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Abstract

Low-temperature solid oxide fuel cell (LTSOFC) offers a promising new energy conversion
technology, which converts chemical energy into electrical energy. The benefits of LTSOFC
technology include a low operating temperature, relatively high energy conversion efficiency,
and potentially low costs. One of the key challenges with LTSOFC, however, is the power
density and the ionic conductivity of the electrolyte, which still needs improvement.

In this work, several different synthetic and fabrication processes, such as co-precipitation
synthesis, freeze-drying synthesis, and spark plasma sintering (SPS) techniques were
employed to enhance the performance of the composite electrolyte for the LTSOFC fuel cell.

As the base electrolyte material, samarium-doped ceria (SDC) was employed, which was also
modified by adding a carbonate element (CSDC). A LiNiCuZn electrode composite was utilized,
which was synthesized using the slurry method. The ionic conductivity of the electrolyte could
be improved via the freeze-drying and SPS methods as opposed to the co-precipitation method.

The cold-pressing and hot-pressing methods were separately applied to prepare
laboratory unit cells of the LTSOFC with the following results. The highest power density
obtained was 1 W/cm? at 470 °C. The best ionic conductivities were obtained by freeze-drying
and the SPS, which exceeded 0.4 S/cm. In a carbonate-SDC electrolyte, adding CO, to the air
oxidant clearly improved the power density and the open circuit voltage of the fuel cell. The
power density was improved by 30-100% and the OCV by 0.1-0.2 V compared to using pure air
as an oxidant.
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1. Introduction

1. Introduction

1.1 Background

Fossil fuels have been key to human development, enabling the growth of the
modern advanced society with its high standard of living. At the same time, the
utilization of fossil fuels have caused adverse effects, such as the energy crisis,
greenhouse effect, ozone hole, and other environmental pollution and damage [1].
As these effects may jeopardize ecosystems and economic well-being [2, 3], the
development of clean energy alternatives to fossil fuels has become both a

necessary and urgent task.

Clean energy sources include different forms of renewable energy, such as
hydro power, wind power, solar energy, bio-energy, tidal energy, and ocean
thermal energy [4]. However, their utilization in global energy consumption
remains relatively low at around 19% of global energy consumption in 2015 [5].
Around the world, many concerned countries have been implementing new
initiatives to promote the use of clean energy. The Europe Union aims, for
instance, to raise the scale of renewable energy to 20% of its energy consumption
by 2020 [6]. As demand for clean energy grows, there has been considerable
interest in new research developments in promising alternatives; chief among
these are hydrogen energy technologies, which employ hydrogen as an energy
carrier, fuel, and storage. In theory, hydrogen could form the basis of a future
global energy system. Hydrogen is often associated with high-efficiency energy
conversion technologies, such as fuel cells, which convert chemical energy into
electricity through electrochemical reactions without any moving parts [7]. Fuel
cells provide high energy conversion efficiency and high power density, without

producing any noise or pollution [8]. Consequently, fuel cells and hydrogen
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1. Introduction

energy have garnered substantial interest worldwide; for instance, they featured

prominently in China’s 12th 5-year plan for 2011—2015 [9].

Although often regarded as a relatively recent invention, fuel cells were in fact
invented in the 19th century. However, their first true success came much later
with their application in space programs, such as the Apollo program [10]. Fuel
cells are also employed in submarines due to their inherent noiseless
performance [11]. Interest in fuel cells grew substantially during the energy crises
of the 1970s, which in turn led to major technology developments and
deployment efforts. Since then, fuel cells have successfully been demonstrated as
small-scale power plants and in vehicular uses. As it stands today, fuel cells are
employed in different niche applications, but they are not yet fully commercial in
mobile and stationary applications. Their relatively high costs and durability

concerns remain the key challenges ahead for fuel cells.

Currently, there are several types of fuel cells, which provide an array of
different characteristics. The solid oxide fuel cell (SOFC) is an interesting
technology as it is based on a solid ion conductor and employs low-cost ceramic
or metallic materials [12]. As the SOFC operates at a high temperature to provide
adequate ionic conductivity, a range of fuels could also be employed through
auto-thermal reforming of fuels into hydrogen and carbon monoxide, which can
both be employed in the SOFC [13-15]. Other advantages of the SOFC are its high

power and current density.

The SOFC fuel cell has a high operating temperature (700—1000 °C) which leads
to major durability issues and requirements on materials, gas sealing, and so
forth [16-17]. To overcome these challenges, one strategy would be to lower the
temperature; however, this would necessitate changing the electrolyte to
maintain a sufficiently high ionic conductivity, which is important for fuel cell
performance. In a low temperature solid oxide fuel cell (LTSOFC), the required
temperature is only 300-600 °C. However, with advanced material solutions,
such as samarium-doped ceria as the electrolyte, it is still possible to achieve an
effective ionic conductivity [18—19]. The relatively low operating temperature of
the LTSOFC can ease the choice of materials, which may likewise decrease the
costs.

13



1. Introduction

1.2 Motivation and objectives of this thesis

Although the LTSOFC technology shows promising properties, several problems
remain before this technology can be commercialized. Many of the open issues
are related to the performance of the LTSOFC and its components, and in
particular to the utilized materials. Thus, this thesis focuses on the material
selection for and the fabrication of the LTSOFC in order to identify solutions to

improve its performance.

The LTSOFC is often based on doped cerium oxide including samarium-doped
ceria (SDC), gallium-doped ceria (GDC), and calcium-doped ceria (CDC) [20—23].
The cerium-based electrolyte has high ionic conductivity at low temperatures.
Recently, the ionic conductivity has been improved by employing nanostructures,
such as nano-composites made of carbonates and SDC (CSDC). For the electrodes,
low cost metal oxides like nickel oxide, zinc oxide, and copper oxide have been
employed as well as different kinds of carbonate salts [24]. These developments
have led to the LTSOFC achieving a power density of 1000 mW/cm? at 470 °C
and 1700 mW/cm2 at 650 °C [25].

Accordingly, this study aims to build on this success by further developing the
LTSOFC through improved material synthesis of nano-composites, mainly that
of the electrolyte, but also through the oxidant content and fabrication of the fuel
cells. Different material synthesis methods were chosen to improve the
performance of both the electrode and electrolyte. The materials for the
electrodes were synthesized with the slurry and solid mixing methods. For the
electrolyte material synthesis, the co-precipitation, freeze-drying, and spark
plasma sintering (SPS) methods were utilized. Fuel cell fabrication methods and
different oxidants were also applied for the LTSOFC.

The structure of this thesis is as follows. Chapter 1 provides a general
introduction, background, and motivation for further developing low
temperature SOFC. Chapter 2 presents the fuel cell principle along with the
different fuel cell technologies. Thereafter, the experimental methods utilized in

the thesis are described in Chapter 3. The main results of these experiments are

14



1. Introduction

presented in Chapter 4 and are divided into subsections according to the
aforementioned journal publications. Finally, Chapter 5 includes a summary and

the conclusions of this thesis.

15



2. Fundamentals of a fuel cell

2. Fundamentals of a fuel cell

2.1 Basic working principle of fuel cell

A fuel cell converts chemical energy into electrical energy though the oxidation-
reduction reaction [26]. The fuel on the anode side is oxidized into ions on the
surface of a catalyst (electrode) and releases electrons, which are employed in an
external circuit and then returned to the cathode, where the oxidant is reduced
into ions [27]. The ions created in the electrochemical reaction will transfer
through the electrolyte layer. The specific type of ions depends on the type of the
fuel cell (e.g. H*, 02, CO52-, OH-, and PO,43). Regardless of the ion types, there is
always an electrical balance between the ions through the internal circuit and

electrons through the external circuit.

In Fig. 2.1, the cross section of a fuel cell illustrates its key components, that of
an anode, cathode, and electrolyte. The electrode of the fuel cell is also a catalyst.
The electrode is normally a mixed electrode composed of pure electrode and

electrolyte [29-31] to allow for both ionic and electronic conductivity.

The electrolyte is utilized to separate the anode and the cathode to avoid short-
circuiting, and it forces the electron to transmit through the external circuit.
Attached to the anode and cathode, the current collector is used to gather the

created current.

