

The crystalline structures of materials with different stoichiometries were
examined using Powder X-ray diffraction (PXRD) technique and the results are shown
in Figure 4-1 (a) (a letter ‘r’ is added in front to name the samples after reduction). All
the main diffraction peaks of the three compositions, match well with cubic symmetry
(space group Pm3m). Broadened and weakened XRD peaks are observed in the A-site
deficient composition compared with the stoichiometric BaCeo.5Zro.3Y0.14Ni0.0603-5,
suggesting that A-site deficiency results in smaller crystal size and a decreased
crystallinity of the perovskite. A zoom in the XRD peaks between 30 - 45 <in Figure 4-
1 (b) shows some impurity peaks, including the representative peaks corresponding to
NiO species at 37.2° and 43.2< in samples BaCeosZro3Yo.16Nio0sO3-5 and
BaCeo5Zr0.3Y0.14Ni0.0603-5, and the BaNio s3025°"%° phase at 31.2< Y2BaNiOs impurity
at 325° in the stoichiometric BaCeosZro3Yo14Nio0sO3s and deficient
Bao.osCeo5Zr03Y0.14Ni0.0s03-5, respectively. NiO, BaNiOx and Y2BaNiOs phases are
generally observed as impurity compounds in the sintering of barium cerate or barium
zirconate aided by nickel oxide, with Y2BaNiOs being reported as the real sintering
promotor for perovskite densification and grain growth that located primarily at grain
boundaries.®*3® Moreover, as simulated by Polfus and co-workers®, the enthalpy for
exsolution of secondary phase Y2BaNiOs in the Ba-deficient material is significantly

exothermic, -4.43 eV (HSE), according to reaction 4-1

—2BaZrOj3

NiO + Bag, + vg, + 2Yz. + 405 + 2vg — BaY,NiOg Eqg. 4-1

making the formation of Y>BaNiOs to be spontaneous. Nevertheless, the favourable
formation of Y>BaNiOs does not mean that all the nickel atoms are in the form of this
secondary phase, while it has been proved that partial of nickel species are uniformly
incorporated in the perovskite lattice.>* BaNiOx phase is found to form at 800 °C and
replaced by Y:BaNiOs at 900 °C%?, however, BaNiossO25 phase still existed in
BaCeo.5Zr03Y0.14Nio.0603-5 after sintering at 1350 °C in our work, and this barium

nickelate in fact is also observed in other reports after high temperature sintering?.
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Figure 4-1. (a) XRD patterns of air sintered and reduced BaxCeo.5Z103Y 0.2-yNiyO3.5

samples and a higher magnification between 30° and 45° in (b).

After reduction at 900 °C, peaks at 44.4<° corresponded to nickel metal are
presented in all three samples. Impurities in the stoichiometric samples are absent now

due to decomposition. Y2BaNiOs impurity in the deficient oxide still exists.
4.3 Microstructure of BaxCeo5Zr.3Y0.2.yNiyOs.s.

4.3.1 Microstructure of the as-prepared BaxCeo.5Zr0.3Y0.2-yNiyO3-5.

SEM analysis was carried out with the as-prepared samples, shown in Figure 4-2.
Here, the sample doped with 3% Ni is also investigated for its morphology. From the
native surface images, large grain size and high density is observed in the sintered
pellets of 4% and 6% Ni doped stoichiometric BCZY (Figure 4-2 b, ¢), while either the
lower amount of nickel doping of 3% or the introduction of 5% A-site deficiency results
in a decreased grain size and lower density, as seen from Figure 4-2 (a, d). The smaller
grain size and lower density of the Ba deficient pellet are consistent with its broadened
and weakened XRD peaks in Figure 4-1. Observing the cleaved surface of the pellet

from the inserted images, a clean cleaved surface is presented in the sample
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BaCeo5Zr03Y0.16Ni0.0403-5 and Bao.gsCeos5Zro3Y0.14Nio0603-5, but an extra phase is
found at the grain boundary area of BaCeosZro3Y0.14Nio.06O3-s. It is generally agreed
that the densification mechanism of the sintering aids is by forming the liquid phase
with a low melting point at the grain boundary that alters both the surface energy and
surface diffusion properties of the reactive species during the sintering of the perovskite
material.®? Therefore, the second phase that is observed at the grain boundary in the
inserted image in Figure 4-2 (c) is supposed to be the derived from the liquid

BaNio.g3025 phase formed at elevated sintering temperatures.

»w

.
BaCey sZr, 0.3Yo.17N'o.03033
)

Figure 4-2. SEM micrographs native and cleaved bulk surface of sintered

BaxCeo.5Zr0.3Y0.2-yNiyOs-s pellets.

The existence of pores in BaCeo.5Zro.3Y0.17Ni0.0303-5 indicates that 3% nickel oxide
is not enough to allow the complete densification of the perovskite oxide at 1350 °C,
and the less crystalline structure in the deficient 6% doped BCZY also implies the
detrimental effect on densification and grain growth of the A-site deficiency. As we

suggested above, the densification promoting species are derived from the liquid phases
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formed during high temperature sintering, such as the BaNio 83025 or Y2BaNiOs. In fact,
the second phase already forms at a low temperature of 800 °C, and is reaching its
maximum amount at about 1100 °C, followed by gradually decomposition at higher
temperature forming barium, yttrium and nickel species incorporating back into the
perovskite lattice.®> However, the second phase does not completely disappear at the
final sintering temperature. Moreover, the secondary phase acts as the sintering ‘centres’
which aids in densification and grain growth that occurs at only ~1000 °C, as reported
by Tong et al.®? Therefore, the densification of 3% nickel doped BCZY is restricted by
the use of a smaller amount of nickel oxide, producing a limited amount of liquid phase
at low temperature that is not enough aiding with the densification and grain growth.
On the other hand, in the Ba deficient composition, the less amount of active barium
makes it difficult to form enough secondary phase at low temperature to facilitate
sintering. A previously suggested possible reason for the less densification in the
barium deficient composition is that nickel is doped in the perovskite structure at the
octahedral interstice with square planar oxygen coordination that forming a local
structure of BaNiO2, as reported by Polfus and co-workers®* (noting that they add
additional NiO to the stoichiometric BZY). Moreover, the existence of barium vacancy
promoted the incorporation of nickel to the perovskite structure in the form of (Niivea)*
according to Eq. 4-2:

NiO + vii, + v = (Nijvga)* + 03 Eq.4-2
The associate can exist at lower temperatures due to the exothermic binding energies.
Hence, it is possible that at low temperature, the NiO species are first dissolved in the
perovskite structure with the existence of barium deficiency, while the energetically
more favorable process of formation of Y2BaNiOs leads to the interstitially dissolved
Ni gradually exsolves until Ni reaches equilibrium in Y2BaNiOs. However, the (Niivea)*
would prevent the formation of Y2BaNiOs at lower temperature that aids the surface
diffusion of the oxide species. As a consequence, even if Y2BaNiOs appears at high
temperature it is unable to promote the complete densification of the material. On the

other hand, the existence of the interstitial Ni species is expected to produce cation
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diffusion barrier, and to some extent also impacting the sintering and grain growth of
the perovskite material.

An interesting phenomenon we would like to mention here is that an opposite
effect of the A-site deficiency on the sinterability is observed on the Co doped BCZY
oxide. When 6% cobalt is doped in the BCZY material, the obtained grain size is quite
small, in the range of 1-3 um, and there are quite a lot of pores in the structure as shown
in Figure 4-3 (a). After introducing 5% barium deficiency, grain size increases
considerably to 3-8 um and the sample is densely packed, seen from Figure 4-3 (b). The
XRD results of both samples in Figure 4-3 (c) also illustrate the higher crystallinity and
larger grain size in the Ba-deficient cobalt doped sample. We suppose that the different
effect of the barium deficiency on nickel and cobalt doped BCZY is due to the different
sintering mechanism caused by the additives. For the Ni-BCZY, we have explained that
nickel oxide plays as a sintering aid in the BCZY oxide by forming the liquid phase
Y2BaNiOs or barium nickelate at the grain boundary, facilitating the surface diffusion
and grain growth. However, the densification aiding effect of cobalt oxide on the host
BCZY oxide is assumed not through the formation of similar Ba-Co-O or Ba-Y-Co-O
oxide phases, but by the formation of a thin amorphous cobalt rich grain boundary
film®. 1t is known that the melting point of Co20s is quite low at about 895 °C and
decompose into CoO at 900 °C, which determines the intrinsic ability to promote liquid
phase sintering of the perovskite oxides without the requirement to form low-melting-
point compounds. Therefore, the deficiency of barium would not influence the liquid
sintering but leads to higher grain-boundary mobility, grain growth and as a result
facilitated the densification. It is also possible that cobalt oxide changes the activation
energy for grain growth. However, there are still a lot need to be investigated about the
A-site deficiency effect on the densification of BCZY material doped with different

transition metal oxides, and we will focus on this field in the future work.
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Figure 4-3. SEM micrograph of sintered BaCeo.5Z1r03Y0.14C00.0603-5 (a) and

Bao.9sCeo.5Z10.3Y0.14C00.0603-5 (b), and XRD patterns of the two samples (c).

4.3.2 Characterization of the reduced BaCeo.5Zr0.3Y0.16Ni0.0403-5 pellet.

Nickel exsolution from the BaCeosZro3Yo.16Nio0sOss perovskite oxide was
investigated as a function of reduction temperature in 5% H/Ar for 12 h. SEM
micrographs in Figure 4-4 demonstrate that a large number of nanoparticles distribute
homogeneously on the substrate native surface. The uniform distribution implies that
these nanoparticles are more possibly exsolved from the perovskite lattice and not from
the decomposition of the NiO impurity present in the matrix. The average particle size
obtained at 600 °C is about 35 nm, and particles grow slightly larger at higher reduction
temperature, with the rapid growth occurring at 900 °C and the particle size reaches as
large as 90 nm. The exsolution phenomenon happened as a result of oxygen vacancies
being created during reduction, which destabilizes the perovskite structure and results

in spontaneous exsolution of B-site cations; also, the low Gibbs energy AG: for
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reduction from oxide to metal (-43.48 kJ/mol T =900 <C) is favouring this. This process
can be explained by Schottky-type defect reactions shown as follows Eq. 4-3:

Nini+ 0p © Ni+= 0, + V5" + Vy, Eq. 4-3
where Nini and Oo denote nickel and oxygen site with the net charge zero, respectively,

V;* denotes the oxygen ion vacancy with the net charge +2, and Vy; denotes the cation

vacancy in the Ni site with the net charge -2.

50-90 nm

Figure 4-4. SEM micrographs of reduced BaCeo.5Zr03Y0.16N10.0403-5 pellet at (a)
600 °C, (b) 700 °C, (c) 800 °C, and (d) 900 °C for 12 h in 5% Ha2/Ar.

When the reduced pellet was cracked and the inner surface is exposed to reducing
atmosphere at high temperatures, it shows that only several nanoparticles distributed on
the grain boundary area of the inner surface (Figure 4-5 a). For the inner area of the
pellet, maybe restricted by the slow oxygen migration rate to the surface to compensate
the gradient, the oxygen vacancies are not so significant to drive the B-site cation
exsolving in a short reduction time, and usually it takes a very long time to achieve
oxygen vacancies for inner nickel atoms exsolution. Here, the several observed particles
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on the inner surface are probably a result of the inner pores in the pellet that allow the
reducing atmosphere to diffuse into the pellet. Energy dispersive X-ray spectrum (EDS)
mappings in Figure 4-4 (b-g) clearly confirm the existence of the Ni metal particles
from the agglomerated nickel distribution, while uniform Ba, Ce, Zr, Y, and O

distribution occurs on the matrix oxide.

Figure 4-5. EDS mappings of the inner surface of reduced BaCeo 5Zr03Y0.14N10.0603-5

at 900 °C for 12 h.

High-resolution TEM image (HR-TEM) was taken for further characterization of
the nanoparticles, shown in Figure 4-6. The measured d-spacings of the exposed
particle, d1 = 2.03 Aand d2 = 2.50 A with an interplane angle of 36.25°, can be indexed
as (111) and (110) planes of cubic Ni metal crystal structure with space group Fm-3m,
illustrating the exsolved particles are nickel metal. For the nickel socketed substrate
oxide, the distance between the two parallel planes is measured to be d3 = 3.08 A,
corresponding to the (110) plane of the cubic BCZY-based perovskite structure as

indexed in the XRD patterns (space group: Pm-3m, unit cell parameter: 4.32 A).
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Figure 4-6. TEM image of nanoparticle on BaCeo.5Zr03Y0.16N10.0403-5 reduced at
700 °C for 12 h.

4.3.3 Characterization of reduced BaCeo.5Zr0.3Y0.14Ni0.0603-5 pellet.

Interestingly, when increasing Ni doping percentage to 6%, apart from exhibiting
a large number of nanoparticles, the reduced pellet exhibits quite different morphology
at the grain boundary from the one with lower Ni content. Figure 4-7 (a) shows that an
extra phase appeared at the grain boundary when the pellet was reduced at 600 <C.
Since the intensity of Backscattered Electrons (BSE) is related to the atomic number
(Z) of the specimen, with heavy elements (high atomic number) backscatter electrons
more strongly than light elements (low atomic number) and appear brighter in the image,
the insert of BSE image in Figure 4-7 (a) indicates relatively more light weighted
elements accumulating at the grain boundary. The additional elements distribution was
further investigated by EDS mapping analysis of the area in the black square, and the
results are presented in Figure 4-7 (b). Apparently, the grain boundary phase has a
higher oxygen to metal ratio than the grain interior, indicated from the bright oxygen
distribution at the grain boundary, and this probably accounts for the dark contrast in
the BSE image. In addition, Ce, Zr and Y seem to be less distributed at the grain
boundary while barium element exists in the grain boundary region and accumulated
nickel is found to be on some area of the grain boundary. EDS quantification analysis

of the grain boundary phase in Figure 4-7 (a) further implies it is rich in barium and has
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a little higher Ni concentration of 13 mol% than 6 mol% in the perovskite if calculated
based on Ce. The quantity of Ce, Zr, Y may come from the perovskite substrate signal.
We assume that this grain boundary phase could partially originate from the liquid
phase of BaNios3025 in the as-prepared oxide. As proposed by Han et. al.,*® BaY2NiOs
decomposed into Ba(OH)2, Y203 and Ni after heat treatment at 600 °C in dry Ha, thus
the barium perhaps exists in the form of Ba(OH). from hydration after the
decomposition of BaNiog:O25. The accumulated grain boundary phase could be
Ba(OH).. Furthermore, with the nickel particles exsolution from the perovskite lattice
progresses, the substrate perovskite becomes barium excessive and reaches a limit that
cannot be tolerated by tilting the structural octahedra, leading to the releasing of excess
A-site cation from the perovskite lattice as precipitation on the surface. This process
will also facilitate the formation of excess barium phase at the grain boundary region.

The release of the A-site cation can be expressed according to Eq. 4-4.

exsolution

ABO; ——— (1 — a)ABO; + aAO + aB + a0, Eq. 4-4

While in the reducing atmosphere, the segregation of BaO may in the form of Ba(OH)..

Figure 4-7. (a, c, €) SEM micrographs, (d) BSE images of reduced

BaCeo.5Z10.3Y0.14Ni0.0603-5 at 600 °C for 12 h. (b) EDS mappings of the square area in

(a). (the table in (a) is the EDS quantification results of the red circle area).
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Apart from the phases at the grain boundary, flake-like phases are observed in the
bulk area of the perovskite surface, shown in Figure 4-7 (c). The corresponding BSE
image in Figure 4-7 (d) illustrates that the flake phases contain a composition of more
light atoms in comparison with the substrate oxide. In addition, the elements in the flake
phases are distributed unevenly as seen from the dark spots in some areas of the phases,
indicating the agglomeration of light atoms in the dark spots. In the SEM image with
higher magnification (Figure 4-7 e), nanoparticles of about 30 nm are found to be either
isolated on the parent substrate or socketed on the edge of the flake phases with only
part of the particle volumes exposing in air. Therefore, it is deduced that nanoparticles
grow from the flake phases and the dark spots in the flake phases in the BSE image is
a result of the agglomerated nickel atoms that is ready to exsolve from the flake phases.
For the flake phases, we suppose that they are the barium nickelate that formed as an
intermediate phase for Ni exsolution, the similar process as the formation of barium
cuprate in the exsolution of Cu nanoparticles in Chapter 3. Therefore, here in nickel
doped BCZY, the intermediate phase barium nickelate also provide an alternative route
for Ni nanoparticles exsolution.

We already know that upon exposure to a reducing atmosphere, surface oxygen is
first stripped from the perovskite lattice, releasing electrons and creating oxygen
vacancies. To examine the chemical state of surface of oxygen and nickel after
reduction, X-ray photoelectron spectroscopy (XPS) measurements were performed in
the sample BaCeo.5Zr03Y0.14Ni0.0s03-5 either before or after reduction. As can be seen
in Figure 4-8 (a), only binding energy peaks of Ni?* (2ps1,) at 855.1 eV can be detected
in the sample before reduction, while peaks of metallic Ni (2ps/2) at 861.1 eV and 854.0
eV also appear in the reduced BaCeosZro3Yo0.14Nio 06035 (Figure 4-8 b), which is
consistent with the XRD and EDS results that suggest the existence of nickel metal after
reduction. For the oxygen O 1s peaks in Figure 4-8 (c, d), the peak at the lower binding
energy of 528.9 eV is associated with the surface lattice oxygen, representing the
chemical bonding between metal and oxygen (Oiat), Whereas the peak at the higher
binding energy of 531.6 eV is associated with the surface adsorbed oxygen (Oads). The

relative intensity ratio of Ojat/Oags thus reflects the surface oxygen vacancy
152



concentration, with the lower value indicating more existence of oxygen vacancies.
Thus, the apparent lower intensity of O 1s_latt in sample after reduction suggests a

richness in surface oxygen vacancies formed with reducing the perovskite.