Here, it is worth considering a solid oxide fuel cell (SOFC) with hydrogen as the
fuel and oxygen as the oxidant. The reduction and oxidation reactions are the

following [32—33]:
Anode reaction: H- - 2e- — 2H* (1)

Cathode reaction: O= + 4e- — 202- (2)
16



2. Fundamentals of a fuel cell

Overall reaction: H» +1/20> — H-0 (3)
Current
collector Catalyst
N '4

Oxygen (air)

Hydrogen

91A|04109|3

Figure 2.1. Structure of a fuel cell, the anode (negative electrode) receives the fuel (hydrogen) and the

cathode (positive electrode) the oxidant (air/oxygen).

The operating temperature of the fuel cell displayed in Table 2.1 affects the ionic
conductivity of its electrolyte. If the fuel cell temperature is sufficiently high, then
less catalyst will be necessary. However, a lower operating temperature requires
a catalyst with a higher catalytic activity, according to the Arrhenius equation in

Eq. (4) [34]:

K~ e~ E/RT (4)

where K is the reaction speed constant; Ea is the activation energy of reaction; R’

is the gas constant; and T is the temperature.
17



2. Fundamentals of a fuel cell

The PEM fuel cell operates at a low temperature of under 100 °C. The SOFC has
the highest operating temperature of around 800 °C, followed by the molten
carbonate fuel cell (MCFC). In comparison, the LTSOFC has a temperature below
600 °C.

The theoretical ideal voltage, E, of a fuel cell can be calculated by the Nernst
equation [35—36]:

E = EO — BT | fred (5)

nf aox

where E° is the standard potential; R’ is the ideal gas constant, 8.314472(15) J.K-
tmol; T is the temperature (K); F is the Faraday constant; n is the number of
electron transmissions in the semi reaction formula (mol); ared is the activity of

the reduced chemicals; and aox is the activity of the oxidized chemicals.

Once current is drawn for the fuel cell, voltage losses will occur through
activation, ohmic, and concentration potential losses, or so-called polarization,
which decrease the performance of the fuel cell [37]. Figure 2.2 illustrates the
losses. The theoretical voltage in Eq. (5) represents the highest possible voltage,
but the activation required at the electrode will drop the voltage at I = o called the
Open Circuit Voltage (OCV) to a lower value. The ohmic, or resistive, losses
originate mainly from the electrolyte and depend on its conductivity when the

fuel cell draws more current. These losses are also addressed in this thesis.

Nernst potential

\

\

ocv

gas consumption

& ohmic losses
£ | activation
] / -
> .
potential cell polarization
losses
voltage /

concentration potential

»

current density

Figure 2.2. Schematic plot of voltage versus current density showing different types of polarizations [37].
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2. Fundamentals of a fuel cell

2.2 Fuel cell types

There are several types of fuel cells, often named according to the ions involved
in the electrochemical reactions. The main fuel cell types are explained in Table

2.1. Typically, fuel cells utilize air or O- as oxidants.
The next section provides a short description of the main fuel cell types.

Table 2.1. Fuel cell types and their basic characteristics [38—39].

Electrolyte/ Oper. | Electro-
Name Type tempe | chemical Fuel | Typical output
Ions rature | efficiency
(W)
: KOH solution 300W-—
AFC Alkaline 90 50—-60% H.
fuel cell /OH_ 5kW
Proton
Proton exchange
PEMFC | exchange membrane 80 40-60% H. 1kwW
fuel cell
/H*
Phosphoric Ph.osphoric 160— CH
PAFC acid fuel acid 45-55% * | 200kW
" 220 H.
ce / H*
Molten Alkali metal MW
_ 2 -
MCEFC carbonate carbonates 620 50-60% CH,,
molten 660 H. MW
fuel cell . 10
mixture/CO42
Solide Ion conducting 800— CH
SOFC oxide fuel | ceramic/O> 50—65% * | 1-100kW
1000 H.
cell (HY)

i. Alkaline fuel cell (AFC)

The AFC utilizes an amianto network as its carrier electrolyte to support the
potassium hydroxide (KOH) solution electrolyte, and it has an operating
temperature of 60—200 °C [40]. High concentrations of potassium hydroxide

(85%) are chosen as the electrolyte at high temperatures (~ 200 °C), and low
19



2. Fundamentals of a fuel cell

concentrations of potassium hydroxide (35 to 50%) are chosen at low
temperatures (< 120 °C). Compared with other fuel cells, AFC has a higher power
density and more reliable performance. However, the AFC must utilize pure
hydrogen as the anode of the fuel gas and pure oxygen as the cathode oxidant,
and precious metals, such as platinum, gold, and silver, and transition metals,
such as nickel, cobalt, and manganese are used as -catalysts [41-42].
Unfortunately, the corrosiveness of the AFC electrolytes results in a relatively
short lifespan. This characteristic has limited the development of the AFC and
relegated its successful use to aerospace or military applications. Thus, it is
already lagging behind current technology and is not suitable for development in

wider consumer applications.
ii. Proton exchange membrane fuel cell (PEMFC)

The electrolyte for the PEMFC is a solid polymer membrane with strong proton
conductivity. Within the PEMFC, water is the only liquid and is non-corrosive;
however, water management becomes an important factor affecting the efficiency
of the fuel cell. The PEMFC must operate under a water production rate
substantially higher than its evaporation rate to ensure the PE film holds
adequate water content. The operating temperature of the PEM fuel cell must be
limited to below 100 °C because of this water balance; however, the operating
temperature of the high temperature PEMFC has been shown to reach 180 °C
[43—45]. Normally, the PEMFC operation temperature is about 80 °C with a low
remaining heat utilization, but it also makes the PEMFC operation start-up time
short, which can reach full load in a few minutes [45—47]. Moreover, compared
with other liquid electrolytes, such as the phosphoric acid fuel cell (PAFC) and
MCEFC fuel cell, the PEMFC has a higher current density and specific power, and
it has a power generation efficiency of about 43—-58%. Its characteristics of long
life and reliable operation make it popular for current vehicle power, mobile
power, distributed power, and household power supply but not for larger capacity

and medium-sized power plants [48].

iii. Phosphoric acid fuel cell (PAFC)

20



2. Fundamentals of a fuel cell

In the PAFC, the phosphate ion conductivity is relatively poor at low
temperatures, and the platinum anode is susceptible to the presence of carbon
monoxide; thus, the operating temperature of the PAFC is about 160—220 °C. In
addition, the PAFC utilizes a concentration of 100% phosphoric acid as an
electrolyte to reduce the pressure of water vapor and improve water management.
The phosphoric acid electrolyte is not affected by the presence of carbon dioxide
in the fuel gas and air, which is one of the reasons for its first terrestrial
applications or its utilization in commercial fuel cells. While the power generation
efficiency of the PAFC is only 40—45%, the PAFC technology is mature and
already has a market with existing commercial products for decentralized power

supply, field mobile power, and backup power supplies [50].
iv. Molten carbonate fuel cell (MCFC)

The MCFC electrolyte is distributed in a porous ceramic material, alkaline
carbonate (LiAlO:). This electrolyte has a high ion conductivity when in a molten
state at 600—800 © C. Due to the high operating temperature, nickel and nickel
oxide were used as the anode, and the cathode catalyst instead of a noble metal
catalyst, such as platinum electrodes, is not necessary for MCFC. Consequently,
CH,4 and CO can serve directly as a fuel for the MCFC according its internal
reforming capability, which not only improves the efficiency of power generation
but also simplifies the system. The power generation capacity and efficiency of
MCFC is further improved if combined with the recoverable waste heat with a gas
turbine or a combination of complex power systems. Compared with the SOFC,
the MCFC has several advantages, such as lower operating temperatures, lower
cost metal material, less expensive electrode and electrolyte membrane, simple
bipolar plate production and seal technology, low cost and easy to scale power
generation [50-51]. The MCFC has some disadvantages though in that the carbon
dioxide circulating system must be formulated; it has a shorter life expectancy
compared with the SOFC; the molten carbonate is corrosive and volatile; and the
power generation efficiency is lower than the SOFC. Compared with the low
temperature fuel cells, the long start-up time for the MCFC is not suitable as a
backup power supply. Overall, the MCFC is nearing commercialization, and it

represents an ideal choice for dispersion stations with centralized power plants.
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v. Solid oxide fuel cell (SOFC)

The SOFC electrolyte is a solid-state, non-porous metal oxide, such as Samarium-
doped Cerium (SDC) and YSZ (yttria oxide incorporation of zirconium, Y-Os-
stabilized-ZrO.), with an operating temperature range of 650—1000 °C and a high
oxygen ionic conductivity [52,54]. Generally, the anode is constituted from
ceramic material, such as cobalt or nickel-zirconium oxide (Co- ZrO: or Ni- ZrO-),
and the cathode is made from manganese-lanthanum strontium (Sr-doped-
LaMnO3). The SOFC has a more flexible shape since the electrolyte is solid;
thereby, it can be molded into a tubular shape and offset shape. Compared with
liquid electrolyte fuel cells (AFC, PAFC, and MFC), the SOFC eliminates problems
of electrolyte corrosion and evaporation and offers a long continuous operating
life of up to 70,000 hours [53]. However, it is not easy to create a seal between
the metal and ceramic materials due to the high operating temperatures.
Compared with the low temperature fuel cells, the SOFC has a longer start-up
time, which is not suitable as an emergency power source. Compared with the
MCFC, the SOFC provides higher efficiency and a longer life gas turbine
combined with a cycle power generation system. However, it is more difficult to
develop the SOFC technique, and the cost remains higher than the MCFC. Overall,
the SOFC is an ideal choice for fossil fuel power generation technology in the
future from the perspective of plant performance, both for small- and medium-

capacity decentralized power supply and large-capacity centralized plants.

2.3 Low temperature solid oxide fuel cell (LTSOFC)

In an SOFC, both the electrode and the electrolyte (YSZ) materials are composed
of metal oxides with a high operating temperature (700—1000 °C). The high
operating temperature represents one of the main problems in commercializing
the SOFC. The high temperature places heavy requirements on the materials and
cell seals. Thus, lowering the operating temperature is one crucial aspect for

improving the commercial viability of the SOFC [56].
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Both the electrode and electrolyte of the low temperature solid oxide fuel cell
(LTSOFC) are composed of low temperature ceramic materials operating at a
lower temperature of 300-600 °C [57—58]. The electrode is formed from a low-
cost metal oxide, e.g. ZnO or NiO, and the electrolyte is made from materials,
such as Samarium-doped ceria (SDC) with carbonate (CSDC) or carbonate-GDC.
The fuel for LTSOFC is H», and the oxidant is air, pure O-, or air and CO2[14-15].
The ionic conductivity of the LTSOFC electrolyte is higher at lower temperatures
than that of the SOFC electrolyte at higher temperatures [59, 60].

To explain the ionic transmission in a typical LTSOFC, e.g. based on samarium-
doped ceria (SDC), the material “doping” theory is often employed [59, 61]. In
this theory, the matrix lattice of SDC is CeO-, and the chemical valence of the
cerium ion is +4. When two Sm3+ ions have a similar volume but smaller chemical
valence than two Ce4+, the positive ions in SDC loose two chemical valences. In
order to maintain the balance of electric charge in the SDC lattice between
positive ions (Ce4+ and Sm3+) and negative ions (O2), one O2 must be removed
from the lattice, then there will be one oxygen ion vacancy created. After doping
SDC, the content of samarium ions may reach 20% of all positive ions in the SDC,

generating plenty of vacancies.

The electrolyte of a nano-composite, composed of carbonate and SDC, GDC, or
CDC, have multiple ion transmission characteristics. The ions could include, in
this case, H*, 02, and CO32-, [62]. In one theoretical explanation, the oxygen ion
is transmitted on the interface between the carbonate and the electrolyte [59, 63,
64], also called the interfacial conduction. The interfacial conduction theory is
illustrated in Fig. 2.3 to explain dual-ion (H* and O2) transmission. For H+*
transport, the “swing model” has also been proposed [65]. The scheme for CO32-
transmission is often described as ternary ionic conduction [23, 62]. In our study
(Publication IV), we also found an ionic conduction contribution from alkali ions

and CO32" in a nano-composite LTSOFC.
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Figure 2.3. A schematic for the proposed hybrid H*/O?% ion conductor model [67]. Reproduced with

permission. Copyright 2013 Elsevier.

A recent further development of the LTSOFC includes the so-called single
component fuel cell principle in which a homogenous layer of semiconducting

and ionic conducting materials can realize a fuel cell [68].

2.4 Materials for LTSOFC

To decrease the operating temperature while maintaining high ionic conductivity,
nano-composite materials including electrode materials and electrolyte materials
were investigated in this study. The term, nano-composite, refers to the particle
size of the utilized powder materials, which is in the nanometer scale, typically
10—20 nm. At this scale, the surface effect becomes important, e.g. 90% of the
atoms will lay on the edge of the particle when its size is < 10 nm. In this thesis,
the nano-composite was formed as a 50—100 nm cluster of nanoparticles. The on-
edge atoms have a high energy and easily interact with atoms from other
materials. The activated and unstable atoms on the surface have high mobility
resulting in high ionic conductivity, or so-called super-ionic conductivity [61]. In
this work, the nano-composite was composed of carbonate and SDC particles

with an interface between the carbonate and SDC as shown in Fig. 2.4 [63].
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Figure 2.4. lonic conductivity highway in SDC-carbonate nano-composite electrolyte [63]. Reproduced with

permission. Copyright 2008 Elsevier.

Thus, the nano-composites make use of interfaces and interactions in the
interfacial regions between the two constituent phases, which result in interfacial
ionic conduction highways, i.e. super-ionic conduction, oxidation, and reduction
redox reactions below 600 °C [69]. This differs from single-phase materials, such
as YSZ and SDC, where the high conductivity is realized by aliovalent doping to
create oxygen vacancies inside the structure (bulk mechanism), which requires a

high temperature to activate the ionic mobility.

Several kinds of electrode materials can be applied in the LTSOFC, for example
LiNiO-SDC, NiO-SDC, and Ni-GDC (gallium-doped cerium) [70-71]. We chose
the Lio.15Nio.46Cuo.15Zn0.230 (element content) as the electrode for the LTSOFC.
LiNiO is often used as a cathode for the LTSOFC due to its high catalytic activity
with Oz, and ZnO has a strong electronic conductivity after doping [72]. In
addition, CuO easily reduces into an excellent electronic conductor, Cu, when

combined with H» during operation.

The electrolyte layer must be dense to avoid any gas leakage and have poor
electronic conductivity to avoid short-circuiting [73]. The electrolytes employed
in the LTSOFC include gallium-doped cerium (GDC), carbonate-gallium-doped
cerium (CGDC), SDC, NSDC (sodium carbonate-SDC) and CDC (calcium-doped
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cerium) [74]. In this study, CSDC was used: the basic material was SDC with 15—

35% carbonate salt to improve the ionic conductivity.

The ions in a CGDC- and CSDC-based LTSOFC are COs2- and 0225, 75, 62].
The ionic conductivity of CSDC has reached 0.4 s/cm (Fig. 2.5a) and the power
density 1W/cm? at 470 °C and 1.7 W/cm?2 at 600 °C [25, 61], respectively. For
comparison, the ionic conductivity of a traditional SOFC YSZ-electrolyte (Fig.
2.5b) is much lower than that of the LTSOFC electrolyte.
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Figure 2.5. (a) lonic conductivity of the LTSOFC electrolyte and (b) SOFC YSZ electrolyte [61, 77].

Reproduced with permission. Copyright 2014 Elsevier.
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3. Experimental methods

The experiments with the nano-composite LTSOFC described in this study
include the synthesis of electrolyte and electrode materials, fuel cell fabrication,
fuel cell measurements, microscopy, and spectroscopy. This study employed
three methods to synthesize the electrolyte material, two synthesis methods for

the electrode materials, and two methods of fuel cell fabrication.

3.1 Materials synthesis

The co-precipitation method and freeze-drying method were applied to the
electrolyte synthesis, and the solid mixing and slurry method for the electrode

preparation, respectively.

3.1.1 Electrolyte prepared by co-precipitation (Publications IlI, IV)

Co-precipitation is the usual method for LTSOFC electrolyte preparation [77-79],

as shown in Fig. 3.1.