(a) Ni(ll) 2ps, Ni before R| (b) Ni(ll) 2p, , Ni after R
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Figure 4-8. XPS results for Ni before reduction (a), Ni after reduction (900 °C for 12
h) (b), O before reduction (c), O after reduction (d) in BaCeo.5Zr0.3Y0.14Ni0.0603-5

perovskite.

Analysis of the element content from the XPS results (see Table 4-1) reveals an
increased presence of Ba and O after reduction. While surface lattice oxygen is
suggested to decrease after reduction from the O 1s spectra, the increased oxygen
concentration on the surface is supposed to result from the formation of Ba(OH)..
Besides Ba and O, the percentage of Ni also increased on the surface compared to

nominal content, confirming that part of Ni in the bulk migrates to the sample surface.'*

Table 4-1 Quantification of the XPS spectra.

El %
_ Element/ Ba Ce zr Y Ni )
BaCeqsZro3Yo14Nig 06035
Before reduction 12.45 4.34 3.13 2.04 0.33 77.72
After reduction 13.03 3.53 2.77 1.13 0.37 79.17
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(f) Atomic %
Element

Spot 1 Spot 2 Spot 3
Bal 22.53 22.56 22.03
Cel 11.79 11.22 11.08

ZrL 4.6 4.06 3.87
YL 3.35 2.89 2.88
Ni K 0.99 2.04 11.42

oK 56.74 57.23 48.72

Figure 4-9. (a) SEM micrographs of BaCeo.5Z103Y0.14Nio.0603-5 reduced at 700 °C for
12 h with a low magnification, showing large extra phases on the grain boundary and
a lot of accumulated particles surrounding the grain boundary, (b) a magnified SEM
image of the grain boundary area, (c¢) a magnified SEM image of the grain interior, (d,
e) SEM images of particles on the grain boundary, and (f) EDS quantification results

of the spots in (d) and (e).

When the pellet was reduced at 700 <C, the grain boundary phases are only
observed occasionally and the flake phases on the grain interior no longer exist, seen in
Figure 4-9 (a). Surrounding the grain boundary, a lot of nanoparticles seem to gather
there. Zoom in the SEM image in Figure 4-9 (b, c), three types of nanoparticles are
presented on the surface, with sizes of around 90 nm, 40 nm, and 30 nm, labelled as @,
@), and 3, respectively. In terms of morphology, it seems that type @ particles are
regularly distributed surrounding the grain boundary and each particle of type @ sits
on a substrate, as seen in Figure 4-9 (c). EDS element composition analysis of spots 1,
2 and 3 in Figure 4-9 (d, e) is listed in Figure 4-9 (f), demonstrating that the supported
phase beneath the particle at spot 2 has a little more nickel compared with the substrate
of spot 1, whereas the particle at spot 3 has a high amount of nickel. We thus
hypothesize three different nickel exsolution routes: one is the exsolution of type @
particles from the intermediate barium nickelate phases, similar to the proposed

mechanism for Cu exsolution in Chapter 3. For the particles ), they are formed either
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directly by the nucleation from the perovskite lattice or from the early stage of
decomposition of the intermediate barium nickelate. Meanwhile, for particles @
surrounding grain boundary, they are exsolved after the volatilization of Ba(OH). due
to its lower boiling point (780 °C). The latter makes the particles around the grain

boundary area smaller in size than the average particles obtained by reduction at 600 °C.

g

Line scan position

1um

(d) Atomic %
Element

Spot 1 | Spot 2 | Spot 3 | spotd

Bal 9.66 | 21.32| 17.21 | 27.55

Cel 4.09 9.39 8.01 | 1435

ZrL 1.93 3.25 3.54 4.70

YL 1.10 1.83 1.62 1.80

Ni K 51.00 | 2.51 | 10.00 | 1.17

oK 31.24 | 61.70 | 59.62 | 50.44

Figure 4-10. (a) SEM micrograph of the inner surface of BaCeo.5Z103Y0.14Ni0.0603-5
reduced at 700 °C for 12 h, (b) EDS line scanning across the grain boundary as
indicated by the red solid line, (c) EDS mapping of the square area in (a), and (d) EDS

quantification results of spots in (a)

When the inner surface is investigated after reduction at 700 °C (Figure 4-10),
distinct melted-like phase at grain boundary is observed that is much obvious than the
one we found on the cleaved surface of the as-prepared BaCeos5Zro3Y0.14Nio.0603-5 in
Figure 4-2 (c). EDS line scan in Figure 4-10 (b) and the mappings in Figure 4-10 (c)
reveal that the grain boundary phase is rich in nickel. Quantification analysis (Figure 4-
10 d) shows that spots 1 and 3 consist of a high amount of nickel. A little amount of
barium may also exist if compared with the Ba/Ce ratio in the bulk area of spot 4. For
the spherical particle (spot 2) on the grain boundary phase, it is a little bit rich in barium
and nickel compared with the substrate at spot 4, probably being a barium nickelate
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phase. The melted-like phase at grain boundary is supposed to come from the
decomposition of BaNio.g302s.

When reduced at 800 <C (Figure 4-11 a), the distribution of particle sizes (30-50
nm) is quite homogeneous. The disappearance of the intermediate phases beneath
particles M and smaller particles sizes than particles O obtained at 700 °C suggest
that Ni exsolution from the suggested barium nickelate has not been completed at
700 <C. When the sample was reduced at 900 <C, larger particles ranging from 60 to 80

nm are detected in the SEM image in Figure 4-11 (b), and it is also consistent with the

rapid coarsening of nanoparticles exsolved on BaCeo5Zro3Y0.16Ni0.0403-5 at 900 °C.

60-80 nm

Figure 4-11. SEM micrographs of BaCeo.5Zr03Y0.14Ni0.0603-5 reduced at (a) 800 °C
and (b) 900 °C for 12 h in 5% Ho/Ar.

4.3.4 Characterization of reduced Bao.9sCeo.5Zr0.3Y0.14Ni0.0603-5 pellet.

When reducing the samples with A-site deficiency at 600 <C, flake phases also
appear but no extra phase at grain boundary is present (as shown in the micrographs
from Figure 4-12). This is due to the fact that not all the areas on the surface are likely
to be A-site deficient, thus leading to the formation of the intermediate phases for the
nickel exsolution. Another possible reason is that nickel exsolution from the
intermediate phases of barium nickelate is probably more energetic saving than
exsolving directly from the perovskite lattice, leading to the result that even in the A-
site deficient oxide, the co-segregation of barium cannot be eliminated but only
weakened. When reduction temperature was increased to 700 <C, Ni nanoparticles with

sizes around 30 nm are distributed evenly on the sample surface, and the particles size
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did not change much when reduced at 800 °C. Further increasing the reduction

temperature to 900 <C, nanoparticles grow larger to a size range of 60-90 nm.

60-90 nm

Figure 4-12. SEM micrographs of Bao.osCeo.5sZr03Y0.14Ni0.0603-5 pellet reduced at (a)
600°C, (b) 700 °C, (c) 800 °C, and (d) 900 °C for 12 h in 5% Ha/Ar.

4.4 DC conductivity test

As a potential candidate of electrode material in SOFC or SOEC, high electronic
conductivity is one of the requirements for its application. Therefore, the electric
conductivity of the Ni-doped BCZY was measured using the four-point probe DC
method. Figure 4-13 displays the measurement of electrical conductivity for the 6% Ni
doped sample in reducing atmosphere (5% H2/N2), with increasing temperature up to
900 <C. Two BaCeosZro3Yo.14Nio0sO35 dense samples were tested, one is the bar
prepared from the grinding a sintered Ni-BCZY pellet, followed by another high
temperature sintering treatment at 1350 °C (similar to the two-step sintering in the
preparation of Cu-BCZY bar in Chapter 3). The other sample is made directly from a
sintered Ni-BCZY pellet by cutting it into a square shape. The prepared bar and pellet

for conductivity test are shown in the inserted images in Figure 4-13 (a, ¢). As it can be

157



seen, the maximum conductivity of the bar reaches 0.02 S/cm within 48 hours of
maintaining the sample at 900 <C (Figure 4-13 a), followed by a slight decrease. When
the temperature is decreased to room temperature, the conductivity decreases with
temperature, as shown in Figure 4-13 (b). The inserted image presents the conductivity
at 900 °C as a function of pO2, demonstrating that when switching to an atmosphere of
lower PO,, the material conductivity exhibits a small decrease, indicating the p-type
hole conduction mechanism. However, in Figure 4-13 (c), when the pellet prepared
from one-step sintering, its conductivity (3 S/cm) in 5% H2/N> is much higher than one
for the bar (0.02 S/cm) at 900 °C. Moreover, when the temperature is decreased, an

enhancement in the conductivity is observed, showing metallic behaviour.
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Figure 4-13. DC conductivity measurement of BaCeo.5Zr0.3Y0.14Ni0.0603-5 bar (two-
step sintering) in 5% Ha/Ar on heating (a) and cooling (b), the inserted picture in (b)
is the conductivity as a function of pO; at 900 °C. (¢) and (d) are the conductivity
results of the BaCeo 5Zr03Y0.14N10.0603-5 pellet (one-step sintering) on heating and

cooling, respectively.
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The microstructures of the bar and pellet after conductivity test were investigated,
shown in Figure 4-14. A large distribution of exsolved nanoparticles are observed on
the native surface of both samples, but the bar seems to be a bit more porous. When the
samples were cracked, micrographs were taken on the inner surface, as presented in
Figure 4-14 (b, d). Due to the more porous structure of the bar (Figure 4-14 b), the inner
surface that has a large number of exsolutions is the surface exposed to the reducing
atmosphere and in fact resembles the native surface, while the surface without
distribution of nanoparticles is the ‘real” inner surface. For the pellet, the dense structure
makes it unable to exsolve nanoparticles in the inner surface at least in a short reduction
time, therefore, a clean inner surface is observed in Figure 4-14 (d). Even without
exsolutions in the inner surface, the pellet still exhibits a metal property after exsolution
in reducing atmosphere, which is different from the exsolution of Cu-BCZY bar, where
Cu metal particles are observed in the dense inner surface after the test. Therefore, the
metallic behaviour of the Ni-BCZY pellet here is assumed to result from the applying
of four gold wires on the same plane, and the percolation from the surface nickel
particles finally contributes to the higher conductivity and metal property of the dense

pellet sample.

Native surface Inner surface

| Native surface

Bar

Pellet

Figure 4-14. (a) native surface and (b) the inner surface of the
BaCeo.5Z10.3Y0.14Ni0.0s03-5 bar after conductivity test; (c) and (d) are the native surface

and inner surface of the pellet after test, respectively.
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Another phenomenon that is different from the copper doped sample is while there
is only limited number and smaller size of exsolutions occurs in the two-step sintered
Cu-BCZY bar after conductivity test, the exsolutions on the Ni-BCZY surface prepared
from two-step sintering is quite uniform and with a large quantity. This is probably
something to do with the structural stability of the sample after sintering for two times.
For the copper doped BCZY, the grains packed much densely after the second time’s
sintering than that sintered only for one time, indicating a better crystallization and
probably higher structure stability, which may cause more difficulty for copper
migration. However, the Ni exsolution might not be influenced strongly by the sintering
time as good packed and crystallized oxides has already been obtained after the first
time’s sintering. In order to well understand the difference, we need to carry out XRD
measurements after sintering the oxides for the second time and the unit cell parameter
is needed to analyze the perovskite structure change.

Although the electric conductivity of nickel doped BCZY tested here is not high
enough to be applied as electrode material in SOC, in real electrode preparation, the
electrode should be a porous structure, which may have exsolutions occurred on a larger

area and result in an improved electronic conductivity.

4.5 Conclusion

1. Ni doped BCZY cubic phase was prepared at 1350 °C, but a small amount of
NiO, BaNio.g3025 and Y2BaNiOs appeared as impurities. 4% and 6% nickel oxide
dopants in a stoichiometric composition gave rise to a close packed microstructure,
while 3% nickel oxide is not enough to accomplish the complete densification of the
BCZY oxides. A-site deficiency was detrimental to the sinterability of the BCZY oxides
and lead to smaller grain size, less crystallized and porous structure.

2. Numerous Ni nanoparticles were exsolved from the doped BCZY perovskite
reduced at 600 °C, and began to have a rapid growth at 900 °C.

3. The BaNiog3O25 phase at the grain boundary area in the as-prepared
BaCeo.5Zr03Y0.14Nio.0603-5 decomposed into Ba(OH). and nickel metal after reduction

at 600 °C for 12 h. Meanwhile, a lot of barium nickelates flakes were observed on the
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native surface after reduction. When reduced at 700 °C, there were three types of nickel
particles, standing for three types of exsolution process. One is directly exsolving from
the perovskite lattice, one is the spontaneous exsolving at the near grain boundary area
after the volatilization of Ba(OH)., the third one is the exsolving from the segregated
barium nickelate flakes. Reduced at temperatures above 800 °C, the distribution of
particles became uniform.

4. A-site deficiency in BagosCeosZro3Y0.14Nio0603-5 did not eliminate the
segregation of barium in the form of barium nickelate, but it may weaken the

segregation.
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5 Exsolution of Ni-Cu alloy from the co-doped BCZY

perovskite

5.1 Introduction

Nickel and copper both have fcc structures with lattice parameters of 3.54 and 3.62
A, respectively, making them possible to incorporate into a solid solution, crystallized
in a cubic close-packed lattice according to the phase diagram. The catalytic activity of
the host monocatalyst material has been proposed to be improved by adding the second
metal through altering and modifying the electronic, structural parameters or the active
surfaces of the host metal.!> For example, while Ni is an effective catalysts for high
WGS activity, the addition of Cu in Ni catalysts suppresses the undesirable methanation
side-reaction successfully in the WGS reaction.® In steam methane reforming and
hydrocarbon decomposition, the presence of Cu in the bimetallic catalysts prevents not
only the carbon formation but also the sintering of the active phase.” Moreover, such
alloy catalysts have also been used in the preparation of fuel cell electrodes and
exhibited highly efficient performance.®!'* Therefore, in this chapter, nickel and copper
are co-doped into the BCZY perovskite structure, and nanoparticle exsolution
experiments are carried out to investigate the influence of the nickel on the copper
exsolution process. Furthermore, catalytic tests on CO oxidation or RWGS reaction will
also be performed in future work to see the different performance on single metal

catalysts and the alloy catalyts.

5.2 Phase identification and microstructure of Ni, Cu co-doped

BCZY

5.2.1 Phase identification of Ni, Cu co-doped BCZY

Single-phase perovskites were obtained in the Ni, Cu co-doped BCZY oxides
within the whole composition range prepared by high temperature solid state synthesis

at 1350 °C for 12 h (Figure 5-1). All the compositions can be indexed with R-3c space
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group due to the existence of (113) lattice plane scattered at 34.4°.Compared with the
BCZY perovskite doped with single Ni or Cu, where impurities appeared when the
dopant concentration reaches 4%, in the co-doped oxides, single phase can be achieved
with the total dopants concentration reaching at least as high as 5%. The sintering aids-
rich impurity is actually very frequently obsrved in the barium cerate zirconate sintering,
and the generally suggested amount in adding the sintering aids is about 1 wt% (which
is about 4 mol%) without impacting too much on the perovskite property. The pure
phase of Ni and Cu co-doped BCZY indicate that the bimetallic doping strategy
enhances the perovskite solubility for the transition metals and promotes a stable
perovskite structure. This provides an effective way in aiding material sintering without

introducing impurity phases.
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Figure 5-1. RT powder X-ray diffraction patterns of the prepared Ni, Cu co-doped
BCZY perovskites sintered at 1350 °C for 12 h.

5.2.2 Microstrucutre of Ni, Cu co-doped BCZY

The microstructure of the prepared Ni, Cu co-doped BCZY pellets is shown in
Figure 5-2. All the samples have a very clean surface without impurity phases on the

grain boundaries. In addition, grains are packed densely but not like the rectangle-
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shaped grains in Cu-doped oxides, suggesting that the co-doping of nickel and copper
improves the sintering behaviour of the perovskites. The inserted micrographs of higher
magnification  of  Baoo75Ce0.5Zr03Y0.17Ni0.02Cu0.01035  (Figure  5-2b) and
BaCeo.5Z10.3Y0.15Ni0.03Cu0.0203-5 (Figure 5-2 d) sample demonstrate a rough grain
surfaces with various patterns while only part of the gains display a terrace-shaped
surface in  sample BaCeosZro3Y0.17Ni0.2Cu0.0103s  (Figure  5-2a) and
BaCeo.5Z103Y0.16N10.02Cu0.0203-5 (Figure 5-2¢). In fact, in the later microscope
characterization of samples after reduction, the same rough surface with various
patterns can also be observed in the two samples, and the absence of rough surface here

is due to the limited observation area in the microscope.

@  BaCeysZrp;Y,17Nip 02CUg 01055 (b)  Bayg g75C€0 5Zrg 3Y0.17Nip0,CUg 0105.5

Figure 5-2. Native surface microstructure of the prepared Ni, Cu-doped BCZY pellets
sintered at 1350 °C for 12h.

5.3 Exsolution from the Ni, Cu co-doped BCZY

5.3.1 Microstructure of exsolutions as a function of stoichiometry and

temperature
Neagu et al.!® proposed defect chemistry-based mechanism in the B-site cation
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exsolution from perovskite. While no nanoparticles were observed on the native surface
of the ABOs3+y (A-site stoichiometric, O-excess) composition after reduction, numerous
exsolutes were distributed on the native surface of Ai..BO3 (A-site-deficient, O-
stoichiometric) and A1..BOs.5 (A-site-deficient, O-deficient) type samples (Figure 5-3
a-c). When observing the cleaved surface (bulk surface), a few particles can be obtained
in ABOs+y -type pellet (Figure 5-3 d), but a much higher amount of nanoparticles were
found in A1..BOs -type materials (Figure 5-3 e). In addition, the commonly developed
A-site surface enrichment phenomenon, which is detrimental to exsolution, can even
be observed in the A-site deficient oxides (Ao.sBO3: Lao.52Sr0.28Nio.06Ti0.9403), in which
the real composition at the native surface was A130BOs386 while the cleaved surface

remained the nominal A¢sBOj3 stoichiometry.
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Figure 5-3. Exsolutions from native surface of (a) A-site-stoichiometry, O-excess
(ABO3+y) Lao3Sro.7Nio.0s Tio.2403.09, (b) A-site-deficient, O-stoichiometric (A1.,BOz3)
Lao.52Sro.28Nio.06 Tio.0403 reduced at 930 °C for 20 h in 5% Ha/Ar, (c) A-site-deficient,
O-deficient (A1-.BO3-5) Lao.aSro.4Nio.03Tio.9703-5 reduced at 930 °C for 20 h and then

aged in 3%H>0/5%H2/Ar at 900 °C for 100 h. Exsolutions from cleaved surface of (d)
Lao.3Sro.7Nio.06 Ti0.9403.09 (ABOs3+,) and (€) Lao52Sro0.28Nio.0s Ti0.9403 (A1-,BO3) reduced

at 900 °C for 15 h in 5% Hz/Ar. Figure reproduced from Ref. 15.
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Based on the proposed defect chemistry, the exsolution behaviour was investigated
on the native and cleaved surface of the Ni, Cu co-doped BCZY pellets after reduction
at 600 °C for 12 h in 5% Haz/Ar, and the morphologies are displayed in Figure 5-4. In
the preparation of ABOs.+y -type perovskite, the excess oxygen is generally introduced
by doping trivalent cations on the A**-site; however, in our experiments, only Ba is
positioned on the A-site, making it not possible to adjust the stoichiometries to be
ABO:s4y, thus, this type of perovskite will not be discussed here. It can be seen that both
the native and cleaved surface are decorated with a large number of nanoparticles, but
the average particle size and density vary with the perovskite stoichiometry, grains size,
and even the different areas on the same grain. Overall, the nanoparticles on the native
surface are slightly smaller in size than those on the cleaved surface, and the particle
density is on the opposite trend. But this does not apply to sample
BaCeo.5Z103Y0.15Ni0.03Cu0.0203-5, who exhibit exsolved particles with a smaller particle
size but a higher population on the cleaved surface, as shown in Figure 5-4 (g, h). It is
noticed that while the particle size of the Cu metal from BaCeo.5Zr03Y0.16Cu0.0403-5
(described in Chapter 3) is about ~100 nm (or oven 1pum) at 600 °C, and the N1 metal
particles from BaCeo.5Zr0.3Y0.16Ni0.0403-5 are around 35 nm, most of the Ni-Cu alloy
particles on the native surface of BaCeo.5Zr03Y0.16N10.02Cu0.0203-5 are smaller, i.e. 22-
25 nm, indicating that the introducing of the second metal significantly modifies the
exsolved nanoparticles’ size, suppressing the coarsening for Cu metal particles. The
strong coarsening effect of Cu due to its high atomic diffusion constants did not make
the Ni-Cu alloy particles grow larger than pure Ni metal particles but retained a smaller
particle size. This probably arises from the strong interaction between nickel and copper

atoms that prevent sintering of the bimetallic particles.
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Figure 5-4. Microstructures of the nanoparticles after reducing the Ni, Cu co-doped
BCZY at 600 °C for 12 h in 5% H2/Ar. (Ave: average particle size, D: particle
density)

As the phenomenon of a large number of exsolved particles on the native surface
is somehow inconsistent with the defect chemistry proposed before, it stimulates us to
investigate the compositional stoichiometry on the parent oxide surface. As shown in
Figure 5-5 (b), the EDS mappings of the oxidized BaCeo.5Zr0.3Y0.16Ni0.02Cu0.0203-5

sample reveal a homogeneous distribution of all the elements without distinct element
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agglomeration. The high-angle annular dark-field (HAADF) image in Figure 5-5 (a)
clearly displays two grains with different surface roughness separated by the grain
boundary. The grain on the left side has a slightly terraced surface (the terrace in Figure
5-2 ¢) while the one on the right shows a rather smooth surface. The lattice space of
3.01 A in the HRTEM of the bulk in Figure 5-5 (c) is corresponding to the (110) plane
of the Rhombohedral crystalline structure of the doped BCZY perovskite (space group
R-3c,a=b=6.1258 A, c=15.001 A) determined by the XRD analysis. Compositions
at different positions were investigated by EDS quantification analysis and the results
are listed in Figure 5-5 (d). Because La of Ba and Ce X-ray emission peaks are
overlapping, this leads to inaccurate relative quantitative results of Ba and Ce. Here,
the relative quantity ratio between Ba and Ce were obtained from the peak intensity of
Ba Ko and Ce Ka. As in BaCeo.5Zr0.3Y 0.16N10.02Cu0.0203-5, the nominal stoichiometry of
Baand Ce is 1 and 0.5, respectively, and here Ba/(2Ce) was calculated to estimate their
relative content. Because barium oxide may suffer evaporation upon high temperature
sintering, Ce content is assumed to be the accurate value, and the value of Ba/2(Ce)
represents the non-stoichiometry extent of barium, where the value smaller than 1
suggesting barium deficient and larger than 1 meaning barium excess. Surprisingly, the
grain with terraced surface shows a Ba-deficient composition, especially at the near-
surface area of position 1 and 2, with a slightly more deficiency at the surface area 1.
However, the extent of Ba-deficiency decreases considerably at the bulk position 3 with
Ba/(2Ce) being 0.95. On the opposite, the grain with a smooth surface (position 4, 5)
demonstrates a significant Ba-excess composition, which is more serious on the surface
and the bulk perovskite (position 6) shows a nominal Ba/Ce stoichiometry. Moreover,
oxygen content seems to be slightly higher in the smooth grain than in the rough one.
It is therefore considered that the terraced surface or the surface with other kinds of
patterns, e.g., the rough surface in Figure 5-2 (b, d), is a result of A-site and oxygen
non-stoichiometry effect. Similarly, the oxygen non-stoichiometry effect on the surface
morphology has already be observed by Neagu. et al.'> (Figure 5-3 a-c), where oxygen
excess (ABOs+,) LSNT developed a smooth surface, while terrace-like motifs appeared

in the oxygen stoichiometric (A1-.BO3) sample and it became more distinct in both
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oxygen and A-site deficient (A1-.BO3-5) LSNT material. While the surface of different
roughness was observed in the different LSNT sample, in our work, the evolution of
different morphologies occurs on the same pellet, which is assumed to attribute to the

nucleation process and uneven cation diffusion during the perovskite sintering process.

(d)

Element 1 2 3 4 5 6
Ba (K) 7.97 7.81 9.52 7.14 5.67 6.00
Ce (K) 4.99 4.77 5.03 2.05 2.27 3.01
Ba/2Ce 0.80 0.82 0.95 1.74 1.25 1.00
Ba (L) 18.52 17.01 17.32 16.76 15.70 17.56
Ce (L) 21.54 18.90 19.84 18.52 18.10 19.91
Zr (K) 9.51 6.79 8.52 5.37 5.59 5.92
Y (K) 3.70 2.90 4.07 2.55 2.63 2.82
Ni (K) 0.45 0.48 0.29 0.40 0.48 0.44
Cu (K) 1.06 0.94 1.00 0.76 0.76 0.56
0 (K) 45.18 52.95 48.94 55.6 56.7 52.75

Figure 5-5. (a) EDS mapping, (b) HAADF image and (c) EDS quantification analysis

of the prepared BaCeo5Zro3Y0.16Nio.02Cuo.0203-5 OXide.

Back to the exsolutions observed in Figure 5-4 (a, €), numerous exsolutes are
distributed on the smooth native surface of BaCeo.5Zr03Y0.16N10.02Cu0.0203-5 regardless
of barium enrichment of the smooth surface. On the native surface of A-site
stoichiometric BaCeo.5Zro3Y 0.17N10.02Cu0.01035, apart from the nanoparticles that are
embedded directly into the parent perovskite oxide, some larger particles are located on
top of an extra phase, displayed in the red circle in Figure 5-4 (a) and the inserted image
of higher magnification. As discussed in the single Cu and Ni doped BCZY, where we
also observe an extra phase beneath the Cu and Ni particles that is believed to be Ba-

Cu-O and Ba-Ni-O phases, here, this extra phase is supposed to be the mixture of these
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two phases. In this case, barium is removed from the perovskite lattice due to the
formation of Ba-M-O (M: transition metal, determine this kind of phase as intermediate
phase) during reduction, resulting in the alleviation of the detrimental effect of excess
A-site cation to the B-site exsolution, providing the possibility for exsolution even on
the A-site enriched native surface.

In addition, for the supposed A-site deficient rough surface, exsolution behavior
varies upon the extent of the roughness. On the native surface with mild roughness in
Figure 5-4 (c), the distribution of nanoparticles is quite homogeneous, while on the
surface with distinct patterns in Figure 5-4 (g), particles preferentially grow in the den
pores. This is also the similar phenomenon observed in Figure 5-2 (b, ¢) where samples
with smaller separation between terraces give rise to more uniformly distributed
nanoparticles on the parent oxide surface, and exsolutions are prone to occur on the
facets of the terrace edges. The varied facets were reported by Neagu et al.!® to represent
different orientations, where the smooth facets (terrace separation in Figure 5-3 c) are
A-site terminated (100) and (111) orientations, and the rough surfaces (terrace edges in
Figure 5-4 ¢) correspond to ABO** /0%~ terminated (110) orientations, the preferred
termination for exsolution. Moreover, the rough morphology could also facilitate
nucleation due to its low surface energy that lowers the nucleation barrier.!” The
nanoparticles distribution on the rough surface is somehow consistent with the above
discussed reported results.

Looking at the cleaved surface of BaCeo.5Zr03Y0.17Ni0.02Cu0.0103-5 in Figure 5-4
(b), a considerable difference on particle distribution (particle size and density) is
observed on different grains. The same inhomogeneous distribution is also observed on
the grain interior and around grain boundary of the native (Figure 5-4 e) and cleaved
surface (Figure 5-4 f) of BaCeo.5Zr03Y0.16Ni0.02Cu0,0203.5. The inhomogeneous
distribution of particles is believed to be related with the orientation of the plane and
lattice strain on the local area, and probably also determined by the uneven distribution
of compositions between the bulk and grain boundary.

When increasing the reduction temperature to 700 °C, particles grow a little bit

larger and the surface coverage decreases than at 600 °C, as seen from Figure 5-6. Same
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as the previous observation, native surface achieved smaller but the higher density of
nanoparticles than the cleaved surface after reduction. In addition, the intermediate
phases (Ba-Ni-Cu-O) become more present along with exsolution, not only on the
native surface of the BaCeo.5Z1r0.3Y0.17Ni0.02Cu0.0103-5 oxide, but also the cleaved surface
of all the four compositions and in particular the stoichiometric samples. It is supposed
that the intermediate phases are favorable to form at 700 °C in reducing atmosphere,
and Ba deficiency weakens the formation of the phases. The varied morphology of the
Ba-Ni-Cu-O phases on the perovskites with different compositions is due to the
existence of different stoichiometries, depending on each amount of co-segregation of
barium, nickel and copper. Looking carefully at the large particle (~50 nm) in the red
circle of the dashed line in Figure 5-6 (f), they are almost in the circle centre that
surrounded by some smaller particles, and the diameter of the circle is pretty much the
same of ~250 nm. It is thus supposed that ions (Ba?*, Ni**, Cu?") from about 250 nm
distance diffuse to the nuclei and contribute to the growth of the intermediate phases
and particles. Additionally, the particles with the intermediate phases are larger than the
surrounding ones that socketed directly into the perovskite, the same phenomenon as
observed in Cu-doped BCZY that Cu particles where the extra phase present underneath

after reduction at 600 °C for 10 h is much larger.

175



Native surface Cleaved surface

BaCegsZro3Yo17
Nig 02CUg0103-5

. R 4 "-'._ . '.. L) ...~. S g
D: 155 /um? [ERNey : 5 IR D: 45 /um? @

B§0.97sceo.szro.3Yo.17
Nig 02CUg0103.5

5% Ave: 40 nm
D: 160 /pm? -

BaCeosZrosYo16
Ni 02CUp 02035

Hie)) At ) Ave: 42 nm 38
D: 111 /pm? B D: 21 /um? SR

BaCeqsZrosYo1s
Nig 03CU0 0,035

Figure 5-6. Microstructures of the nanoparticles after reducing the Ni, Cu co-doped
BCZY at 700 °C for 12 h in 5% Ha/Ar. (Ave: average particle size, D: particle
density)

In order to confirm the exsolution of Ni-Cu alloy nanoparticles, scanning
transmission electron microscopy (STEM) along with EDX analysis is conducted on
the BaCeo.5Z103Y0.16N10.02Cu0.0203-5 sample reduced at 700 °C for 12 h. The EDS
mappings in Figure 5-7 (c, f) illustrate the exsolution of Ni-Cu alloy nanoparticles on

the perovskite substrate as indicated from the agglomerated Ni and Cu element
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distribution in the particles, while the substrate contains uniform Ba, Ce, Zr, Y and O
distribution. In the STEM image and the inset of SAED diffractogram of the triangle
and cubic-shaped particle (Figure 5-7a, b), the lattice can be indexed with the (200),
(020) and (220) planes of the cubic Ni-Cu alloy structure (space group Fm-3m), further
proving the formation of the alloy nanoparticles. A thin layer of oxide is presented on
the nanoparticle surface, indicated from the oxygen mapping on the out layer of the
cubic-shaped particle, which is probably due to the partial re-oxidation of nanoparticles
during handling in air. Unexpectedly, quantitative results in Figure 5-7 d show that the
Ni/Cu ratio in the triangle and cubic-shaped particle is 3.71 and 3.76, respectively.
Barium EDS mapping in Figure 5-7 ¢ demonstrates that barium-contained phases
at position 1 and 3 in Figure 5-7 a, b are located between the nanoparticle and the parent
perovskite, wrapping the particles at the bottom area. We believed that this barium
contained compound is the extra phase that binds with the particle observed in Figure
5-6. EDS quantification results in Figure 5-7 d show that the extra phases contain
mainly Ba, Cu, Ni and O elements with little amount of Zr and Y, which may come
from the perovskite matrix as EDS mappings of the corresponding elements show no
distribution in the extra phases. The extra phases are thus supposed to be Ba-Ni-Cu-O.
Additionally, quantification table illustrates that nickel is around three times the amount
of copper in the solid solution, which is close to the Ni/Cu ratio in the alloy particles.
Therefore, we suspect that the Ni/Cu ratio in the alloy particles is determined by their
values in the extra phase which is further controlled by their co-segregation ability with
barium ions during high temperature reduction. Apparently, nickel has more preference
in co-segregating with barium than copper ions, leading to the Ba-Cu-Ni-O

intermediate phases containing a higher amount of nickel.
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Figure 5-7. TEM characterization of BaCeo.5Zr03Y0.16N10.02Cu0.0203-5 cleaved
pellet after reduced at 700 °C for 12 h. (a, b) STEM images of the triangle and cubic-
shaped particles and the corresponding SAED pattern in the inserted images, (c) EDS
mappings (Ba, Ni, Cu and O elements) of the cubic-shaped particle, (d) EDS
quantitative results in the labelled position in (a), (b) and (e), noting that the quantity of
Ba and Ce may not reliable due to the overlapping of La of Ba and Ce X-ray emission
peaks, (e) Dark field HAADF image of the specimen inserted with bright field image,
SAED pattern of the near surface area and FFT pattern of the bulk area, Ba/Cu and
Cu/Ni ratio in the surface and bulk area, (f) EDS mappings of the top area in (e).

For the supported perovskite oxide in Figure 5-7 e, a layer with dark contrast is
formed at about 160 nm below the surface area and no apparent difference is observed
in the EDS mappings between the near surface area and bulk (Figure 5-7 f). The inset
of bright field image reveals that the above mentioned dark layer still exhibits a dense
structure. In dark field image, the areas with heavier atoms are brighter, indicating that
the dark layer at near surface regions contains less number of heavy atoms than the bulk
area. This phenomenon is same as the considerable defects in the near surface layer of
the reduced Cu-BCZY. Therefore, it is believed that significantly cations diffusion to

the surface, especially the large Ba**, occurred from 160 nm beneath the surface. SAED
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and FFT patterns show that the near surface layer and the bulk perovskite have the same
structure of R-3¢ symmetry and no severe structure decomposition occurred as a result
of exsolution.

It should be also noticed that this TEM sample was prepared from the cleaved
surface with reduction treatment, the new native surface of the sample thus belongs to
the bulk of the as-prepared oxidized perovskite, which is shown to be barium
stoichiometric in the previous characterization. However, the inset EDS quantification
table in Figure 5-7 e reveals that the near-surface area of the supported perovskite after
reduction contains relatively more barium than the bulk area, further indicating the
diffusion of barium to the surface during exsolution. In addition, compared with the as-
sintered perovskite in Figure 5-5 ¢, copper is far more present in the substrate perovskite
than nickel after reduction, with Cu/Ni ratio being 41.6 and 17.8 at the near surface area
and bulk area, respectively. The higher amount of incorporated copper left in the
perovskite lattice is in accordance with the larger Ni ratio in the nanoparticles and
intermediate phases. Comparing the Cu/Ni ratio at the near-surface area and the bulk,
nickel is much more depleted in the near-surface layer.