Mixing two ( |
kinds of

( ) Prepare ) (
Dissolving alkali Filtration of Material
nitrate salt carbonate solution deposition sintering

Figure 3.1. Co-precipitation method.
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Ce(NO3)-6H-0, Sm(NO3)-6H-0, Li-CO3, Na-CO3, and K-CO3; were used as the

base materials. The synthesis proceeded as follows:

(1) Nitrate salts, Ce(NO3)-6H-0 and Sm(NOj3)-6H-0, were dissolved in de-ionized

water with continuous stirring with a magnetic stirrer;

(2) Then, alkali carbonate was dissolved into de-ionized water with the same
stirring process as above. The molar quantity of the alkali carbonate is twice that
of the Ce(NO3)-6H-0 and Sm (NO3)-6H-0;

(3) Solution number (2) was slowly added into solution (1) with vigorous stirring
to avoid generating too high of a precipitation speed to form non-uniform white

precipitation;

(4) The high speed stirring continued for 3 hours, then the liquid number (3) was

washed 5 times with de-ionized water and filtered;

(5) The materials were dried after filtration for 24 hours, then sintered at 700 °C

for 2 hours.

Step (5) produced a white powder, carbonated SDC, which was used as the
electrolyte for the LTSOFC.

After this synthesis process, it became apparent that there is a defect in and
advantage to this method. First, most of the alkali carbonate was consumed by
the cerium nitrate and samarium nitrate, and the remaining alkali carbonate was
lost in filtration or attached to the precipitation. This means the actual content of
alkali carbonate is unknown. This will cause an electrolyte with low repeatability.
There are also several defects in the method compared with the freeze-drying

synthesis method.

It is a simple material synthesis method made available without any

complicated devices, at a low cost, and in a short preparation time.
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3.1.2 Electrolyte prepared by freeze drying (Publications I1,V)

To improve the electrochemical performance, the freeze-drying method was

applied with the steps shown in Fig. 3.2:

-

Nitrate salt ca'rAtllc()?\gte Adding citric Adding poly
dissolving preparation acid ethylene
r s -
Drying Adding Adding alkali
Eslfn(igﬁh’te solution in ammonia carbonate
9 freeze drier solution solution

Figure 3.2. Freeze-drying process for electrolyte preparation.
The synthesis was as follows:

(1) Dissolve the Ce(NO3)-6H-0 and Sm(NO3)-6H-0 in de-ionized water with

continuous stirring with a magnetic stirrer;

(2) Dissolve a suitable amount of alkali carbonate into de-ionized water with

continuous stirring with a magnetic stirrer;

(3) Add a suitable amount of citric acid into the solution after step (1) to change

the cerium ions and samarium ions into complex ions with continuous stirring;

(4) Add ammonia solution into the solution after step (3) until the pH reaches

10;

(5) Add the alkali carbonate solution into the solution in step (4) with continuous

stirring;
(6) Dissolve a suitable amount of polyethylene into the solution after step (5);
(7) Freeze the solution from step (6), then dry it in a freeze dryer;

(8) Sinter the dry powders from step (7) at 700 °C for two hours after 36 hours
of drying.

29



3. Experimental methods

In step (3), a white deposit appeared in the beginning, and then disappeared

when the ammonia solution was added into the solution continually.

Complex groups will deposit when the pH is less than 7 and dissolve when the
pH is larger than 7. Then, the alkali carbonate solution will mix uniformly with
the Ce3* and Sm3+ in the solution after the alkali carbonate was added into the
solution after step (4), and without any consumption with an alkaline solution.
Then, the alkali carbonate will exist in an accurate content according to the

calculation in the experiment.

The alkali carbonate and rare earth element ions were mixed more uniformly in
a liquid state than that of the solid and liquid state mixing in the co-precipitation
method. Compared with the co-precipitation method, the particle size of the
electrolyte is readily controllable. Moreover, more interface boundary was

generated in this method, resulting in increases in the ionic conductivity highway.

The SDC can be mixed with as much alkali carbonate as required, which can
even reach 80%, but this is difficult with the co-precipitation method. The SDC
used polyethylene to decrease the particle size of the electrolyte and to enable

porosity in the electrolyte.

The freeze-drying method is more easily controlled, but the synthesis time is
longer for it needs to be dried in a freeze drier and requires more equipment than

that of the co-precipitation method, making it more complicated.

3.1.3 Electrolyte prepared by SPS (Publication I)

Spark plasma sintering (SPS) was also tested for the electrolyte preparation.
Basically, it is a method to prepare the electrolyte layer out of the powder. It is a
high-speed powder consolidation/ sintering technology for processing
conductive and non-conductive materials. In SPS, a DC current generates heat
internally. While traditional methods of materials processing often require hours
to reach peak temperatures, SPS takes only a few minutes, i.e. it is very quick. The

clear benefits of SPS are time and energy savings, and the ability to retain nano-
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structures. The radiant heat also causes plastic deformation on the surface of the
particles, which is necessary for high-density applications. The SPS presses the
prepared electrolyte powder, e.g. by co-precipitation or freeze-drying into a high

density, and the temperature of 600 °C is reached in several minutes [80—81].

3.1.4 Electrodes prepared by slurry method (Publications IlI, V)

The electrode of the LTSOFC was prepared by the slurry method, which enables
a porous structure and high electrochemical performance in fuel cell

measurement.

The method aims to prepare the electrode materials with a porous structure and

high catalysis. The synthesis process is outlined below:

(1) Take an appropriate amount of chemical (NiCOs, ZnCO3, and CuCO3) powder

and put it in a beaker and mix the chemicals uniformly with de-ionized water;

(2) Add acid (citric acid or nitrate acid) to the mixture in step (1) to have a

neutralization reaction with 33% of the mixture;

(3) Add 10% Li-CO3 by molar ratio of all the chemicals (NiCOs, ZnCOs, and

CuCOy) into the mixture in step (2);
(4) Keep stirring to make it mix uniformly and then dry the mixture;

(5) Sinter the powder mixture from step (4) at 700 °C for 2 hours and collect the

resulting black powder (electrode material).

When the acid was added into the mixture in step (1), 33% of the carbonate
changed into dissolvable nitrate salt and covered the surface of the carbonate
particle when drying it. The nitrate has a lower point of decomposition compared
to the carbonate in this experiment. Subsequently, the nitrate on the surface of

the carbonate changed into an oxide shell first. With the temperature increasing,
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the carbonate decomposed and released out CO-; the oxide shell was broken, and

the whole particle formed into ball-shaped porous structure.

In step (3), it is necessary to add the Li.COj after the neutralization reaction to

avoid the lithium carbonate being consumed by the acid.

3.1.5 Electrodes prepared by solid mixing (Publications 1V, V)

The solid mixing method of the electrode material is a simple method. Here, the

ball mill is used as an alternative:

(1) Put a suitable amount of chemical (NiCO3, ZnCO3, CuCOs, and Li-CO3) powder

into the ball mill jars and mix with ethanol or water;

(2) Keep the ball mill running for 12 hours at a medium speed to mix the

chemicals uniformly and decrease the particle size;

(3) Dry the slurry mixture from step (2), and then sinter the dry compound at 700

oC for 2 hours.

The ball mill time in step (2) is flexible according to requirements, 12 hours is
sufficient to mix the chemicals uniformly, but the particle size of the chemicals
becomes refined with longer processing time. Sometimes, the chemical was

mixed in more simple devices like mortar without the ball mill.

The slurry method requires more devices, chemicals, and time compared with

the solid mixing method.

3.2 Fuel cell fabrication

The electrode materials and electrolyte materials were applied in the LTSOFC
after they were ready. Two kinds of fuel cell fabrication methods are described

here.
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3.2.1 Cold-pressing method (Publications I, 11, Ill, V)

The cold-pressing method for LTSOFC fabrication is suitable to use for fast
measurement of fuel cell. The electrode of the LTSOFC is a mixture of electrode
material an electrolyte material to ensure the electrode of the fuel cell provides
both ionic conductivity and electronic conductivity. The preparation process for
the mixed electrode for the LTSOFC is detailed below:

(1) Mix the pure electrode material uniformly with the electrolyte material

according to the volume ratio of 1:1;
(2) Mix a suitable amount of polyvinyl acetate solution uniformly with the powder;

(3) Dry the mixture from step (2), then grind it into powder;

The fuel cell fabrication equipment includes a 13 mm die with two 13 mm
cylinders (the short one is used as the bottom cylinder and the longer one is used
as the top cylinder), a CARVER 3851 hydraulic press, and an oven for sintering to
strengthen the mechanical properties and remove the polymer in the electrode.