The above results also indicate that the formation of Ba-Ni-Cu-O phases is not a
result of original surface barium enrichment but of providing an energy saving route
for metal particle exsolution. In this case, one can suspect that even on the original A-
site enriched native surface, the B-site Ni and Cu cations can also exsolve from the
perovskite structure by forming Ba-Ni-Cu-O phases, and this has already been verified
as exsolutions occurred on the smooth native surface where Ba is excess (Figure 5-4,
5-6). Recalling that nanoparticles on the native surface have a smaller size and higher
density than those on the cleaved surface, except for the surface with distinct den pores
on BaCeo.5Zr03Y0.15Ni0.03Cu0.0203-5, which is more determined by the surface energy.
Because the smooth native surface is originally barium excess, it provides short
diffusion path for the co-segregation of cations to form the intermediate phases.
Numerous intermediate nuclei are able to form in a short time, resulting in smaller and
highly populated particles distributed on the surface. While on the stoichiometric

cleaved surface, barium ions need to migrate from the near-surface layer to segregate
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on the surface, and this process is more controlled by barium diffusion. The less
frequency in nucleation on surface makes the further cation diffusion towards the firstly
formed nucleus at active sites, producing relatively larger intermediate phases. For the
slightly rough native surface with barium deficiency, Ni-Cu particle exsolution is
facilitated by the lower migration barrier due to the A-site vacancy and the driving force
producing from the A-site and oxygen deficiency. However, on the native surface with
distinct den pores, nucleation barrier is greatly lowered at the positions of den pores
due to the low surface energy, leading to the much more favourable formation of nuclei
and higher concentration of ions diffusion. Finally, particles are regularly distributed
along the den pores with larger size and less population than the uniformly distributed
particles. Thus, in this work, the A-site enrichment seem to produce a quite different
effect on exsolutions compared to the well investigated LSNT titanate-based material.
Further increasing the reduction temperature to 800 °C (Figure 5-8), particles
become even larger but still uniformly distributed on the surface. Particles on the native
surface of the perovskite are still smaller and more populated than those exsolved on
the cleaved surface. There are not distinct intermediate phases observed on the surface
except for a small amount on the BaCeo.5Z103Y0.16N10.02Cu0.0203-5 cleaved surface, as
seen in Figure 5-8 (f). Thus, the intermediate Ba-Ni-Cu-O phases are supposed to

decompose around 800 °C.
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Figure 5-8. Microstructure of the nanoparticles after reducing the Ni, Cu co-doped
BCZY at 800 °C for 12 h in 5% Ha/Ar. (Ave: average particle size, D: particle
density)

Apart from the particle size and density, we also noticed that particle shape varies
with the nickel and copper stoichiometry in the perovskite. As summarized in Figure 5-
9, the shape of the exsolved particles tends to be triangular, cubic and pyramid in shape,
for stoichiometric and Ba-deficient BaCeos5Zr03Y0.17Ni0.02Cu0.0103-5 (and some

triangular ones observed in BaCeo.5Z103Y 0.15N10.03Cu0.0203-5), while spherical particles
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are generally distributed on the cleaved surface of BaCeo.5Z10.3Y0.16Ni0.02Cu0.0203-5 and
BaCeo.5Z103Y0.15Ni0.03Cu0.0203.5 oxides. It is thus deduced that nickel and copper
concentration can somehow determine the shape of the exsolved nanoparticles, with
Ni-rich ones promoting the formation of a triangular or cubic shape and Cu-rich
determining the spherical shape. This provides a way for tailoring particle shape and
properties for different applications by simply modifying the metal ions concentration
in the alloy.

BaCeysZrosYo7- Bagg75Ce052ro3Y0.07 - BaCeqsZrg3Yo.16 - BaCey sZrg3Yo.15 -
Nig,0,CUg,0105.5 Nig.0,CU 0105 5 Nig 05CUp.0,03.5 Nig03CUg,0,05.5

700 °C

800 °C

Figure 5-9. Summary of particle shape in Ni, Cu co-doped BCZY as a function of

stoichiometry and reduction temperature.

5.3.2 The influence of Ni and Cu doping concentration on the Ni/Cu ratio of the

exsolved alloy particles

The previous TEM characterization results have shown that although the doping
concentration of nickel and copper in BCZY is 2% for each, the resulted exsolved alloy
nanoparticle contains a Ni/Cu ratio about 3.7, suggesting a lower exsolution tendency
of copper in the presence of Ni. To prove this even further, we prepared two
compositions, BaCeo.sZro.3Y0.15N10.03Cu0.0203-5 and BaCeo.5Zro.3Y 0.15Ni0.02Cu0.0303.3, to
check if nickel would still be the dominating component in the exsolved alloy
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nanoparticles even for a Ni/Cu ratio of 2/3. Both samples as powders resulted from
grinding in initial pellets were reduced at 700 °C for 12 h. STEM and EDS mapping
images in Figure 5-10 demonstrate the exsolution of Ni-Cu alloy nanoparticles on the
surface of the doped BCZY perovskite. The existence of Ni-Cu alloy is clearly
confirmed by the elemental mappings, which show agglomerated Ni and Cu
distribution. Additionally, the nanoparticles exsolved from the matrix with Ni/Cu ratio
of 3/2 are smaller than particles with the opposite ratio, indicating that copper is more
likely to facilitate particle growth than nickel. The high-angle annular dark-field
(HAADF) images clearly present the socketing nature of the particle in the substrate,
especially looking at the bottom right particle in Figure 5-10 (a) where almost half of
its volume is immersed in the substrate material. Furthermore, a core-shell structure of
the alloy particle is presented in all the four nanoparticles. For the core area of the
particles, it is found that  exsolutions from  the  perovskite
BaCeo.5Z10.3Y0.15Ni10.03Cu0.0203-5 (Ni/Cu=3:2) result in a significant high Ni/Cu ratio
between 32 to 43 in the alloy particles, while BaCeos5Zr03Y0.15Nio.02Cu0.0303-5
(N1/Cu=2:3) produces alloy particles with Ni/Cu ratio being in the range of 1.7 - 4. The
Ni/Cu ratio in the alloy particle varies with the nanoparticle size, with larger particle
containing more Cu in the alloy, which further verifies the coarsening effect of copper
on nanoparticles. In fact, it has been investigated in literature by the temperature-
programmed reduction (TPR) results that the reduction temperature of the unsupported
pristine CuO is 230 °C, which is substantially lower than that of NiO, 430 °C. This
result is also in agreement with thermodynamics that the AG{’ for CuO and NiO
reduction to corresponding metals is -132 kJ mol! and -49.4 kJ mol!, respectively,
suggesting that the reducibility of CuO is higher than NiO.> Therefore, copper tends to

grow larger than nickel, leading to the Cu-rich larger particles.
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Figure 5-10. EDS mapping and HAADF images of exsolutions on
BaCeo.5Zr03Y0.15Ni0.03Cu0.0203-5 (&) and BaCeo.5Zr0.3Y0.15Ni0.02Cu0.0303-5 (b), EDS

mapping of Ni-Cu particle from (b) on (c).

The shell of the structure is believed to be an oxide layer, as illustrated by the much
higher oxygen content (O/(Ni+Cu) = 2.6) than in the core (O/(Ni+Cu) = 0.27) for the
particle in Figure 5-10 (b). For all the four particles, the oxide layer is about 3-4 nm
thick and is independent on the particle size. One reason for the formation of this layer
is the native formation while handling the sample in air. Another possibility is that the
oxide shell is formed during the exsolution process as positively charged Cu or Ni were
also found in the catalyst preparation process in the reduction atmosphere. For example,
by adding potassium as catalytic promoter towards reverse water-gas shift reaction,
positively charged Cu” was induced at the near interfacial area with potassium ions,
which was resulted from the electron withdrawing from Cu by K,O'**°, This kind of
stabilization effect was also found in copper catalysts supported by some oxides, such
as Cu/ZrOs or Cu/Zn0.?° Similarly, in the NixCuy alloy supported on CeO», a fraction

of Cu® and Ni** were proved to exist in the catalysts by XPS characterization.?!. It is
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believed that the existence of copper or nickel oxide species was due to the strong
metal-support interaction induced by the redox properties of CeO>. The synergistic
effects keeps a portion of copper or nickel in the positively charged state.??%3
Additionally, the reaction between nickel and copper was proposed by Smironov et al.
to account for the nickel oxide traces in the alloys from the incomplete reduction of
nickel when supported on SiOz. In their work, Ni-Cu alloy formation process was
suggested to occur according to Eq. 5-1 and 5-2:

CuO+ H, - Cu’+ H,0 Eq. 5-1
2Cu® + NiO - CuO + CuNi Eq. 5-2

The produced CuO via Eq. 5-2 is re-reduced by H» and the resulted Cu® diffuses
into NiO, reducing it to metallic Ni and incorporating into the Ni lattice to yield the
alloy. As the diffusion and reduction progresses, Cu metal would deposit on the surface
and hinder the transport of hydrogen to the metal oxides. Moreover, the heterogeneity
of the sample prevents the diffusion of Cu’ to NiO and thus giving rise to the incomplete
reduction of NiO. In our work, since the oxide layer is not observed on the single Ni
particles exsolved from the correspondingly doped BCZY oxides, the oxidation effect
induced from the interaction with the oxide supports is less concerning, while the
introducing of the second metal atom to the lattice of the host particle structure alters
the property of the particles, probably by modifying the electronic or structural
parameters.

As it can be seen in the inset in Figure 5-10 (a) that the shell layer probably exists
also in the embedded part of the particle that is not exposed to air or the particle is
behind the observed substrate plane but not embedded. In the Cu mapping of the particle
in Figure 5-10 (c), the interface between the particle and the substrate shows a less
agglomerated copper than in the core area and forms a smooth extension from the shell
structure. Oxygen mapping shows its distribution at the supposed shell structure at the
interface, with similar contrast as the substrate area but more distinct than the shell
exposed in air. Additionally, a uniform distribution of barium is also found at the
interface shell area and the substrate oxide from the mapping, indicating that the

supposed interface shell structure is actually the perovskite matrix with accumulated
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copper due to the ongoing exsolution process. It is therefore more convincing that the
shell layer is simply due to the oxidation from air and probably this behaviour is more
obvious for the NiCu alloy particles.

Afterwards, comparing the Ni/Cu ratio in the shell and core, for the particles with
significant more Ni in Figure 5-10 (a), the Ni/Cu ratio gets to be even higher in the
outer layer than in the core, while for the particles with relatively more Cu in Figure 5-
10 (b), the shell contains more copper than the core. For the phase separation at the
surface, the copper enriched surface was observed in some Ni-Cu alloy catalysts as
investigated by several researchers, suggesting that this is a consequence of the
relatively lower surface free energy of copper rather than nickel that allowing the
system to minimize its total free energy.>** 2! 2* However, nickel presence more on the
surface than in the bulk was reported to occur in Ni5Cu85-SiO.®, Ni8Cul-CeO:
catalysts®! and in the circumstances of a lower reduction temperature that determined
by the kinetic factor®. Li et al.* suggested that although Cu segregation to the surface is
thermodynamically favoured at relatively low temperature, the segregation is
kinetically dominated. This is because the reducibility of the copper precursor is higher
than the one of nickel precursor, leading to reduced samples containing more Cu metal
species in the early reduction stage. Furthermore, the lower Tamman temperature of Cu
and CuO than Ni and NiO makes copper species diffuse faster than nickel, forming Cu
crystals on the support, while the slower diffusion of nickel towards the Cu-rich nuclei
leads to a final Cu-rich core and Ni-rich shell structure. The metastable structure with
Ni-rich shell would reach the equilibrium when higher temperature (>700 °C) is used,
producing a Cu-rich surface with lower surface energies. In addition, as suggested in
phase diagram, the Ni-Cu shows a continuous solid alloy solution in all composition
ranges above the critical temperature of 354 °C, while in-situ XRD reveals the existence
of two phases of Cu-rich and Ni-rich alloy supported on CeO> between 300-550 °C,
indicating that the strong metal-support interactions probably prevented the complete
interdiffusion of Ni and Cu atoms.® Thus, the phase separation on the surface can be
attributed to three possible reasons: Ni/Cu ratios in the particle, reduction temperature

and the interaction with the supports.
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In our work, the reduction temperature for the BaCeo.5Z103Y0.15Ni10.03Cu0.0203-5 and
BaCeo.5Z10.3Y0.15Ni0.02Cu0.0303-5 samples is 700 °C, and the support is both Ni, Cu co-
doped BCZY perovskite, therefore the reduction temperature is not the factor that
determines the surface enrichment phenomenon here but the other two factors
mentioned above. Due to the intricated aspects required for investigating these aspects,
we did not explore them within the timeframe of this research study. Some other
experiments are required, including electron microscopy along with modelling to

understand this process.
5.3.3 EBSD investigation on exsolutions from Ni, Cu co-doped BCZY oxide

In previous observation of the distribution of nanoparticles exsolved from the
doped BCZY perovskite oxide (Figure 5-4), particles size and population demonstrated
a nonuniformity between different grains. The varied grains are believed to correspond
to the different orientation of the cubic perovskite structure, motivating us to study the
relationship between the exsolved particle distribution and the crystalline orientation of
the substrate structure.

Electron backscatter diffraction (EBSD) is a technique for microstructural-
crystallographic characterization used in conjunction with the scanning electron
microscope.?’2® This technique can be used for providing information about the crystal
structure, grain orientation?, phase®® or strain®’ in the material. In order to obtain an
analyzable EBSD orientation map, the crystalline specimen placed in the SEM chamber
is required to be flat and carefully prepared. Herein, the BaCeo.5Zr0.3Y0.16Ni0.02Cu0.0203-
s pellet sample in our work was finely polished and finally showed a very clean and flat
surface. Then, the polished pellet was gently placed in a crucible boat and reduced at
800 °C for 12 h in a tube furnace with 5% H»/Ar. After that, EBSD orientation map was
collected on the reduced pellet.

Figure 5-11 is the SEM image of the polished BaCeo.5Z10.3Y0.16N10.02Cu0.02035
surface after reduction. It can see that nanoparticles at the grains 1 and 2 seem to be
smaller than those on grains 3 and 4, which further illustrates the influence of

orientation on the nanoparticles exsolution on the perovskite material.
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Figure 5-11. SEM image of the polished BaCeo5Zro.3Y0.16Ni0.02CU0.0203-5 Surface after
reduction at 800 °C for 12 h in 5% Ha/Ar.

After collecting the EBSD map, SEM images were taken on some grains of a
certain orientation, including (001), (111), (101) and the orientations in the middle of
the two of them. Note that the orientation is roughly estimated according to its position
in the colour key (Figure 5-12 c¢). The nanoparticles average diameter (particles are
regarded as spheres) and population were counted and summarized in Figure 5-12 (c),
with D representing particle diameter and P representing population per pm?. The SEM
image in Figure 5-12 (a) clearly reveals the existence of individual grain and the grain
boundary, suggesting the well-prepared surface. Orientation map in Figure 5-12 (b)
demonstrates the differently oriented grains indicated from their different colours, and
their orientation can be known by matching their colour with the position in the colour
key. Generally, except the three corner points (red, blue and green), the other positions
stand for the mixed orientation. In the areas of the holes, which cannot be indexed, are
shown to be black in the orientation map.?® Apart from the large black holes in Figure
5-12 (b), the other small black dots are probably the defects created during the sample

polishing process.
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Figure 5-12. (a) SEM image of the polished BaCeo5Zro.3Y0.16Ni0.02CU0.0203-5 surface

after reduction and (b) the corresponding EBSD orientation map, (c) the EBSD
orientation color key and the summarization of the particle average size and
population at different positions (P represents population and D represents particle
diameter), the positions are signed in (b) with the same letter, (d-i) SEM images of the
grains that at the corresponding position in (b) and (c), the inserted red figures are the

particle size and proportion on the grain.

As summarized in Figure 5-12 (c), nanoparticles exsolved from (111) direction
seem to be smaller (37.5 nm) and less present than the ones exsolved from (001) (39.5
nm) and (101) (41.8 nm), while the mix of the two planes by half and half results in
larger particle size of around 45 nm. This proved that the orientation of the grain has a
certain influence on the nanoparticle exsolution. In fact, researchers have already
calculated the segregation energy on different orientations by DFT simulation to verify
the preferential particle growth on specific terminations.!” For the Ni metal exsolution
on Lag 4Sro.4Sco9Nio.103.5, four main surfaces, (001), (010), (100), (121) are chosen for
the calculation because of their relative high intensity in the XRD pattern. The results
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show that all the four surfaces have a negative nickel segregation energy, but the
segregation energy on the (010) surface is the smallest, followed by (100), (121), and
(001). The difference in segregation energy may come from different nickel
concentration near the surfaces, which would further impact the exsolution kinetics.!”
In order to understand more on the effect of structure orientation on the particle
exsolution, beside the six grains investigated in this experiment, more grains need to be

investigated in future work to offer a more complete picture.
5.4 Thermogravimetric analysis

Oxygen loss during reduction was estimated from the TGA measurement. All the
four compositions were tested at 800 °C for 12 h in 5% H2/N> and the results were
presented in Figure 5-13 (a). Weight loss occurs at about 350 °C for all the
stoichiometries and it continues to decrease as the temperature increase. When the
temperature reaches 800 °C, the materials do not show apparent weight loss any longer.
The extent of reduction (8) was calculated according to the previous equation in Chapter
3, expressed in lost oxygen atoms per formula unit of perovskite (at./f.u.). As can be
seen from the plot in Figure 5-13 (b) that the extent of reduction increases slightly as a
function of total transition metal doping concentration, while decreases with the
introduction of 0.025 Ba deficiencies. This further proves that the A-site vacancy will
not improve the B-site cation exsolution in the Ni, Cu co-doped BCZY perovskite, and
the promoting effect of the formation of the Ba-Ni-Cu-O phases is more beneficial for

the Ni-Cu alloy exsolution.
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Figure 5-13. (a) Thermogravimetric analysis (TGA) of Ni, Cu co-doped BCZY in 5%
H2/N2 as a function of temperature, (b) calculated extent of reduction at 800 °C as a

function of total transition metal doping content.

5.5 Electric conductivity and ionic transport number tests

5.5.1 DC conductivity test

The total conductivity of the four Ni, Cu co-doped compositions was measured by
DC conductivity test in air and 5% H2/N; at 600 °C. The values in Figure 5-14 are
obtained after the conductivity remains stable at 600 °C. All the four samples present
very low conductivity both in air and reducing atmosphere, with conductivity on
reduction smaller than that in air. The decrease of the conductivity value on reduction
suggests p-type hole conduction of the material and occurs due to the oxygen loss from

the perovskite lattice, as predicted by Eq. 5-3:%°
~0,(8) + Vg - Og + 2k Eq. 5-3

For the conductivities in air, the co-doped samples exhibited pretty much the same
values as the single nickel or copper doped oxides, in the range of 0.01-0.02 S cm’'.
However, unlike the performance of the single Cu-doped BCZY, the conductivity of the
Ni, Cu co-doped oxide did not show an increase in value and metal behaviour upon
exsolution (n-type), indicating that the introduction of nickel into the Cu-doped

compound greatly affects the particle exsolution, which is responsible for the perovskite
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electric property.
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Figure 5-14. Total conductivity values of Ni- Cu co-doped BCZY in air and 5% H2/N>

measured by DC-conductivity test.

5.5.2 AC conductivity test

In a typical AC impedance measurement, the complex impedance of a sample,
including the real and imaginary components, is measured as a function of frequency.
Due to the different relaxation time for ion transfer through the electrolyte, the ideal
Nyquist plot of a solid electrolyte is composed of three separate and distinct semicircles
at high frequency, intermediate frequency and low frequency, attributed to bulk, grain
boundary and electrode performance, respectively (Figure 5-15).3° The identification of
the bulk or grain boundary behaviour in a semicircle is determined from evaluating its
capacitance. As revealed in Table 5-1, a capacitance value of ~1 x 102 F cm™ is
expected to be the bulk property and ~1 x 1071'-10® F cm™! attributes to the grain
boundary behavior. For the capacitance value of ~1 x 10”7 -10° F cm™!, it is related to
the interaction at sample-electrode interface. To a first approximation, the effective
resistance of each of three regions can be estimated from the diameter of each of these

arcs, from one (extrapolated) intercept with the x axis to another. For the more accurate
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resistance value, the arcs need to be fitted with an equivalent circuit, and one can
calculate the conductivity from the fitted resistance by accounting for the sample

geometry according to equation 5-4:

1L
RA

Eq. 5-4
where L is the sample thickness, A is its cross-sectional area, and R is the electrical
resistance of the corresponding contribution.

The activation energy (Ea) and pre-exponential term (A) can then be determined
from a fit of the data to the Arrhenius equation Eq. 5-5:
oT = Aexp(—E,/k,T) Eq. 5-5
where A is a pre-exponential factor, T and ky are temperature (K) and the Boltzman

constant, respectively.
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Figure 5-15. Schematic impedance plot in the Nyquist representation of a typical

polycrystalline material.

Table 5-1. Capacitance values based on 1 cm cube and their possible interpretations.

(reference®! [31])

Capacitance [F] Phenomenon Responsible

1012 Bulk
10-1t Minor, second phase

10-1 - 108 Grain boundary

10-10— 10 Bulk ferroelectric

102 - 107 Surface layer

107 -107 Sample-electrode interface
104 Electrochemical reactions
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Figure 5-16 shows the complex impedance plots of
BaCeo.5Z10.3Y0.17Ni0.02Cu0.0103-5 measured at 150, 200 and 300 °C in dry air. The
impedance spectra in Figure 5-16 (a) presents the typical high-frequency bulk
semicircle and intermediate-frequency grain boundary semicircle at 150 °C, while at
higher temperature 200 °C, the bulk response shows an incomplete semicircle (Figure
5-16 b) and is no longer accessible at 300 °C (Figure 5-16 c¢). This unavailability to
collect the bulk response at high temperature is because its characteristic frequency

reaches a value greater than the maximum frequency of EIS.*?
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Figure 5-16. Complex impedance plots of BaCeo.5Zr0.3Y0.17Nio.02Cuo.0103-5 measured

at (a) 150 °C, (b) 200 °C and (c) 300 °C in dry air.
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The total conductivity of the BCZY-based electrolyte material may be given by
possibly four different charge carriers, electrons, holes, oxygen ions and protons.
Typically, at high temperature, the contribution of the p-type conductivity and oxygen
ion conduction to the total conductivity is relatively large in air. When water vapour is
introduced, proton ion conduction could be the dominant charge carrier, but the proton
conductivity will decrease at a temperature higher than 500 or 600 °C due to the
desorption of water. Here, four different atmosphere conditions were employed in the
EIS test, including dry air, wet air (3% H20), dry 5% Ha/Ar, wet 5% Ho/Ar. Figure 5-
17 shows the Arrhenius plots for the stoichiometric BaCeo 5Z103Y0.17Ni0.02Cu0.0103-5
and A-site deficient Bao.975Ceo.5Zr0.3Y 0.17Ni0.02Cu0.0103-5 electrolytes, the conductivities
are obtained by fitting the impedance spectra with the equivalent circuit shown in
Figure 5-16 (a). It is apparent that the total conductivities for both samples in dry air
(high pOy) are higher than those in a dry hydrogen atmosphere (low pO.), indicating
the predominant p-type electron-hole conduction, consistent with the DC conductivity
test. While the total conductivity for both samples in wet hydrogen is higher than those
in dry hydrogen containing atmosphere, especially at a temperature higher than 450 °C,
the difference is not so pronounced in air. The enhancement in conductivity under wet
atmosphere is a typical characteristic of the proton conductivity, but this effect is
normally eclipsed in high pO: because hole conductivity increases as a function of
(p0O2)"4, while proton conductivity is independent of pO>. The deviation of
conductivities from a linear relationship with temperature in hydrogen containing
atmosphere when temperature rises is due to the desorption of water from the perovskite

structure.
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Figure 5-17. Arrhenius plots for total conductivity of BaCeo.5Zr0.3Y0.17Nio.02CU0.0103-5
(a) and Bao.97sCe0.5Zr0.3Y0.17Ni0.02CU0.0103-5 (b) as a function of temperature in

different atmospheres.

Table 5-2. Total conductivity values of BaCeo5Zr0.3Y0.17Ni0.02CU0.0103-5
(stoichiometric) and Bao.g75Ce0.5Zr0.3Y0.17Ni0.02Cu0.0103-5 (deficient) at 600 °C and
450 °C and their activation energy (Ea) at different atmosphere conditions (The data

used for fitting the linearity is in the temperature range of 300 — 500 °C).

Atmosphere Ogooc (MS cmY) O4s0c (MS cmY) Eag / €V
Stoichiometric| Deficient |Stoichiometric| Deficient |Stoichiometric| Deficient
Dry air 7.7 10.7 19 3.4 0.65 0.47
Wet air 7.6 8.7 18 2.6 0.69 0.51
Dry 5% H, 3.7 5.0 1.6 3.0 0.56 0.44
Wet 5% H, 5.5 7.9 2.0 3.7 0.59 0.49
Overall conductivities of BaCeo.5Z10.3Y0.17N10.02Cu0.0103-5 and

Bag.975Ce0.5Z103Y0.17Ni0.02Cu0.0103-5 at 600 and 450 °C are listed in Table 5-2, where an
enhancement of the total conductivity is observed in the A-site deficient sample
compared with the stoichiometric one under the same temperature and atmosphere
condition. In wet 5% H», the conductivity is 5.5 mS cm™ and 7.9 mS cm™ at 600 °C and
2.0 mS cm™ and 3.7 mS cm™ at 450 °C for BaCeosZro3Y0.17Nio.02Cu0.01035 and

Bao.975Ce0.5Z103Y 0.17N10.02Cu0.0103-5, respectively. In addition, the activation energy,
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0.59 eV and 0.49 eV for the stoichiometric and deficient samples, respectively, are also
consistent with values reported for analogous proton conducting perovskite ceramic.
Thus, A-site deficiency effectively decreases the activation energy of the material.

In order to specify the reason for the improved conductivity in Ba-deficient oxide,
bulk conductivity and total (effective) grain boundary conductivity are compared
between the two samples individually, presented in Figure 5-18. The contribution from
the bulk conductivity is not so significantly different with regards to the stoichiometry
of the perovskite oxide as demonstrated in Figure 5-18 (a) although bulk conductivity
in A-site deficient sample is slightly higher in every testing atmosphere. In contrast,
grain boundary conductivities in the Ba-deficient sample are much higher than those in
the stoichiometric oxide under each gas condition, indicating that the A-site deficiency
dramatically changes the grain boundary property by influencing the microstructure of

the sample (sintering behavior).
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Figure 5-18. Comparison of the bulk conductivity (a) and effective grain boundary
conductivity (b) plotted in Arrhenius form between BaCeo5Zro.3Y0.17Ni0.02CU0.0103-5
(stoichiometric) and Bao.g75Ceo.52Zr0.3Y0.17Ni0.02CU0.0103-5 (deficient) in different

atmosphere.
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The activation energy and pre-exponential term for the stoichiometric and
deficient samples with respect to their bulk and grain boundary regions under different
atmospheres are listed in Table 5-3. It clearly shows that generally the activation energy
of the grain boundary is much higher than that in the bulk, in agreement with the
observation by Stevenson>* that grain boundary conduction typically has a much greater
activation enthalpy than the grain interior. Comparing the two compositions, the more
distinct differences always occur on the grain boundary factors, either of the activation
energy or the pre-exponential term. The pre-exponential term A is directly proportional
to the concentration of the charge carriers in an ideal case.’ Therefore, in dry or wet
air, the decreased pre-exponential factor of the grain boundary is actually a
controversial effect on the improved grain boundary conductivity in the deficient
sample, and the increase of the conductivity is derived from the significant decrease in
the activation energy. However, the effect of the pre-exponential term on the grain
boundary conductivity is different when testing in hydrogen containing atmosphere,
where the pre-exponential factor is larger in the Ba-deficient oxide, especially when
measured in wet 5% H». Additionally, the activation energy of the deficient sample is
still smaller than the stoichiometric one in dry hydrogen, but it gets greater when testing
in wet hydrogen. Thus, it is apparent that the pre-exponential factor contributes
dramatically to the enhanced grain boundary conductivity in the hydrogen atmosphere,
especially in the wet 5% Ho», indicating that the A-site deficiency is more effective in
improving the protonic charge carriers than the hole conduction of the grain boundary
area. Noting that the bulk pre-exponential factors are still lower in the deficient sample
under hydrogen condition, further implying the advanced property in promoting proton
ion charge carriers along grain boundary, and this is in accordance with the previous
suggestion from other researchers that grain boundary conductivity is more sensitive to

the composition and microstructure than the bulk conductivity.*
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Table 5-3. Activation energy and pre-exponential factor of the bulk and grain
boundary in BaCeo.5Zro.3Y0.17Ni0.02Cu0.0103-5 (Stoichiometric) and
Bao.975Ce0.5Zr0.3Y0.17Nio.02CU0.0103-5 (deficient) under different atmosphere. (The data

used for fitting the linearity is in the temperature range of 300 — 500 °C).

Eap, / eV Eagg/ eV Log(Apup) / (21 cm L K) Log(Agg) / (1 em-1 K)
Atmosphere T " - o - . o - . T - .
Stoichiometric Deficient | Stoichiometric Deficient Stoichiometric Deficient Stoichiometric Deficient
Dry air 0.47 0.46 0.82 0.55 3.65 3.63 6.33 4.99
Wet air 0.46 0.41 0.85 0.67 3.62 3.32 6.40 5.43
Dry 5% H, 0.48 0.40 0.71 0.62 3.55 3.30 5.57 5.58
Wet 5% H, 0.45 0.40 0.70 0.74 3.53 3.33 5.41 6.42

5.5.3 Ionic proton transference number

The identification of proton transference number is a key parameter to predict
whether the electrolyte material would work promisingly in the fuel cell performance.
One of the simple and classical methods to determine the proton transference number
is measuring the electromotive force (EMF) in an electrochemical concentration cell.
In the preparation of the concentration cell in our work, dense disks of Ni, Cu co-doped
BCZY were pasted with porous Pt electrodes on both sides, and the prepared cell was

d™. An open circuit

affixed to the end of an alumina tube sealed with Ceramabon
voltage (OCV) was generated by exposing the two electrodes to different atmospheres,
one is humidified H> and the other is compressed air. The cell configuration is shown
below:

Ha, 3% H20, Pt | NiCu-BCZY | Pt, air

The chemical reaction with this cell is simply H> and O, combining to form water

according to Eq. 5-6:
H, + 50, - Hy0 Eq. 5-6

The theoretical voltage, En, is calculated according to the Nernst’s equation Eq. 5-7:

0.5
POZPHZ)

PHzO

Ey = Eo + gln( Eq.5-7

where Eo = AGo /2F, AGo is the Gibbs free energy of the reaction under standard

conditions (T =273 K, P=1 bar)*’, R is the universal gas constant, T is the temperature,

F is Faraday’s constant, pHz, pO2, pH20 are the partial pressure of hydrogen, oxygen
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and water, respectively. The proton ion transference number is calculated from the ratio
of the measured EMF to the theoretical value under the same temperature, tion=Emeas/EN.

The results of the EMF measurement and the calculated proton transference
number of the Ni, Cu co-doped BCZY are summarized in Table 5-4. The data reveals
that the measured EMF for all the compositions is close to the theoretical value below
550 °C, with the proton transference number over 0.98, indicating an almost pure proton
conductor at this temperature range, with negligible electron conductivity. Then, on
increasing the temperature, all the samples present a decrease in the EMF value and tion,
which may stem from the loss of water from the structure and the higher mobility of
electron  holes. However, even the smallest tion of 0.92 for
BaCeo.5Z10.3Y0.17Ni0.02Cu0.0103-5 at 700 °C is still higher than most of the reported
values for the doped BCZY oxides®®*°, suggesting that the ionic transport number of
the Ni, Cu co-doped BCZY is large enough for the satisfactory utilization in a fuel cell.
Comparing the tion between the stoichiometric and A-site deficient
BaCeo.5Z103Y0.17Ni0.02Cu0.0103-5, the transference number is slightly higher in the
deficient oxide, which is in accordance with the previously observed increased pre-

exponential factor in the deficient oxide in wet hydrogen atmosphere.

Table 5-4. Proton transference number of Ni, Cu co-doped BCZY of different

stoichiometries as a function of temperature.

Measured EMF (mV) ton
Q) Theoretical
EMF (V) | BaCeqZrys¥o1; | BagursCensZros¥os | BaCesZrosVo s | BaCeysZroaVoys | BaCegsZrosVoyy | BagesCeqs?rysYoy | BaCeqsZrgs¥oss | BaCegsZrysYoys
Nig g;Cp 0103 Nig.02CU.0103.5 Nipo;Cuo.0s035 | NigosClop:0s.5 | NioosCloonOsg Nip0,CU0.0105.5 NioosClig 12055 | NigosCln ;0.5
500 1152 1141 1141 1145 1129 0,99 0.99 0.99 0.98
550 1144 1121 1127 1144 1133 0.98 0.99 1 0.99
600 1136 1082 1108 1105 1098 0.95 0.98 0.97 0.97
650 1128 1054 1077 1069 1060 0.93 0.95 0.95 0.94
700 1120 1025 1056 1044 1041 0.92 0.94 0.93 0.93

5.6 Conclusions

1. Single phase was obtained in the Ni, Cu co-doped BCZY sintered at 1350 °C,
and the bimetallic co-doping approach enhanced the transition metal solubility in the

perovskite structure with Ni and Cu total concentration reaching at least 5 mol%.
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2. The observed rough surface of the pellets possesses a barium deficient
composition in the as-prepared Ni, Cu-BCZY perovskite oxide and the smooth surface
exhibited barium enrichment.

3. Numerous Ni-Cu alloy nanoparticles were exsolved from perovskite lattice after
reduction at elevated temperature. They have a smaller particle size and higher
population than the single nickel or copper particles, suggesting the effective approach
in modifying exsolutions by introducing a second transition metal.

4. Exsolving from the intermediate phase of Ba-Ni-Cu-O is an observed alternative
route for the NiCu alloy exsolution, probably because it was a more energetically saving
process.

5. Nickel significantly prohibited the exsolution of copper and was more easily
exsolved than copper as seen from the higher nickel concentration in the alloy
nanoparticles when they had the same concentration as in the as-prepared perovskite
oxide.

6. Unlike the metal property of Cu doped BCZY in reducing atmosphere, the co-
doping of Ni and Cu led to p-type hole conduction.

7. 2.5%  A-site  deficiency  increased the  conductivity  of
BaCeo.5Z10.3Y0.17Ni0.02Cu0.0103-5 as observed by the AC impedance measurements in
dry/wet air and dry/wet 5% H2/N2. The improvement was mainly due to the modified
property on the grain boundary area. Specifically, the enhancement in air atmosphere
was attributed to the lower activation energy of the grain boundary in the deficient
sample, while in hydrogen atmosphere, especially wet hydrogen, the higher
conductivity in the deficient oxide was owing to its larger pre-exponential factor, which
suggested more charge carriers and the charge carrier in wet hydrogen was mainly
proton carrier. It is therefore indicated that the A-site deficiency enhanced the proton
conductivity by increasing the pre-exponential factor of the grain boundary.

8. EMF measurements revealed high proton transference number (>0.92 at 700 °C)
in the Ni, Cu co-doped BCZY perovskite with varied stoichiometry, and A-site
deficiency increased the transference number of BaCeo.5Zr03Y0.17Ni0.02Cu0.0103-5 at a

temperature higher than 550 °C.
201



References

1. Tao, F. F., Synthesis, catalysis, surface chemistry and structure of bimetallic
nanocatalysts. Chemical Society Reviews 2012, 41 (24), 7977-7979.

2. Kitla, A.; Safonova, O. V.; Fottinger, K., Infrared studies on bimetallic
copper/nickel catalysts supported on zirconia and ceria/zirconia. Catalysis letters 2013,
143 (6), 517-530.