The following details the fabrication process of the LTSOFC:

(1) Take a suitable amount of mixed electrode powder from the electrode
preparation step (3) and put it into the fuel cell fabrication die (13 mm diameter).

Press the powder into the die with the cylinder lightly to make it flat and smooth.

(2) Put a suitable amount of pure electrolyte materials on the first layer to make
sure the second layer covers the entire first layer, and then press it like the

previous step.

(3) Then, for the final layer, take a small amount of the mixed electrode, which is
same as the first step, and make sure the second layer is totally covered by the
third layer, then put the cylinder inside the die and press the cylinder at 100 MPa
with the hydraulic press.

(4) Take the fuel cell out of the die and sinter the cell in the oven.
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(5) Increase the sintering temperature step by step at a rate of less than one
degree every 3 seconds. When the temperature reaches 600 °C, keep the
temperature constant for 1 hour, then shut off the oven and keep the fuel cell in

the oven until it reaches room temperature.

From the fuel cell fabrication process, it is worth noting that the fuel cell is a
symmetrical structure with the same electrode material. It is reasonable to choose
one thicker side electrode as the anode and a thinner side as the cathode.
However, the most important consideration is that the electrolyte layer which

must be thin and dense without leakage.

This is the traditional LTSOFC fabrication process, which was also applied in
Publication III. In this study, the fabrication method was improved as it may

cause a short circuit. The new method is described in Fig. 3.3:
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. . layer sintering cell
preparation preparation preparation

Figure 3.3. Cold-pressing process for fuel cell fabrication.

(1) Take a suitable amount of pure electrolyte powder, and put it into the fuel cell
fabrication die (13 mm diameter). Press the electrolyte materials lightly in the die

with the cylinder to make it flat and smooth;

(2) Put a suitable amount of mixed electrode powder from the electrode
preparation step (3) materials on top of the first layer to make sure the second
layer covers the entire first layer, and then press it like the previous step, then

press the cylinder at 10 MPa with the hydraulic press;

(3) Take the bottom cylinder out carefully, and then put a small amount of the
mixed electrode materials on the electrolyte layer. Make the new electrode layer
flat, and put the bottom cylinder back. Then, press the two cylinders with 100
MPa with the hydraulic press;
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(4) Take the fuel cell out of the die and sinter the cell in the oven and increase the

temperature step by step at a rate of less than one degree every 3 seconds;

(5) When the temperature reaches 600 °C, keep the temperature constant for 1
hour, then shut off the oven and keep the fuel cell in the oven until it reaches room

temperature.

The bottom cylinder should be thin enough to avoid a short circuit happening in
the new fabrication method and ensure the edge of the fuel cell is also easy to

clean.

The following operation is the fuel cell measurement after the LTSOFC was

ready. It is not suitable to measure the fuel cell from the oven directly.

First, check the edge of the fuel cell to ensure that there is no electrode powder
on it to avoid a short circuit. When the cell is ready without any short circuits,
paint silver paste on the anode and cathode and let it dry. Make sure the silver
paste is not painted on the edge of the fuel cell to avoid a new short circuit. The

fuel cell is suitable to be measured after the silver painting is dry.

3.2.2 Hot-pressing method (Publication 1V)

The cold-pressing method of fuel cell fabrication is easy to operate and requires
only a short processing time. However, a cell with low mechanical properties and
low yield for the short circuit may still happened. In addition, it is not easy to

control the thickness of the fuel cell.

The low mechanical properties will cause a broken fuel cell if pressed too hard
when measuring between the metal sample holders. However, if the sample

holder is pressed too lightly, it can cause a gas leakage to happen.

In order to improve the fuel cell performance and resolve the problems

mentioned above, the hot-pressing method was employed.

The hot-pressing method presses the anode, cathode, and electrolyte layers

together in a hot state. Here, the electrode and electrolyte layers are membranes,
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not powder. Then, the thickness is easy to control, and the electrolyte layer is

denser than the cold-pressing methods.

The first process produces the electrode and electrolyte membrane, the fuel cell

fabrication process operates when the membrane is ready in Fig. 3.4:

——
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Figure 3.4. Cold-pressing process to fuel cell fabrication.

(1) Cut the electrode membrane into a round circle with a round tube knife;

(2) Then, cut the electrolyte membrane into a round circle with a round tube knife
which is 1—2 mm larger than that used for the electrode cutting in order to avoid

the anode and cathode membrane touching each other after pressing;

(3) Cut the silver network or copper network into a round shape, which is the

same size as the electrode membrane;

(4) Put several layers of electrolyte together and lightly press it together, the layer

number according to the membrane thickness;

(5) Choose two layers of electrode membrane after cutting and put in the middle

of the pressed electrolyte layer and press lightly together;

(6) Then, reverse the pressed membrane after step (4) and put another layer of

electrode in the middle of the electrolyte layer and repeat step (5);
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(7) Choose one ready metal network and put it on the middle of the pressed
membrane after step (6), then repeat step (5). Then, reverse the pressed
compound after step (7), and put another layer of the metal network in the middle

of the electrolyte layer and repeat step (5); the raw LTSOFC is now ready;

(8) Put the raw LTSOFC on one metal plate in the oven to sinter it at an increasing
temperature rate of 1 degree per minute until it reaches 600 °C and keep sintering

the cell for 1—2 hours;

(9) Take the metal plate and fuel cell out of the oven and press it immediately at

500 MPa or more with the hydraulic press;

(10) Take the fuel cell out when the temperature decreases to room temperature.

The sintering temperature is set at 600 °C to melt the alkali carbonate in the
fuel cell and make it uniformly distributed in the cell. The binder in the fuel cell
is totally combusted at this temperature. However, the sintering temperature is

flexible according to different materials.

In order to strengthen the mechanical properties of the fuel cell, it is suitable to
include another additive in the fuel cell, such as the ceramic fiber which can be
mixed into the electrolyte layer to strengthen the cell. The metal network on the
anode and cathode side is used as a current collector and also to strengthen the

cell.

Now, the LTSOFC is ready by the hot-pressing method. Then, the silver paste is
still necessary for the fuel cell measurement. The silver paste was painted on the
current collector both on the anode side and cathode side, but less than the

amount of silver paste painted on the cold-pressed fuel cell.

The hot-pressed membrane fuel cell has stronger mechanical properties and
more stable electrochemical performance. However, it is more complicated and
requires a longer preparation time as the electrode and electrolyte must be made

into a membrane first.
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3.3 Fuel cell measurements

To measure the electrochemical performance of the LTSOFC samples, a stainless
steel fuel cell holder with a 13 mm external diameter and 9 mm inner diameter

was employed as shown in Fig. 3.5.
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Figure 3.5. Schematic of the holder for the fuel cell measurements [98]. Reproduced with permission.

Copyright 2007 Elsevier.

The fuel cell experiments included I-V, I-P, and the EIS measurements. These
measurements also used the Scribner Associates 8900 CL measurement station
and ZAHNER IM6 EIS as pictured in Fig. 3.6. In this fuel cell, H. was used as the
fuel, and air, or a mixture of air and carbon dioxide, as the oxidant. Accordingly,
a heating speed of 10 °C per minute was used to operate the fuel cell. Air was
supplied to both sides of the electrolyte button cell in the impedance

measurement using the 2-electrode alternating current (AC) method.
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Figure 3.6. Experimental equipment: (a) fuel cell |-V measurement equipment, Scribner Associates 8900CL

and (b) EIS measurement equipment, ZAHNER IM6.

An AC impedance spectroscopy was widely employed here on the solid
electrolyte to obtain information on the charge transport behavior of both the
bulk (grain interiors) and the grain boundaries of the cell [82]. Figure 3.7
illustrates a typical EIS spectrum and the equivalent circuit for the sample. The
semi-circle at high frequency represents the bulk properties, the intermediate
frequency represents the grain boundary, and the low frequency semi-circle
represents the electrode contribution. The separate semi-circles are formed due
to the differences in the relaxation time of the oxygen ion transfer through the
grain, grain boundary, and electrode [83]. Various combinations of electrical
elements, such as resistances, capacitances, and inductances, describing the
different electrical phenomena are used to fit the experimental data to an

equivalent circuit model [83].
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Figure 3.7. lllustration of a typical impedance plot for a polycrystalline sample with equivalent circuits [82].