3. Smirnov, A. A.; Khromova, S. A.; Bulavchenko, O. A.; Kaichev, V. V.; Saraev,
A. A.; Reshetnikov, S. I.; Bykova, M. V.; Trusov, L. I.; Yakovlev, V. A., Effect of the
Ni/Cu ratio on the composition and catalytic properties of nickel-copper alloy in anisole
hydrodeoxygenation. Kinetics and Catalysis 2014, 55 (1), 69-78.

4. Li, P; Liu, J.; Nag, N.; Crozier, P. A., In situ preparation of Ni—Cu/TiO2
bimetallic catalysts. Journal of Catalysis 2009, 262 (1), 73-82.

5. Naghash, A.; Etsell, T.; Xu, S., XRD and XPS study of Cu— Ni interactions on
reduced copper—nickel—aluminum oxide solid solution -catalysts. Chemistry of
Materials 2006, 18 (10), 2480-2488.

6. Lin, J.-H.; Biswas, P.; Guliants, V. V.; Misture, S., Hydrogen production by
water—gas shift reaction over bimetallic Cu—Ni catalysts supported on La-doped
mesoporous ceria. Applied Catalysis A: General 2010, 387 (1-2), 87-94.

7. Reshetenko, T. V.; Avdeeva, L. B.; Ismagilov, Z. R.; Chuvilin, A. L.; Ushakov,
V. A., Carbon capacious Ni-Cu-AlbOs; catalysts for high-temperature methane
decomposition. Applied Catalysis A: General 2003, 247 (1), 51-63.

8. Liu, S.; Liu, Q.; Luo, J.-L., Highly stable and efficient catalyst with in situ
exsolved Fe—Ni Alloy nanospheres socketed on an oxygen deficient perovskite for
direct CO; electrolysis. ACS Catalysis 2016, 6 (9), 6219-6228.

9. Du, Z.; Zhao, H.; Yi, S.; Xia, Q.; Gong, Y.; Zhang, Y.; Cheng, X.; Li, Y.; Gu,
L.; Swierczek, K., High-performance anode material Sro2FeMoo.65Nio3506.5 with in situ
exsolved nanoparticle catalyst. ACS Nano 2016, 10 (9), 8660-8669.

10. Liu, S.; Chuang, K. T.; Luo, J.-L., Double-layered perovskite anode with in

situ exsolution of a Co—Fe alloy to cogenerate ethylene and electricity in a proton-

202



conducting ethane fuel cell. ACS Catalysis 2015, 6 (2), 760-768.

11. Liu, S.; Liu, Q.; Luo, J.-L., CO2-to-CO conversion on layered perovskite with
in situ exsolved Co—Fe alloy nanoparticles: an active and stable cathode for solid oxide
electrolysis cells. Journal of Materials Chemistry A 2016, 4 (44), 17521-17528.

12. Sun, Y. F.; Li, J. H.; Cui, L.; Hua, B.; Cui, S. H.; Li, J.; Luo, J. L., A-site-
deficiency facilitated in situ growth of bimetallic Ni-Fe nano-alloys: a novel coking-
tolerant fuel cell anode catalyst. Nanoscale 2015, 7 (25), 11173-11181.

13. Yang, C.; Li, J.; Lin, Y.; Liu, J.; Chen, F.; Liu, M., In situ fabrication of CoFe
alloy nanoparticles structured (Pro.4Sro.6)3(Feo.ssNbo.15)207 ceramic anode for direct
hydrocarbon solid oxide fuel cells. Nano Energy 2015, 11, 704-710.

14. Zhang, L.; Yang, C.; Frenkel, A. I.; Wang, S.; Xiao, G.; Brinkman, K.; Chen,
F., Co-generation of electricity and chemicals from propane fuel in solid oxide fuel cells
with anode containing nano-bimetallic catalyst. Journal of Power Sources 2014, 262,
421-428.

15. Neagu, D.; Tsekouras, G.; Miller, D. N.; Menard, H.; Irvine, J. T., In situ
growth of nanoparticles through control of non-stoichiometry. Nature Chemistry 2013,
5(11),916-923.

16. Neagu, D.; Oh, T. S.; Miller, D. N.; Menard, H.; Bukhari, S. M.; Gamble, S.
R.; Gorte, R. J.; Vohs, J. M.; Irvine, J. T., Nano-socketed nickel particles with enhanced
coking resistance grown in situ by redox exsolution. Nature Communication 2015, 6,
1-8.

17. Gao, Y.; Chen, D.; Saccoccio, M.; Lu, Z.; Ciucci, F., From material design to
mechanism study: Nanoscale Ni exsolution on a highly active A-site deficient anode
material for solid oxide fuel cells. Nano Energy 2016, 27, 499-508.

18. Shefter, G. R.; King, T. S., Differences in the promotional effect of the group
IA elements on unsupported copper catalysts for carbon monoxide hydrogenation.
Journal of Catalysis 1989, 116 (2), 488-497.

19. Chen, C.-S.; Cheng, W.-H.; Lin, S.-S., Study of reverse water gas shift reaction
by TPD, TPR and CO: hydrogenation over potassium-promoted Cu/SiO> catalyst.

Applied Catalysis A: General 2003, 238 (1), 55-67.
203



20. Spencer, M., The role of surface oxygen on copper metal in catalysts for the
synthesis of methanol. Catalysis letters 1999, 60 (1-2), 45-49.

21. Saw, E. T.; Oemar, U.; Tan, X. R.; Du, Y.; Borgna, A.; Hidajat, K.; Kawi, S.,
Bimetallic Ni—Cu catalyst supported on CeO> for high-temperature water—gas shift
reaction: methane suppression via enhanced CO adsorption. Journal of Catalysis 2014,
314, 32-46.

22. Force, C.; Belzunegui, J. P.; Sanz, J.; Martinez-Arias, A.; Soria, J., Influence
of precursor salt on metal particle formation in Rh/CeO> catalysts. Journal of Catalysis
2001, 797 (1), 192-199.

23. Kondarides, D. I.; Verykios, X. E., Effect of chlorine on the chemisorptive
properties of Rh/CeO; catalysts studied by XPS and temperature programmed
desorption techniques. Journal of Catalysis 1998, 174 (1), 52-64.

24. Studt, F.; Abild-Pedersen, F.; Wu, Q.; Jensen, A. D.; Temel, B.; Grunwaldt, J.-
D.; Nerskov, J. K., CO hydrogenation to methanol on Cu—Ni catalysts: theory and
experiment. Journal of Catalysis 2012, 293, 51-60.

25. Schwartz, A. J.; Kumar, M.; Adams, B. L.; Field, D. P., Electron backscatter
diffraction in materials science. Springer: 2009; Vol. 2.

26. Engler, O.; Randle, V., Introduction to texture analysis: macrotexture,
microtexture, and orientation mapping. CRC press: 2009.

27. Wright, S. I.; Nowell, M. M.; Field, D. P., A review of strain analysis using
electron backscatter diffraction. Microscopy and Microanalysis 2011, 17 (3), 316-329.

28. Humphreys, F. J., Characterisation of fine-scale microstructures by electron
backscatter diffraction (EBSD). Scripta Materialia 2004, 51 (8), 771-776.

29.Tao, S.; Irvine, J. T.,, Synthesis and characterization of
(Lao.75Sr0.25)Cro.sMnosO3-5, a redox-stable, efficient perovskite anode for SOFCs.
Journal of the Electrochemical Society 2004, 151 (2), A252-A259.

30. Haile, S.; Staneff, G.; Ryu, K., Non-stoichiometry, grain boundary transport
and chemical stability of proton conducting perovskites. Journal of Materials Science
2001, 36 (5), 1149-1160.

31. Irvine, J. T.; Sinclair, D. C.; West, A. R., Electroceramics: characterization by

204



impedance spectroscopy. Advanced materials 1990, 2 (3), 132-138.

32. Park, K.-Y.; Seo, Y.; Kim, K. B.; Song, S.-J.; Park, B.; Park, J.-Y., Enhanced
proton conductivity of yttrium-doped barium zirconate with sinterability in protonic
ceramic fuel cells. Journal of Alloys and Compounds 2015, 639, 435-444.

33. Kreuer, K.-D., Proton-conducting oxides. Annual Review of Materials
Research 2003, 33 (1), 333-359.

34. Stevenson, D.; Jiang, N.; Buchanan, R.; Henn, F., Characterization of Gd, Yb
and Nd doped barium cerates as proton conductors. Solid State lonics 1993, 62 (3-4),
279-285.

35. Shima, D.; Haile, S., The influence of cation non-stoichiometry on the
properties of undoped and gadolinia-doped barium cerate. Solid State lonics 1997, 97
(1-4), 443-455.

36. Barison, S.; Battagliarin, M.; Cavallin, T.; Daolio, S.; Doubova, L.; Fabrizio,
M.; Mortalo, C.; Boldrini, S.; Gerbasi, R., Barium non-stoichiometry role on the
properties of Bai+ xCeo.65Z1020Y0.1503-5 proton conductors for IT-SOFCs. Fuel cells
2008, & (5), 360-368.

37. Bard, A. J.; Faulkner, L. R., Fundamentals and applications. Electrochemical
Methods 2001, 2 (482), 580-632.

38. Babilo, P.; Haile, S. M., Enhanced sintering of yttrium-doped barium zirconate
by addition of ZnO. Journal of the American Ceramic Society 2005, 88 (9), 2362-2368.

39. Choi, S. M.; Lee, J.-H.; Ji, H. I.; Yoon, K. J.; Son, J.-W.; Kim, B.-K.; Je, H. J.;
Lee, H.-W.; Lee, J.-H., Determination of proton transference number of
Ba(Zr0.84Y0.15Cu0.01)O3-5 via electrochemical concentration cell test. Journal of Solid
State Electrochemistry 2013, 17 (11), 2833-2838.

40. Gao, D.; Guo, R., Structural and electrochemical properties of yttrium-doped
barium zirconate by addition of CuO. Journal of Alloys and Compounds 2010, 493 (1-
2), 288-293.

205



6 Cell fabrication and optimization

6.1 Introduction

For an electrochemical cell, its performance is greatly influenced by many factors,
such as ohmic losses, activation losses and concentration losses. Specifically, the ohmic
losses are mainly related with the ionic conduction of the electrolyte and electronic
conduction of electrode material. Based on literature studies, we used here a BCZYZ
electrolyte and its processing optimization in terms of enhanced sinterability was
further investigated. As mentioned before Zr-doping into BaCeO3 materials represent a
good compromise in terms of sinterability, conductivity and stability. Moreover, the use
of sintering aids such as Ni*", Cu?’, Zn** is found to be effective in decreasing the
sintering temperature and improving stability without impairing conductivity.!”> While
the activation losses originate from the reaction kinetics, concentration losses are
limited by the transportation of the reactants and products species. In the fabrication of
a robust and performant cell, ohmic losses can be effectively weakened by decreasing
the electrolyte thickness, and the less activation losses require higher electrocatalytic
activity on the electrode and maximizing the length of the triple-phase boundary (TPB)
where the electrochemical reactions take place. For the minimization of concentration
losses, an optimization of the porous microstructure of the electrode materials is
necessary. In this work, tape casting method is used for fabricating the dense electrolyte
and porous electrode raw materials, and the porosity of the electrodes can be tailored
by the pore former additives. When fabricating the cell, the electrode and electrolyte
tape are laminated and experience a co-firing procedure, which requires a well-matched
thermal expansion coefficient for the two configurations. Generally, a composite of
electrolyte and electrode material is utilized to eliminate the thermal expansion
mismatch. However, the co-sintering of the composite requires a similar sintering
temperature of the composite materials, limiting the choice for the electrolyte and
electrode materials. In addition, the high temperature sintering would also give rise the

undesired reactions between the composite components. An alternative way in the
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fabrication of electrode component is ion impregnation (infiltration), which is simply
by introducing the solutions of metal salts precursors to a porous scaffold made from
the electrolyte material. Compared with the co-sintering of the composite, this method
requires a lower firing temperature to deposit the electrode material on the electrolyte
framework, which effectively avoids the undesired reaction. In this work, the cell
configuration is designed as BCZYZ-LSCF (cathode)/BCZYZ/Ni,Cu-BCZY (anode),
where impregnation method is used for the preparation of the electrode components. In
addition, in situ exsolution is also trialled to obtain nano-catalysts on the electrode

material.

6.2 Influence of ZnO sintering aid on the sinterability of BCZY

6.2.1 Phase characterization of the prepared BCZY

Figure 6-1 is the X-ray diffraction pattern of the prepared BCZY sample by solid
state synthesis at 1400 °C. The strong main peaks match well with the cubic crystal
system of Pm3m space group. However, a weak peak can be found at the shoulder site
of each of the main peak, marked with an arrow, which indicates incomplete sintering
of the BCZY oxide at 1400 °C. Moreover, the sintered BCZY pellet still appears white
in colour without shrinkage, and is easy to grind, suggesting a porous structure and poor

sinterability.
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Figure 6-1 XRD pattern of BCZY oxide sintered at 1400 °C for 12h.
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6.2.2 Preparation of BCZY with the addition of ZnO

Figure 6-2 is the BCZYZ pellet prepared with the addition of 4% ZnO after
sintering at 1350 °C for 12 h. Compared to the colour of the sintered BCZY pellet, the
BCZYZ pellet exhibits a uniform dark colour and is without cracks,. The pellet shrinks
about 16% after firing measured from the diameter of the pellet, and relative density of

92% is achieved, indicating a much better sinterability with the ZnO sintering aid.

Figure 6-2 Typical sintered BCZYZ pellet.

The microstructure of the synthesized BCZYZ pellet was characterised by SEM.
As shown in Figure 6-3, the BCZYZ pellet is quite dense with several isolated pores.
Between grains there are some fracture paths which are called transgranular fractures,
indicating excellent bonding between grain boundaries of well sintered ceramic which
may be assisted by the presence of the liquid phase sintering. The dense BCZYZ oxide

reveals that ZnO greatly improved the sinterability of the ceramic material.
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Figure 6-3 Cleaved surface of BCZYZ pellet sintered at 1350 °C for 12 h.
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The phase of sintered BCZYZ pellet was identified by XRD characterization. As
revealed in Figure 6-4, a single cubic perovskite phase was obtained after sintering the
pellet at 1350 °C for 12 h, and no splitting peaks are observed, which further verifies
the enhanced sinterability of the BCZY oxide by adding 4% ZnO additives.
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Figure 6-4 XRD pattern of BCZYZ sintered at 1350 °C for 12 h.

Shrinkage behaviour of the sample was measured by dilatometry test. As shown
in Figure 6-5, the pellet made from pre-calcined BCZYZ powder begins to shrink at
about 1000 °C followed by a rapid shrinkage with temperature rising to 1350 °C. As
sintering is a thermally activated process, it is very sensitive to temperature due to the
changing factors of diffusivity, viscosity, etc. For a given degree of sintering, the
required time can be expressed as exponential functions of temperature.® The
temperature sensitive property thus leads to the suddenly shrinking of pellet at over
1000 °C, and shrinkage in thickness of the analysed body of about 16% is obtained at
1350 °C. Afterwards, a slight expansion occurs by further heating to 1400 °C. When the
temperature is held at 1400 °C, a small shrinkage of the pellet is recorded. The
dilatometry test suggests that 1350 °C is an optimized sintering temperature for

achieving sufficient densification.
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Figure 6-5 Dilatometry test of the pellet (¢p13 mm x 2 mm) made from the pre-

calcined BCZYZ powder.

In order to better observe the shrinking process of the BCZY pellet with ZnO
sintering aid, micrographs were taken after sintering at different temperatures for how
12h. As shown in Figure 6-6, the samples become denser with increasing sintering
temperature. When sintering at a temperature higher than 1280 °C, the prepared
BCZYZ evolved into an extremely dense phase. Additionally, from the native surface
of the sintered pellet at 1350 °C, we see that the grain size is about 5 um in average with
regular geometrical shape and clear grain boundary, suggesting excellent sintering at

this temperature.
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Figure 6-6 Cleaved surface of fracture surface of BCZYZ pellets sintered at different
temperatures for 12 h (a) 1000 °C, (b) 1100 °C, (c) 1200 °C, (d) 1280 °C, (e) 1350 °C,
and (f) native surface of the pellet obtained at 1350 °C

The phase evolution of the BCZYZ samples as a function of sintering temperature
was investigated by XRD measurements. As the graphs in Figure 6-7 implies, all the
samples present a cubic structure within all the main peaks. But when observing the
detailed XRD peak at 29.2° in the inserted image, a weak secondary phase can be
observed with peaks located at the shoulder of the main ones. Rising sintering
temperature, the splitting peaks become more apparent because of grain growth and
higher crystallinity of the main phase, shown as narrow and more intense peaks. The
secondary phase peaks get weaker and finally disappear at 1350 °C, resulting in a single
pure phase. It is possible that the secondary phase is very similar in structure to the
main one, that is the main phase is in rich with cerium and the secondary phase rich in
zirconium due to the higher sinterability of barium cerate than barium zirconate, which
was also revealed in the split XRD peaks of BZY after sintering with a BCY shell
reported by Savaniu and Irvine’. Moreover, Ce*" (0.87 A, six coordinated) is larger than
Zr*" (0.72 A, six coordinated), making the higher concentration of cerium in the

perovskite structure to exhibit a larger unit cell, shown as a shift to lower angles in the

211



XRD peaks. This can also be illustrated by the change of the unit cell parameter of the
main phase, presented in Figure 6-8, where the unit cell parameter of the main phase
gradually decreases with higher sintering temperature. This further suggests that when
increasing the sintering temperature, cation diffusion is significantly facilitated and the
composition in the oxides becomes gradually uniform with more Zr** diffusing from
the secondary phase towards the main phase. Meanwhile, the concentration of
secondary phase decreases and the highly active diffusion of cations makes the
secondary phase contain higher Ce*" ratio. As a result, a single phase with homogeneous
composition is produced at 1350 °C. It is therefore concluded once again that the
addition of ZnO effectively improved the sinterability of the BCZY perovskite oxide

and single phase can be obtained by sintering the pellet at 1350 °C.
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Figure 6-7. XRD patterns of the BCZYZ samples as a function of sintering

temperature.
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Figure 6-8 Unit cell parameter of BCZYZ main phase as a function of temperature.