Reproduced with permission. Copyright 2007 Elsevier.

For a sample with a thickness of L and a cross section area of A, the bulk
conductivity, ob, and the grain boundary conductivity, ogb, can be expressed as
ob= LA'Rp! and ogh= LA-1Rgp1, where Ry and Rgp are the bulk and grain boundary
resistances, respectively. The total conductivity, or, is then given by 1/01= 1/0b+
1/0gb [82].

3.4 Microstructural analyses

The microstructural analyses in this study included SEM (EDS and mapping),
TEM, XRD, and XPS. For the SEM and EDS device, a JSM-7500F was used. The
TEM is a JEOL 2200FS (200 kV) and the XRD is a PANalytical X’Pert PRO MPD
Alpha-1. All of these were available in the Nano-Microscopy Center at the
Department of Applied Physics at Aalto University. The SPS equipment used for
plasma sintering belonged to the Department of Material Science and

Engineering of Aalto University.
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4. Main results

In this chapter, the results for the following components are described:

LiNiCuZn electrode
CSDC electrolyte
Nano-composite LTSOFC

The results of the microstructure and electrochemical characterization are

presented.

4.1 LiNiCuZn electrode (Publications III, IV, V)

For the electrode preparation, we employed the solid mixing and slurry methods
explained earlier in Chapter 3. Figure 4.1 shows the SEM images from the
electrodes prepared with these two methods. The size of the particles by the slurry
method was clearly smaller than with the solid mixing leading to a lower
polarization resistance to be shown later. Therefore, the main focus was put on

the slurry method.
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Figure 4.1. SEM images of electrode samples with a) slurry and b) solid mixing methods. Reproduced with

permission from Publication V. Copyright 2016 Elsevier.

The LiNiCuZn oxides synthesized by the slurry method are shown in Fig. 4.2.
The SEM characterization reveals that the material particles form clusters of quite
regular circular shapes of 800—1000 nm in size. The TEM analysis illustrates that
the crystal size of the particles is about 30 nm with a regular shape. In this regard,
it could be expected that small particle sizes lead to a large effective surface area

improving electrochemical performance.

Figure 4.2. FESEM (a,b) and TEM (c) images of the LiNiCuZn oxide. Reproduced with permission from

Publication Ill. Copyright 2012 ASP.

The XRD patterns of the compound are illustrated in Fig. 4.3, identifying the
CuO, ZHO, and Lio.zSNioyzo.
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Figure 4.3. XRD pattern of the LiNiCuZn oxides. Reproduced with permission from Publication IV. Copyright

2017 OneCentralPress.

An electrode cell with a thickness of 1 mm and a diameter of 13 mm was made

from a mixture of electrode and electrolyte powders to measure the EIS. In the

experiment, the same gas (H- or air) was supplied to both the anode and cathode

sides of the electrode pallet. The temperature variation was less than 3 °C during

the measurements. Figure 4.4 shows the electrochemical resistance of the mixed

electrode. The half semicircle at high frequency comes from the ionic reaction

between the electrolyte and electrode, and the semicircle at the low frequency is

caused by gas diffusion or absorption from the electrochemical kinetics in the

electrode.
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Figure 4.4. Electrochemical impedance spectrum of a LiNiCuZn-oxide electrode for LTSOFC, both in dry Hz

and air at 450 °C [84]. Reproduced with permission from Publication Ill. Copyright 2012 ASP.

The total resistance is 0.77 Q/cm2and 0.87 Q/cm?2 of the electrode reaction in
H- and air separately, and a charge transfer resistance of 0.38 {/cm? and 1.3
Q/cm2 in H- and air in Fig. 4.4, respectively. The lower reaction kinetic of the
electrode in H- demonstrated that the fuel cell anode has lower resistance in the
fuel cell reaction; thus, the fuel cell polarization is dominated by the cathode. So
it is necessary to improve the conductivity of the cathode to improve the

electrochemical performance of the fuel cell, e.g. to reduce the cathode thickness.

The resistance of the LiNiCuZn electrode is less than that of the resistance of a
conventional Lao.;5Sr0.2BO3-s (B= Mn, Fe) cathode for the SOFC operated in
oxygen at 800 °C. The polarization resistance of the anode was lower than that of
the CeixFexO2-s (x=0.1, 0.2) anode in dry hydrogen at 550 °C [85]. The
electrochemical performance of the fuel cell was enhanced by the outstanding

conductivity of the LiNiCuZn enhances (see Fig. 4.17).

The EIS results are shown in Fig. 4.5 [86]. The polarization resistance of the
LiNiCuZn electrode by the slurry method was 0.21 Q/cm2 at 550 °C, which was
less than the 0.31 /cm2by the solid mixing method. This may have been one of
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the main reasons for the lower fuel cell performance in later experiments in

Publication IV.
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Figure 4.5. The electrochemical impedance spectra of symmetric fuel cells prepared by a) the slurry and b)
the conventional solid mixing preparation methods. Measurements were conducted in air at 450 °C, 500 °C,
and 550 °C. The equivalent circuit used for modeling the impedance data is also shown. Reproduced with

permission from Publication V. Copyright 2016 Elsevier..

4.2 CSDC electrolyte (Publications I, II, IV)

4.2.1 Co-precipitation method (Publication 1V)

The CSDC electrolyte powders from the co-precipitation synthesis phase were
analyzed with SEM and TEM in Fig. 4.6 to understand the morphology and

structure of the powder. Two samples were investigated:

Sample 1: CSDC (Ce0.8Smo0.201.9) powder was prepared by co-precipitation.

Sample 2: 10 g of Sample 1 was washed and filtrated 5 times with 5 liters of de-

ionized water and finally dried in the oven at 200 °C.
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The microstructure of the two samples is shown in Figure 4.6; Sample 1is in the
right column and Sample 2 in the left one. Figure 4.6 (a,b) shows the morphology
and particle shapes, (c, d) the shape and size of the crystals, and (e,f) the single

crystals and their phases.

Figure 4.6. Morphological analyses of two samples. (a) SEM Sample 2, (b) SEM Sample 1, (c, €) TEM
Sample 2, and (d, f) TEM Sample 1. Reproduced with permission from Publication IV. Copyright 2017

OneCentralPress.
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Figure 4.7. XRD spectra of the samples 1, 2, and SDC. Reproduced with permission from Publication IV.

Copyright 2017 OneCentralPress.

Samples 1 and 2 have almost the same particle shape, and the agglomerate sizes
are around 100—200 nm. The crystal sizes of Sample 1 and 2 are around 50—100
nm, which is less than their particle size. The crystal has clearly one phase only
indicating that the carbonate has not penetrated inside the crystal as that would
lead to extra phases, also verified by the XRD diffraction in Fig. 4.7. This indicates
that the alkali carbonates exist not in a crystal state in the SDC, but they would

be in an amorphous state, or alternatively, the alkali and carbonate elements are

not combined to form the alkali carbonate.
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Figure 4.8. EIS measurement of a test cell (d13mm) with an electrolyte made by co-precipitation using
symmetrical electrodes. Ro = ohmic resistance; R1 = bulk resistance of oxygen ionic transfer in electrolyte;

Rz = grain boundary resistance of the electrolyte; Rs = oxygen molecule adsorption and dissociation

resistance, or the non-charge transfer resistance. Riotal = Ro+R1+Ro2.

In Fig. 4.8, we show the EIS of a test pellet made from the electrolyte powder by
the cold-pressing method followed by gentle sintering for 1.5 hours at 550 °C. The
pellet is 1.3 mm thick, so the 0 = L/RA’=0.13c¢m/(0.6297LQ) x 1.3267cm?2 ) =0.155

S/cm.

4.2.2 Freeze-drying method (Publication II)
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Three different electrolyte samples with different element contents were prepared and

analyzed, as shown in Table 4.1.

Table 4.1. Alkali contents of sample No.1, 2, and 3.

ontent (%) L12C03 N32C03 K2CO3 SDC
Name
No. 1 7 11.5 11.5 70
No. 2 15 7.5 75 70
No. 3 6 12 12 68

First, an EDS analysis was made of the samples in Fig. 4.9 showing the Ce, Sm,

K, Na, O, and C elements in the samples, but lacking Li which is hard to detect by
EDS. The XRD in Fig. 4.10 shows only the peaks from the SDC crystals. Within 6

= 20-48¢, there are several smaller peaks which are linked to LiNaCO3 and K-COs,

but compared to the 30% and 38% alkali carbonate contents in Samples 1, 2, and

3, these peaks are too weak. Figure 4.9 and 4.10 imply that most of the alkali

carbonate seems to exist in an amorphous state in CSDC [87].
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Figure 4.9. EDS analysis of the electrolyte samples, (a) Electrolyte No. 1, (b) Electrolyte No. 2, and (c)

Electrolyte No. 3. Reproduced with permission from Publication 1l. Copyright 2013 Elsevier.
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Figure 4.10. XRD spectra of the samples. Reproduced with permission from Publication Il. Copyright 2013

Elsevier.
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The micro structural analysis with SEM in Fig. 4.11 shows that all samples
exhibited about the same type of irregularly shaped 100-200 nm circular

particles.

Figure 4.11. SEM images of electrolyte samples: a: No. 1, b: No. 2, and c: No. 3. Reproduced with permission

from Publication Il. Copyright 2013 Elsevier.

For Sample 2, an EDS element mapping was conducted in Fig. 4.12, which
illustrates similar distributions of carbon, oxygen, sodium, and potassium
indicating that these four elements compose chemicals together. However,
cerium and samarium have different distributions compared to the above
elements. This could indicate that Li-.COs3;, Na.COs3, and K-COj exist in the
electrolyte. Combining the EDS element distribution and the XRD diffraction
patterns provides evidence that the alkali carbonate in the SDC is in an

amorphous state.
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3.0 um SEI

Figure 4.12. EDS element mapping of electrolyte Sample 2. Reproduced with permission from Publication

1. Copyright 2013 Elsevier.

Finally, the electrochemical parameters were determined for the electrolyte
sample. A 1 mm thick and 13mm in diameter electrolyte cell/pellet was pressed
from a nano-composite LiNaKCO3-SDC electrolyte with symmetric silver paint
on both sides. The measurements were conducted in air with less than 3 °C
temperature variations during the measurements. Figure 4.13 illustrates the

measured ionic conductivities of the Samples.
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Figure 4.13. lonic conductivity versus temperature (1/T) of the electrolyte samples. Reproduced with

permission from Publication Il. Copyright 2013 Elsevier.

Sample No. 2 has the highest ionic conductivity compared to the other two
samples. The ionic conductivity of all samples increases rapidly in the interval
350—400 °C. All samples exhibit a similar shape between the conductivity and
1/T due to a softening of the alkali carbonate [64, 88]. At around 500 °C, the LiNa-
carbonate-doped ceria composite synthesized by the co-precipitation method
demonstrates a rapid conductivity jump in the soft area [87, 89, 90]. The change
of softening temperature may be caused by the mixing size and mixing state. The
highest conductivity of Sample No. 2 reached a value of 400 mS/cm at 600 °C.
Sample No. 2 has the same alkali content as Sample No. 1, but a better ionic
conductivity due to its higher lithium content. Sample No. 3 has the highest alkali
carbonate content of all the samples, and it needs more energy to soften leaving

its conductivity lower at T < 400 °C.

Sample 1 was analyzed in more detail in Fig. 4.14. There is just one semicircle
in the high frequency area and one tail at low frequencies compared to the three

typical semicircles in Fig. 3.7 [91—93]. The only semicircle in the LTSOFC
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electrolyte represents the ionic resistance caused by the ionic conductivity with
combined grain boundary and bulk resistance. The tails are caused by gas and ion

diffusion in the electrode which was painted on the top of the electrolyte pellet.
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Figure 4.14. Impedance spectrum of electrolyte Sample No. 1. Reproduced with permission from Publication

Il. Copyright 2013 Elsevier.

In conclusion, it is possible to state that the ionic conductivity of the electrolyte
and the interfacial area between the SDC and carbonate were clearly improved by

the freeze-drying synthesis method.

4.2.3 Spark plasma sintering (Publication I)

Two sample electrolytes by the Spark Plasma Sintering (SPS) method were
analyzed in detail. The element contents of sample electrolyte No.1 and No.2 are

shown in Table 4.2.

Samples No. 1 and 2 processed by SPS and for comparison with the normal
method (the electrolyte pellet was made from electrolyte powder by cold pressing,
followed by a gentle sintering for 1.5 hours at 550 °C) were characterized by SEM
in Fig. 4.15. A particle size of 30—50 nm with a regular shape and similar particle
size distribution is clearly observed. Comparing the morphology of Sample No. 1,
which is processed by the normal press method, and Sample No. 2, with the SPS
method in Fig. 4.14a and c, shows that the SPS sample exhibits a distinctly
densified structure compared to the normal pressed sample which has a slightly

loosely-packed layout with clear pores distributed among the particles. The same
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is seen in Fig. 4.15 b and d, which demonstrates the enhanced density of the
electrolyte cell from the SPS while maintaining the same particle size albeit with
quick heating and a short processing period in SPS. The well-packed particle
structure with fewer pores, thinner structure, and more comprehensive interface

system should enhance the ionic conductivity of the electrolyte.

Figure 4.15. SEM of No. 1 and No. 2 electrolytes fabricated by the normal method (cold pressing + gentle
sintering) (a, b) and spark plasma sintering (c, d). Reproduced with permission from Publication I. Copyright

2014 Elsevier.

The XRD spectra of pure SDC and electrolyte Samples 1 and 2 in Fig. 4.16
demonstrate similar shapes with peaks originating from SDC, which also confirm

that the alkali carbonate exists in an amorphous state [94].
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Figure 4.16. XRD spectra of Samples No.1, Sample No.2, and pure SDC. Reproduced with permission from

Publication I. Copyright 2014 Elsevier.

To measure the electrochemical performance, the electrolyte powder was put
into a pellet/cell form. The two electrolyte samples were pressed by SPS into a
high density electrolyte pellet/cell; for comparison, cells were also prepared with
the normal method (cold pressing + sintering). Then, the EIS and the ionic

conductivity of the cells were measured in air atmosphere.

The EIS measurement of electrolyte Sample No. 1 and 2 is shown in Fig. 4.17.
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Figure 4.17. Impedance spectra comparison of electrolyte No. 1 and No. 2 processed by the normal way
(cold pressing + gentle sintering) and SPS at 450 °C and 600 °C (a: 450 °C 20 wt. %. Carbonate-SDC; b:
600 °C 20 wt. % Carbonate-SDC; c: 450 °C 40 wt. % Carbonate-SDC; and d: 600 °C 40 wt. % Carbonate-

SDC). Reproduced with permission from Publication I. Copyright 2014 Elsevier.

The EIS measurement results are almost the same in Fig. 4.17 (¢) at 450 °C, both
the SPS sample and the normal pressed sample cell have one incomplete
semicircle which is caused by grain boundary resistance combined with the bulk
resistance [95]. When the operating temperature increased to 600 °C in Fig. 4.17
(d), the SPS electrolyte cell has only one curving tail instead of one semicircle
attribute to the electrode contribution, but the normal pressed electrolyte sample
still has one incomplete semicircle. In the EIS of the SOFC, the tail represents the
redox speed or diffusion mechanisms on the electrodes [96-97]. The resistance of
the SPS in Fig. 4.17d was dominated by the resistance of gas and ion diffusion in

the electrode, not electrolyte.

Similarly, one semicircle with a tail or just a single tail/partial semicircle is quite
commonly found from the literature for the composite electrolyte at high

temperatures [93, 97], for the grain boundary semicircle vanished when the
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carbonate is melting. Furthermore, it can be noticed that the SPS samples show
smaller resistance compared to the samples processed by the normal method at
450 °C and 600 °C. Therefore, it is clearly demonstrated that SPS processing
enhanced the ionic conductivity of the SDC-carbonate nano-composite

electrolyte.
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Figure 4.18. Comparison of temperature-dependent conductivity curves of Sample No. 1 (a) and No. 2 (b)
processed by SPS and normal processing (cold pressing + sintering). Reproduced with permission from

Publication |. Copyright 2014 Elsevier.