6.3 Optimisation of tape recipe and sintering procedure

6.3.1 BCZYZ tape using water as a solvent

Electrochemical reactions that produce reduction and oxidation of gaseous species
occur at the triple phase boundary of the electrodes, thus a good porosity of the
electrodes is required. For the electrolyte material, it should be dense enough to isolate
gas transfer between anode and cathode. In addition, in order to reduce the ohmic
resistance, one of the approaches is to make the electrolyte thinner. Tape casting shows
to be a flexible way to prepare thin electrolyte material and is suitable for large scale
preparation. When the cell component is fabricated by tape casting, a general way is
laminating the electrode and electrolyte tape and co-sintering the laminated cell with
optimized sintering procedure.

Here, single-phase BCZYZ powder was used for the preparation of tape slurries
of electrode and electrolyte. Water solvent required the use of specific binders and
plasticisers in the form of polyethylene glycol and polyvinyl alcohol. In addition, a
defoamer is used to prevent foam formation. In the preparation of the electrode tape,
350 nm diameter-PMMA was added in the tape slurry as pore former to prevent a dense

structure of the electrode after high temperature sintering. Figure 6-9 presents the cross
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section of the co-sintered cell laminated by one layer of electrolyte and two layers of
electrode tapes at 1300 °C. This temperature has been chosen to preserve the required
porosity in the electrode after sintering. It appears that the electrode layer is about 150
um thick while the electrolyte is only 15 um in thickness. Higher magnification of the
electrode layer (Figure 6-9 c) shows that there are many small pores existed in the
material, which would support the diffusion of reactive gases. However, numerous
pores are also observed in the electrolyte material, and it is apparently not dense enough

for the cell to work.
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Figure 6-9 Cross section of (a, b) the laminated BCZYZ tape co-sintered at 1300 °C
for 3 h, (c) the electrode layer and (d) the electrolyte layer

6.3.2 Optimization of the sintering procedure

Since we have established that the pure BCZYZ powders are likely not to be
effective for making a dense electrolyte in combination with a porous tape, we
attempted to improve the densification of the electrolyte tape by using a mixture of pre-
calcined BCZY and 4 mol% ZnO for the tape slurry preparation. As shown in Figure 6-
10, after co-sintering at 1300 °C for 3 h, the laminated structure is 170 um thick in total

with the electrolyte layer of only 8 um. With regard to the electrolyte layer, SEM image
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in Figure 6-10 d suggests the agglomeration of the grains of 1 um in diameter and it

seems that the grain growth has not yet been completed.
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Figure 6-10 SEM images of (a, b) the laminated tape sintered at 1300 °C for 3 h, (c)
the electrode layer and (d) the electrolyte layer.

It is known that sintering during solid state synthesis is usually divided into three
overlapping stages: initial, intermediate and final stage.® As depicted in Figure 6-11,
very limited shrinkage of about 3% occurs in the initial stage when the necks between
particles are formed. Intermediate stage contributes the most densification, up to 93%
of the relative density. Interconnected pores are produced at this stage. The final stage
involves densification from the isolated pore state to the final densification, which is
about 7%. This schematic clearly illustrated that time is a key factor in controlling the
extent of sintering for the ceramics. Herein, based on the observation of the incomplete

sintering, the firing time is extended to 10h in the following experiment.
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Figure 6-11. Schematic of densification curve of a compact powder through three

stages over sintering time. (Figure adapted from Ref. 6)

A sandwich-structure tape (two layers of porous tape for electrodes + one layer of
electrolyte + three layers of porous tape for electrodes) was laminated and co-fired at
1300 °C for 10 h. Figure 6-12 shows that the laminated layers detach from each other
and a crack is observed on the surface, which is probably due to the removal of the gas
between the laminated layers and differential shrinkages. Additionally, cell bending is

also observed after the co-sintering.

Figure 6-12 Typical sintered laminated tape at 1300 °C for 10 h.

The microstructure of the co-sintered tape is seen in Figure 6-13. Obviously, the
electrolyte layer exhibits much denser microstructure than that sintered for only 3 h but
still has some isolated pores. At this time, grains grow larger to ~2 pum, showing the

insufficient grain growth after sintering for 3 h. Unfortunately, the porosity of the
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electrode decreases as a result of the longer sintering time.
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Figure 6-13. Microstructures of (a, b) the laminated tape sintered at 1300 °C for 10 h,

(c) the electrode layer and (d) the electrolyte layer.

Cell flatness is one of the essential factors for its electrochemical performance for
mechanical integrity and possibility of sealing prior testing, to ensure good separation
between gaseous atmospheres at the electrodes. To help with the flatness of the tape
during sintering, an alumina plate was placed directly on the green tape to avoid
bending during sintering process. As a result, the sintered tape is much flatter than
before, as shown in Figure 6-14. Meanwhile, in order to adjust the distribution of pores
in the electrode, both 350 nm and 1.5 um diameter PMMA were added as pore formers
in the electrode tape. Sintering temperature was increased by 25 °C to further eliminate
the pores in the electrolyte. Figure 6-15 shows that the thickness of the two electrodes
is 130 and 230 pum (2 and 3 layers), respectively, and the dense electrolyte is 15 pm
thick. Laminated layers are bonded tightly without detaching, exhibiting a good
interface. The porosity of the electrode is enhanced and there are mixed sized of pores
which are created from the different sized pore former. The mixed pores are believed
to be beneficial for gas transport. However, even under the higher sintering temperature,

the electrolyte seems to consist more pores than before, probably from the difficulty of
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removing the organic components of the tape during sintering. It indicates that the
sintering behaviour of the individual component (electrolyte or electrode) in the cell
has a dramatic influence on the other component when a co-firing process is applied.
Therefore, it is of great importance to find a suitable recipe of tape and sintering

parameters to reach a balance between the porous electrode and dense electrolyte.

Figure 6-14 Typical sintered laminated tape at 1325 °C for 10 h with an alumina plate

covering it.
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Figure 6-15. Microstructures of (a, b) the laminated tape sintered at 1325 °C for 10 h,

(c) the electrode layer and (d) the electrolyte layer.

However, after many experiments of modifying the tape recipe, sintering time and
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sintering temperature, we still did not obtain a cell with a good microstructure using
this route. This is probably because the water system also cannot work well in the
barium containing slurry as barium species can react with water in heating to form
Ba(OH),, which is hard to eliminate and detrimental for the sintering of the ceramics.

Therefore, the organic solvent system was tried in the following work.
6.3.3 Preparation of BCZYZ tape use an organic solvent

In the organic based formulations, a binary system of methyl ethyl ketone (MEK)
and ethanol is used as the solvent. Typically, a binary solvent may aid the solubility of
various kinds of additives in the slurry as well as modify the evaporation rate during
tape drying by adjusting the physical property of the solvent.>” For example, the low
evaporation heat of MEK gives rise to rapid drying of the casted tape, which would
make the green tape to be inhomogeneous. Moreover, the fast drying out produces a
dried surface on the tape in a short time and thus prevents the evaporation of the solvent
underneath, creating a solvent gradient. When another solvent with higher evaporation
heat is added, e.g., ethanol, the drying out rate is decreased, allowing the evaporation
process to be slower and producing a homogeneous green tape.

The preparation of the electrolyte tape slurry is made according to the amounts
from Table 6-1 and the electrode slurry is adjusted by the amount or types of pore
former (starch and graphite) and organics, as listed in Table 6-2. Meanwhile, the
sintering temperature is also a controlled parameter to obtain an electrode with
reasonable porosity. Electrolyte tape is laminated with symmetrical pore former-
containing tapes for electrode, followed by co-sintering at high temperature with a very
low heating rate to slowly burn out the organics. After sintered, the microstructure and

thickness of the electrode and electrolyte are estimated by SEM, shown in Table 6-2.

219



Table 6-1.

The formulation of the BCZYZ electrolyte slurry.

Component Formulations (g)
Powder BCZY+ZnO 30.6
Solvent MEK/ethanol 14.5

Dispersant Triton 0.195
PEG 243

Plasticizer
DBP 2.19
Binder BUTVAR 3.37

Table 6-2. Tape formulation for BCZYZ electrode slurries and the micrographs after

co-sintering with electrolyte.

C

Formulations (g)

Electrode 1 Electrode 2 Electrode 3

Powder BCZY+ZnO 8.5 8.5 8.5

Graphite 5.355 (67.3%) 6.9615 (72.8%) 3.477
Pore former
starch 2.745
Solvent MEK/ethanol 10.15 15.225 15.225
PEG 1.701 2.552 2.552
Plasticizer

DBP 1.531 2.296 2.296
Binder BUTVAR 2.355 3.533 3.533

Microstructure of the
cross section

electrolyte

1300 °C 4h

v xiage

4 1150°C 4h

| 1300°C4h ©

electrolyte

In the case of using the electrode 1 with a formulation 67.3 vol% graphite pore

former, after co-sintering with electrolyte at 1300 °C for 4 h, the electrolyte exhibits a

very dense fracture without pores. Nonetheless, only limited number of pores are found

in the electrode side, and the larger pores of about 10 um are created from the burnout

of the graphite and the small ones produced from the loss of organics. The porosity in
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the electrode is not supposed to be enough to provide interconnected and open diffusion
path for the gas migration to the TPB sites. Therefore, the sintering temperature is
further lowered to 1200 °C to decrease the shrinkage of the cell. However, the resulted
electrode did not show much difference in microstructure from the one sintered at 1300 °C
and the electrolyte is still dense. After that, in the formulation the volume percentage
of the pore former is increased to 72.8 vol% and the amount of organic additives are
increased correspondingly (Electrode 2). Unfortunately, after co-sintering at 1200 °C
for 4h, similar electrolyte and electrode microstructure are present as in the previous
sample, with thickness of the electrolyte approximately 56 pm and electrode 186 pm.
Further decreasing the sintering temperature to 1150 °C, the porosity of the electrode
seems to be increased but is still not high enough. For the electrolyte, even if the
sintering temperature is very low, it still surprisingly shows a high density. Additionally,
it is also noticed that the graphite created elongated, horizontal pores in the electrode,
due to its original flake particle shape. This type of arrangement of pores is not effective
for structure’s mechanical stability and gas diffusion capability. Therefore, a mixture of
flaky graphite and spherical starch was used as pore former in the following refinement
of the recipe (Electrode 3) to reach an optimum distribution of porosity. After co-
sintering at 1300 °C, the electrolyte demonstrates a dense microstructure, and the
electrode seems to possess an improved porosity and diversity of pores but there is still
room for improvement. The inserted image is the surface of the electrode after co-
sintering, which seems to be inhomogeneous and the dark colour is believed to be the
densified area. In order to achieve higher porosity, the sintering temperature was
lowered by 50 °C. The resulted tape presents a dense electrolyte and greatly enhanced
porosity of the electrode layer. Good adhesion at the interface between the dense and
porous layer is also indicated from the micrograph, which is important for transporting
proton ions from the electrolyte to the TPB sites in the electrode matrix. Following this
optimization, it is obvious the last recipe and sintering parameters are suitable for
preparing the laminated tape. However, here another severe problem appears, that is,
the strength of the electrode compartment cannot be compromised with tailoring its

porosity. When the electrode component is well sintered with reasonable mechanical
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strength, its porosity is very low, while when the porosity is suitable, the sintered
electrode tapes result in being fragile, sometimes with a powder-like layer (seen from
the white sintered tape in Electrode 3) that can even be scratched off. After considerable
evaluation and several adjustments, it is found that the mechanical strength of the cell
and the flatness mainly comes from the dense electrolyte. Consequently, the thickness

of the electrolyte has to be increased.
6.3.4 Preparation of Ni, Cu-doped BCZY electrode tape

In a solid-state proton conducting electrolysis cell, oxidation reaction occurs at the
anode side and reduction processes take place at the cathode. The different reactions
determine the different active catalysts on each side. For example, in the co-electrolysis
of CO; and steam on a proton conducting system, steam is electrochemically split into
proton and oxygen at the anode, then the resulted protons diffuse across the proton
conducting electrolyte to the cathode to react with CO». The reduction products at the
cathode highly depend on the selectivity of the supported catalysts. Therefore, the
anode and cathode should exhibit different catalytic activity towards their
corresponding reactions. In our work, the cathode is designed to catalyse the CO:
reduction process and Ni or Ni-Cu alloy nanocatalysts will be very suitable for this if
produced on the porous electrode scaffold. In the previous investigation of nanoparticle
exsolution, we have observed a large number of nanoparticles distributing
homogeneously on the parent substrate by in-situ exsolution. Here,
BaCeo.5Z103Y0.16Ni0.02Cu0.0203-5 porous electrode component is prepared by tape
casting method as cathode material and the fabrication of the Ni, Cu-BCZY tape follows
the same procedure as with the BCZYZ electrode. Note that the powder for the slurry
is also the mixture of pre-calcined BCZY together with NiO and CuO. Afterwards, the
green cathode tape is laminated with BCZYZ electrolyte tape. A porous BCZYZ
scaffold is used as SOEC anode which will be impregnated with LSCF in the late
experiment.

A different sintering behaviour from the previous materials is observed from the

introducing of Ni, Cu-BCZY electrode one. Unlike the presence of white colour after
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sintering, now the sintered tape exhibits a dark grey colour on both sides of the electrode
structure, indicating that there may be nickel or copper migration at the cathode,
diffusing throughout the electrolyte and the anode. In addition, the porosity of both
electrodes is also decreased (Figure 6-16 a) in comparison with the last recipe in Table
6-2 probably due to sintering activity of the dopant metals. In order to find out whether
Ni-Cu alloy nanoparticles can be exsolved from the perovskite fabricated from tape, the
co-sintered tape was reduced at 700 °C for 12 h in 5% Hz/Ar. However, a very limited
number of nanoparticles are observed on the cathode surface (Figure 6-16 d). Moreover,
some particles are also found on the electrolyte surface (Figure 6-16 b) and the BCZYZ
anode side (Figure 6-16 c), confirming that during the co-sintering of the laminated
tapes, there is significant migration of nickel and copper ions through the electrolyte
and anode. Thus, less nickel and copper are left in the cathode to exsolve on the surface.
The lower porosity of the BCZYZ electrode is also believed to result from the ion
diffusion.

Figure 6-16. (a) SEM micrographs of the co-sintered Ni, Cu-BCZY/BCZYZ/BCZYZ
tape, (b) the microstructure of BCZYZ electrolyte after reduction at 700 °C for 12 h,
(c) microstructure of BCZYZ electrode and (d) Ni,Cu-BCZY electrode after

reduction.
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Apart from the less doping level in the Ni, Cu-BCZY oxide after co-firing, another
possible factor that influences the particle exsolution is the synthesis method of the
perovskite oxide. For example, even if the Cu-BCZY tape is sintered without lamination
with BCZYZ electrolyte, a significantly decreased number of particles are observed on
the surface of tape after reduction at 800 °C for 12 h (Figure 6-17) compared with the
copper exsolutes on the pellet prepared from solid state synthesis in Chapter 3. In
addition, the particles on the sintered tape are much smaller than those obtained on the
pellet. Considering the surface morphology of the sintered tape, grains are very densely
packed with the grain size in the range of 0.5 - 2.5 um, smaller than the grains of the
pellet, due to milling process involved in slurry preparation for tape casting. It is known
that the sinterability and microstructure of the ceramics can be affected by several
factors, including the variables related to raw materials (material variables) and
sintering conditions (process variables). For the material variables, it includes powder
property (shape, size, size distribution, agglomeration, mixedness, etc) and chemistry
parameter (composition, impurity, non-stoichiometry); for the process variables, it
consists of temperature, time, pressure, atmosphere, heating and cooling rate, etc.® Any
change of these factors may give rise to a different microstructure of the final product
by influencing the sintering kinetics or thermodynamics. Thus, the better packed grains
of the perovskite prepared as a tape is also attributed to the highly mixedness of the
reactant oxides under the existence of organics in the slurry. On the other hand, the very
low heating rate in the sintering procedure also allows the homogeneous diffusion of
the oxide species, consequently producing a stable structure. Exsolution is supposed to
become difficult from a stable structure. Furthermore, the low heating rate would also
result in smaller grain size in the sintered tape, which possesses higher surface energy
than the larger one in the pellet, and this is assumed to be another reason for the smaller

and fewer exsolved particles on the sintered tape.
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Figure 6-17. Microstructure of sintered Bao.osCeo5Zr0.3Y0.14CU0.0603-5 tape after

reduction at 800 °C for 12 h in 5% H.j/Ar.

6.4 Slurry coating of the electrodes

6.4.1 Sintered powder for coating slurry preparation

As it can be seen when using the tape casting method, the co-sintering of the tapes
caused problems that are difficult to control, such as the reduced porosity and ion
diffusion of the electrodes, along with the difficult exsolution at the cathode. Thus, a
coating method was used now for the fabrication of the two electrodes while the
electrolyte was still prepared from the tape.

Screen printing is simple and cost-effective technique for the preparation of thin
films and it has been extensively used for the fabrication of electrolytes or electrodes
with thickness varying from a few tens of micrometres to about 200 pm.!!* A similar
technique has been used here taking into consideration the fragility of the electrolyte.
In order to prevent the nickel and copper ion from diffusing into the electrolyte, the ink
for screen printing was made with the ball milled powders of the single phase
BaCeo.5Z103Y0.16Ni0.02Cu0.0203-5 (cathode) and BCZYZ perovskite phase (anode
backbone). After both electrodes were printed on the sides of the sintered electrolyte
tape, the cell was calcined at 1200 °C for 2 h to remove the organics in the ink and make

the electrode to bond tightly on the electrolyte. It is found that a thin electrolyte after
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sintering has a strong curling edge and is lack of mechanical strength. A thicker
electrolyte was prepared by laminating two layers of tape. In addition, in order to
prevent the reaction with the supported alumina plate at high temperature, which is also
detrimental to the flatness of the tape, a thick bed of sacrificial powders is placed
underneath the tape. After sintering, the electrolyte tape presents good flatness and

reasonable mechanical strength, as shown in Figure 6-18.

‘ v

w

Figure 6-18. Sintered thick BCZYZ electrolyte tape.

SEM micrographs in Figure 6-19 show that the sintered electrolyte is 160 pum thick
and the BCZYZ and Ni,Cu-BCZY electrodes have a thickness of 15 and 35 pm,
respectively. The electrolyte is very dense with several isolated pores in it (Figure 6-19
b). Both electrodes in Figure 6-19 (c, d) reveal a porous structure which is suitable for
the gas diffusion in the electrochemical test. However, the packing of grains in Ni, Cu-
BCZY electrode looks inhomogeneous, as a mixture of some large particles of 2 pm
and many smaller particles, which indicates poor sintering of the electrode material.
Moreover, nanoparticles are not observed on the Ni, Cu-BCZY electrode side after
reduction at 700 °C, further indicating that the electrode prepared by coating with ink

made from the single perovskite phase is not effective for the utilization of cell.

226



> B Ny
£ / ! k@

Siatgipdrticled, jesmall particle
452 Y 2

TS Ty

ISR

. 2 . Ry
ER SR

y

~x

Figure 6-19. Microstructures of the cross section of the cell calcined at 1200 °C for 2
h (a), BCZYZ electrolyte (b), BCZYZ porous electrode (c), and Ni, Cu-BCZY
electrode (d).

6.4.2 Pre-calcined powder for coating slurry preparation

The nonuniform distribution of particles in the calcined electrode is probably due
to the low calcination temperature on one hand, and on the other hand may be attributed
to the presence of large particle that are difficult to sinter. This could come from
unsatisfactory milling and suspension of particles during initial ink preparation. The
inability to exsolve nanoparticles is supposed to result from the change of surface
energy. To solve this, a mixture of pre-calcined BCZY powder with nickel and copper
oxides was used to making the ink for printing. After printing the electrode material to
the dense electrolyte tape, the cell was fired at 1350 °C for 8 h. The microstructure of
the sintered Ni, Cu-BCZY electrode is evaluated in Figure 6-20. Obviously, the
electrode still remains a porous structure and the grains are quite uniform than before
without distinct large particles. This would be a much more suitable structure for testing.

The grain size is in the range of 0.2 - 0.8 um, which is much smaller than the grains
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present in the solid-state synthesized pellet.

Figure 6-20. Microstructures of Ni, Cu-BCZY prepared from coating, calcined at
1350 °C for 8 h. The ink was made from the mixture powder of pre-calcined BCZY

and nickel and copper oxide.

In order to obtain the electrode scaffold supported nanoparticles, the above
calcined Ni, Cu-BCZY electrode was firstly reduced at 700 °C for 12 h in 5% Ho/Ar in
a tube furnace to check its exsolution performance before applying it in the fuel cell
test. Unfortunately, as shown in Figure 6-21, a very clean surface was observed, without
evident exsolved nanoparticles even comparing with the Ni, Cu-BCZY perovskite
prepared in a single sintering procedure. This is consistent with the observation for the
previously reduced Cu-BCZY fabricated from the tape, where only several small
particles are distributed on the surface, which further suggests the significant influence

of perovskite synthesis method on its property.

Figure 6-21. Microstructure of Ni, Cu-BCZY electrode prepared by coating after
being reduced at 700 °C for 12 in 5% HJ/Ar.
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6.5 Electrochemical switching to drive exsolution

Although exsolved particles has been used to improve electrode performance, they
were only achieved by the chemical reduction prior to the electrochemical test.!>!®
Myung et al'® found that exsolution could occur electrochemically by applying voltage.
Compared with several hours in the conventional chemical reduction by hydrogen, the
electrochemical switching only requires hundreds of seconds to get a high extent of
exsolutions. Electrochemical switching has the same driving force for exsolution with
chemical reduction, that is, the pO, gradient between the oxide lattice and external
environment that gives rises to lattice reduction and subsequent exsolution. Kinetically,
the much higher differential pO> produced by voltage application (estimated 10~ atm)
in comparison with the typical 107" atm in reducing atmosphere is supposed to be the
reasons for this rapid exsolution. Moreover, when the voltage is applied, the sudden
flooding of the perovskite lattice with electrons significantly facilitates particle
nucleation, producing small yet numerous nanoparticles. Based on the feasibility of
exsolution on switching, we carried out tests of electrochemical switching on the Ni,
Cu-BCZY electrode fabricated by printing, using the Ag/BCZYZ/Ni,Cu-BCZY
configuration. The electrochemical reduction was performed by applying a voltage of
2 V under humidified hydrogen atmosphere for 2 min. The resulted microstructure of
the cell and Ni, Cu-BCZY electrode are presented in Figure 6-22. Unfortunately, the
cells seem to be seriously damaged by the applying of voltage and no exsolution is
observed on the substrate perovskite following this first attempt. Delamination of the
components could also be observed. Parameters like electrochemical reduction
atmosphere, gas humidity, voltage, switching time, etc, can affect the performance of
the electrochemical switching. Therefore, in the future work, these factors need to be
adjusted to investigate the exsolution ability from BCZY based perovskite by
electrochemical switching method. AC impedance spectra under open circuit voltage
(OCV) was collected before and after the switching, plotted in Figure 6-22 (c). The
ohmic resistance (Rs) can be estimated from the high frequency intercept with the

abscissa, which includes the resistances from electrolyte and electrode materials and
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the contact resistance between the two components. Among these factors, electrolyte is
the main contributor to the R value. The polarisation resistance (R;) of the electrode
takes place at the lower frequencies and can be estimated from the intercepts between
high and low frequency contributions at the real axis. Figure 6-22 (c) reveals that ohmic
resistance and polarisation resistance are greatly increased after switching. The
enlarged Rs and R, value is associated with the seriously damaged microstructure of the

cell.
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Figure 6-22. (a) Cross section of the cell after electrochemical switching, (b)
microstructure of the Ni, Cu-BCZY electrode after switching, (c) AC impedance
spectra of Ag/BCZYZ/Ni,Cu-BCZY in humidified H» at 650 °C before or after

switching.

6.6 Electrode impregnation and impedance testing

6.6.1 Impregnation of LSCF and Ni electrode

Impregnation, or infiltration, is a widely applied technique in the field of
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heterogeneous catalysis.?’?! Catalytically active particles can be introduced into the
ceramic support materials by impregnation. For the loading of the particles, precursor
solutions of the catalytically active materials are used to wet the surface of the porous
support backbone, which is often the same composition as the electrolyte component
for high compatibility, but can be an electronic or mixed conducting ceramic too. The
final expected material is obtained by drying and decomposing the precursor, and
sometimes a reduction process is required to achieve a metal phase. Generally, the
decomposing temperature is not very high, thus the interaction between the infiltrated
material and the host can be negligible. Impregnation provides a convenient way to
adjust the functionalities of the electrodes, such as ionic conductivity, electronic
conductivity and electrocatalytic property.

Since exsolutions did not occur as expected on the electrode fabricated by tape
casting and printing, additional nickel nano-catalyst is now introduced by impregnation
method into the Ni, Cu-BCZY scaffold from Ni(NOz3)2:6H>0 precursor. For the other
electrode structure, a solution containing a Lag¢Sro.4Co02FeosOs (LSCF) precursor
mixture (La(NO3);-6H20, Sr(NO3)2, Co(NO3)2:6H,O and Fe(NO3)3;-9H>O) was
infiltrated into the BCZYZ backbone to obtain the LSCF perovskite phase which has
been widely accepted as the cathode material for low temperatures SOFCs due to its
high electronic and ionic conductivities. According to literature??>, Ni(NO3),-6H,0
begins to decompose at 300 °C. However, it was reported by Klinsrisuk®* that even
calcinating the impregnated structure at 350 °C with a dwell time of 30 min, serious
disintegration and delamination of the BCZYZ scaffold occurs. Moreover, an
intergranular fracture which usually happens in weak grain boundaries was observed
not only on the impregnated porous scaffold but extending to tens of micrometres-
electrolyte area. This was assumed to be resulted from the still favourable reaction
between the BCZYZ oxide and water that produced from crystallisation of hydrated
nickel nitrate at 350 °C.% Therefore, in order to remove the water completely,
Klinsrisuk®* increased the firing temperature to 650 °C and no sign of degradation was
found after the repeated impregnation, successfully avoiding the undesired reaction

between BCZYZ and water. For the LSCF, the phase formation temperature is reported
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to be 800 °C for 1h.?®?® The morphologies of the impregnated species after
decomposition in air are shown in Figure 6-23 (a) and (b). Both backbones are covered
with the impregnated species, LSCF and NiO, and no obvious degradation of the

skeleton ceramics is observed.

Figure 6-23. Microstructures of impregnated LSCF (a) and NiO (b).

6.6.2 AC impedance and I-V curve

Silver was used as a current collector to provide efficient electric contact between
electrode and electrical connections. The cell was sealed in the testing jig, with the Ni
side exposing to humidified hydrogen atmosphere and the LSCF electrode to air.
Afterwards, the cell was heated to 600 °C in reducing atmosphere to obtain Ni metal
particles on the scaffold. The AC impedance spectra under OCV mode at 600, 650 and
700 °C are plotted in Figure 6-24 (a). Both the ohmic resistance and the polarisation
resistance are decreased with increasing the temperature, and polarisation resistance is
influenced more by temperature. The I-V and power density curves of the single cell
were measured at the temperature range of 450 °C — 700 °C, shown in Figure 6-24 (b).
The OCV value of 1.14 V indicates a good sealing of the cell and satisfying separation
between the anode and cathode. However, the maximum power density of the cell is

very low, with a value of 5.5 mW c¢cm™ at 700 °C and deceasing with lower temperature.
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Figure 6-24. (a) AC impedance spectra of BCZYZ-LSCF/BCZYZ/Ni,Cu-BCZY-Ni
cells with impregnated electrodes in humidified H: as a function of temperature, (b) I-

V curve and power density of the cell under fuel cell mode.

The microstructure of the impregnated electrodes after testing are displayed in
Figure 6-25. For the LSCF impregnated electrode, the surface of BCZYZ backbone
seems to be covered with a layer of another phase, which is supposed to be LSCF
material. The interface between the electrode and electrolyte component looks
completely covered with LSCF phase. This morphology of LSCF is not displayed as
the expected spherical nanoparticle structure that reported in literature, although a more
detailed analysis at higher magnifications is required®’?®. EDS mappings in Figure 6-
26 (a) reveal that La, Co and Fe are distributed uniformly while Sr agglomerates in
some areas. The secondary phase containing Sr is supposed to appear after the
calcination of the impregnated cell but not a result of the test. Shown in Figure 6-26 (b),
XRD result of the evaporated LSCF precursor solution after calcination at 800 °C for
1h indicates that the LSCF is not a pure phase, consisting of LSCF phase and SrCO;
impurity. The appearance of SrCOs3 phase is supposed to result from the inhomogeneous
solution since in the preparation of precursor solution, Sr(NOs3)> was first dissolved in
ethanediol due to the limited solubility in ethanol followed by mixing with the ethanol
solution dissolving with the other three compounds. The cell was weighed before and
after impregnation and the loaded LSCF content was calculated to be about 16%. The

insufficient amount of impregnated LSCF and the existence of impurity may contribute
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to low electrical conductivity of the electrode and thus produce a large R, value.
Therefore, in the future work, the impregnation of LSCF need to be further optimized
and the impregnation process should be repeated for more times to achieve enough
amount of deposited LSCF. On the nickel impregnated Ni, Cu-BCZY electrode,
numerous spherical Ni metal particles are dispersed on the scaffold, which can not only
form a percolation path for the electrical conductivity but also catalyse the dissociation
of steam in steam electrolysis. The Ni concentration is about 30% and satisfied with

expected loading amount.
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Figure 6-26. (a) EDS mappings of impregnated LSCF after testing, (b) XRD pattern

of calcined LSCF precursor solution after evaporation at 800 for 1h.
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Overall, a skeleton of the cell is obtained with dense electrolyte prepared from tape
casting method and porous electrode from screen printing technique. Impregnation
seems to be an effective way to prepare the electrode components of the electronic
conduction provider and catalytic sites. But more efforts need to focus on the technique
of the impregnation procedure. For the preferential in-situ exsolution method to achieve
nanocatalysts on the electrode, some parameters should be refined, such as the
microstructure of the substrate perovskite, the electrochemical switching atmosphere,

gas humidity, switching voltage and time, etc.

6.7 Conclusions

1. ZnO is an effective sintering aid for BCZY oxide and a pure phase can be
obtained at 1350 °C.

2. Aqueous slurry is not suitable for preparing the BCZYZ dense electrolyte.

3. Dense BCZYZ electrolyte is successfully fabricated by an organic-system tape
casting method.

4. Porous BCZYZ and Ni,Cu-BCZY skeletons with suitable good microstructure
are obtained by printing method, and the ink for printing is preferably made from the
mixture of pre-calcined BCZY powder and sintering aids.

5. No exsolution occurs on the coated Ni, Cu-BCZY electrode either by chemical
reducing or electrochemical switching. It may be because of the effect of perovskite
synthesis method on the structure stability and surface energy of the material. For the
electrochemical switching, parameters including atmosphere, humidity, switching
voltage and time can also affect the exsolution result.

6. Well dispersed Ninanoparticles are achieved by impregnation method. However,
the impregnated LSCF exhibits an impure phase and its impregnation amount is not
enough.

7. Ohmic resistance and polarisation resistances are decreasing with the testing
temperature with polarisation resistance showing a higher dependence on the

temperature than the ohmic resistance.
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Conclusions

This study revealed the nanoparticle exsolution phenomenon from barium cerate
zirconate perovskite substrate and illustrated the mechanism. In addition to the
exsolution from the bulk perovskite, a competing exsolution from an intermediate phase
is observed here, which includes the exsolution of Ba-M-O from the perovskite and the
exsolution of M from the Ba-M-O phase.

In the Cu particle growth from the doped BCZY oxide, Ba®" is suggested to firstly
diffuse to the perovskite surface, forming BaOx. The diffusion usually occurs from
about 100 nm below the substrate surface. The vacancies created from barium
segregation reduces the migration barrier for copper ions greatly, which leads to the
copper ions transferring to the surface afterwards, forming Ba-Cu-O intermediate
phases with the BaOx. With a longer reduction time or higher reduction temperature,
the copper ions exsolve from the Ba-Cu-O phase, reduced into Cu metal particles.
Determined by the phase equilibrium in the BaO-CuO system, the exsolving of Cu
particle from the Ba-Cu-O phase is accompanied with the segregation of BaOx,
resulting in mixing different interfaces: metal particle and perovskite substrate, metal
particle and BaOx, BaOx and perovskite substrate. Meanwhile, this exsolution process
results in some Cu particles consisting of traces of Ba’, existing on the surface layer of
the particle, which may change the catalytic activity in catalysis or electrochemical
catalysis. The morphology of Cu particles are re-constructed after oxygen plasma
treatment, showing a much higher catalytic activity towards CO oxidation.

Ni doping in the barium cerate zirconate is accompanied with impurity phases of
Y>BaNiOs, NiO and BaNios302.5, varied depending on the doping concentration. 5%
A-site deficiency decreases the sinterability of the material, leading to a smaller grain
and porous structure due to the less amount of active barium participating in forming
the liquid phase to facilitate sintering. When doping 6% Ni in the stoichiometric
composition, exsolution occurs in three ways. The first one is conventionally suggested
exsolution from the destabilized perovskite lattice due to oxygen loss. The second one

occurs at the near grain boundary area, exsolving after the volatilization of Ba(OH):
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that comes from decomposition of BaNio§302.5 impurities. The third process is similar
as the copper exsolution mechanism, that Ni particles decomposed from the segregated
barium nickelate flakes. A-site deficiency can only weaken the segregation of barium
nickelate but not eliminate.

While 4% single dopant of Cu or Ni gives rise to impure phases in the perovskite
sintering, the co-doping of Cu and Ni eliminates the formation of impurities. Much
nicer exsolutions were obtained in the bimetal doping perovskite, with a smaller particle
size and higher population. Barium migration promotes the alloy exsolution due to the
formation of Ba-Ni-Cu-O as an intermediate phase, as verified by the larger population
and smaller particle size on the A-site cation rich smooth native surface. This exsolution
process overcomes the drawbacks of limited B-site exsolution due to A-site enrichment
on the surface. In addition, when the perovskite is doped with 2% nickel and copper for
each, the resulted alloy particle has a Ni/Cu ratio of ~4/1, suggesting that the
reducibility of the cation is strongly affected by another species. For the influence of
A-site deficiency on proton conductivity, it enhances the conductivity by improving the
pre-exponential factor at the grain boundary.

Unfortunately, when the doped barium cerate zirconate material is applied as solid
oxide cell electrode by tape casting or screen-printing method, nanoparticles exsolution
is difficult to occur, either shows a small particle size with less population or no
exsolutions. This is probably inhibited by the high surface energy of the perovskite

fabricating by these techniques.

Future work:

In this work, the electrode with finely distributed nanoparticles from exsolution
was not successfully prepared. In future work, the cell will be fabricated by solid-state
reactive sintering and tested for CO2 and H>O co-electrolysis.

Recent work on the BCZY supported Cu particles catalyse CO oxidation shows a
very high activity, especially the plasma modified pellet, with the rco> value reaching
0.29 umol/(s cm?). The exsolved particles on BCZY is quite promising in the catalytic

field. More catalytic tests on the materials with Cu or Ni-Cu alloy exsolutions will be
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conducted, such as NO oxidation and WGS reaction.

The bimetallic doping behaviour in the BCZY is also worth to be investigated.
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