In Fig. 4.18, when the alkali carbonate content is 40%, the SPS pellet has an
ionic conductivity 4.3 x 101 S/cm at 600 °C which is notable higher than that of
the normal processed sample. The conductivity of the SPS Sample No. 2 was
lower than that of the normal processed Sample No. 2 during 300—400 °C. From
the XRD spectra, there are small peaks besides the SDC peaks which indicate that
an alkali carbonate crystal exists in Sample No. 2. It requires more thermal energy
to soften the crystal to integrate the interface among the SDC particles. But when
the operating temperature rose above 500 °C, the outstanding ionic conductivity
enhancement of Sample No.2 was displayed; the ionic conductivity was enhanced
five times compared to the normal processed electrolyte pellet. In Fig. 4.17¢, the
Sample No.1, the SPS electrolyte pellet always exhibits higher ionic conductivity

compared to the normal processed electrolyte pellet.

Fig. 2.5 showed the conductivity results of the No. 1 and No. 2 electrolyte
processed by the SPS technique in the present work as compared to that of the
pure SDC electrolyte [99] and the SDC/Na-CO3 nano-composite reported in the

literature [100]. It can be seen that the conductivity of both composite electrolytes
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are of several times higher magnitude than that of pure SDC in the temperature
range of 300-600 °C. The significantly enhanced ionic conductivity of these
composite electrolytes demonstrates a distinct “nano-composite effect”, which
can be ascribed to the interfacial interaction. Besides, the No. 1 SDC carbonate
composite cell fabricated by SPS exhibits even higher conductivity than the state-
of-the-art SDC/Na-CO3 nano-composite at a temperature above 450 °C and the
similar superior conductivity enhancement of No. 2 happened at about 500 °C.
Therefore, it is confirmed that using the SPS technique can further improve the
ionic conductivity of the composite electrolyte by increasing material
densification. However, the SPS-made layer were mechanically very fragile, and

full scale fuel-cells could not yet be manufactured with this method.

4.3 Performance of nano-composite LTSOFC (Publications III, IV)

4.3.1 LiNiCuZn electrode and CSDC electrolyte (Publication IIl)

The most important property of a fuel cell is the electrochemical performance,
especially the power density. The power density of the fuel cell is not only affected
by fuel cell ionic and electronic conductivity, but it is also affected by the fuel cell

fabrication, structure, temperature, fuel, and oxidant.
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Figure 4.19. The electrochemical performance of the compound LTSOFC mixed with LiNiCuZn oxides made
by the slurry method as an electrode. The electrolyte was prepared by co-precipitation. Reproduced with

permission from Publication Ill. Copyright 2012 ASP.

In this study, the LTSOFC is a button cell with a 13 mm diameter which is made
from electrode and electrolyte powder, the inner diameter of the fuel cell sample
holder is 9 mm. The LTSOFC has a symmetric electrode and anode support
structure. With LiNiCuZn oxide (LiNiCuZn oxide mixed with half volume NSDC)
as the electrode and CSDC electrolyte which is synthesized by the co-precipitation
method, the LTSOFC displays an outstanding power density of 1000 mW/cm?2 at
470 °C in Fig. 4.19.

Table 4.1. Comparison of the cell performance of the LTSOFCs reported before and in the present work.

Test temperature Maximum power density
Anode Cathode Electrolyte 0 (mW em™?) Reference
Ni-SDC Ba,_,Pr,.Co,_Fe 0, ; SDC 650 860 16
Ni0-SDC LaySr;, Co, 4Cuy,04_5 SDC 550 490 17
Ni-GDC Bay Sty ,CogfE,0, 5 GDC 550 863 18
Lithiated NiO NigCuy ,_ Zn, 0 SDC 600 624 19
Ni-NSDC Cuy,Zn,g-NSDC NSDC 550 1000 5
LiNiCuZn oxides-NSDC LiNiCuZn oxides-NSDC NSDC 470 1000 —

Compared with other kinds of electrodes listed in Table 4.1, the LiNiCuZn oxide
exhibits a much better catalytic effect. With the exception of LiNiCuZn, the mixed

electrode offers its best performance with Ni-NSDC as the anode and Cuo2Znos—
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NSDC as the cathode, reaching 1000 mW/cm2 at 550 °C [101]. As mentioned
above, the LiNiCuZn oxide which was synthesized by the slurry method exhibits
a much better electrochemical effect at low temperature compared with the

traditional electrode of the SOFC and the other kinds of LTCOFC electrodes.

4.3.2 COz and air mixture as oxidant (Publication 1V)

The electrochemical performance of the LTSOFC/ceramic fuel cell with both air
and air mixed with CO: as an oxidant were illustrated in Publication IV. The cells
were produced using the hot-pressing method at 580 °C. A LiNiCuZn electrode
and CSDC electrolyte were employed, made by co-precipitation synthesis and the

hot-pressing fabrication method.

There are two kinds of fuel cell measurements in this experiment; both of the
methods use H2 as a fuel and air, or a mixture of air and carbon dioxide, as an
oxidant. The carbon dioxide and air was fully mixed before supplied to the
cathode of the fuel cell; the carbon dioxide content was about 10-15% in the

oxidant mixture.

In Fig. 4.20, the best CFC test cell provided an OCV of 1.2 V and a power density
of 500 mW/cm2 at 500 °C when mixed CO- with air as an oxidant. However,
without the CO., the current and power density dropped considerably, which
demonstrates the presence of the MCFC reactions. The highest OCV observed was
1.4 V, but this was followed by a lower maximum power density. Dropping the
operational temperature to 400 °C significantly reduces the effect from COx,
which is explained by the disappearance of the molten carbonate phase. High-

temperature molten carbonates may reach a high OCV [24].
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Figure 4.20. Comparison of the electrochemical performance of CFC with CSDC as an electrolyte at different
temperatures and with/without COz2 in the oxidant. (a), (b), (c), and (d) represent four different button fuel
cells with similar kinds of electrolyte and electrode materials. Reproduced with permission from Publication

IV. Copyright 2017 OneCentralPress.

The fact that several fuel cell reactions may be involved could also explain the
higher voltage. In particular, when COs- is fed across the fuel cell according to the
concentration contribution, it could affect the voltage through the Nernst

equation?

In Fig. 4.20a and b, as the temperature increases, the enhancement of the
electrochemical performance of the CO2 supply in the fuel cell is larger, especially
when the temperature reached 500 °C; the enhancement reached 0.1-0.2V and

100 mW on voltage and power density.

In Fig. 4.20c and d, the performance of the fuel cells were similar with that of
Fig. 4.20 a and b. However, the voltage of the fuel cell, which was fed with CO-
and air as the oxidant, reached 1.3 V at 450 °C and 1.4 V at 500 °C separately, and
the power density were notably enhanced. In high temperature molten carbonate
salts, if a carbon/carbonate reaction occurred, an OCV of 1.51 V (steam) or 1.57 V

(liquid) could in theory be possible (reactions: CO2+2H. —C+2H.O and
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2C+CO032-2e—3CO0), which is much higher than the theoretical OCV of 1.07V for
a standard hydrogen-oxygen fuel cell at 500 °C [25-28]. We did not, however,
observe direct deposition of carbon on the anode side. On the other hand, when
several gases and ions are involved, one explanation could also be that the

activities of the species involved through the Nernst equation [102].

4.3.3 Hot-pressed LTSOFC with CO, and air mixture as an oxidant
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Figure 4.21. Electrochemical performance of a hot-pressed low temperature fuel cell made from electrolyte

and electrode film with CO2 and air mixture as an oxidant.

The low temperature nano-composite solid oxide fuel cell fabricated by the hot-
pressing method was measured with H- as the fuel and CO- and air as the oxidant
in Fig. 4.21. The electrolyte of LTSOFC was synthesized by the freeze-drying
method with 30% carbonate content, and LiNiCuZn was prepared by the solid
mixing method. The LTSOFC was fabricated by the hot-pressing method, the
electrolyte and electrode films were pressed together at 580 °C into the LTSOFC
under a 5 tons pressure.
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The IV curves and I-P curves at 400—450 °C are not smooth. The wave shape
rose and fell on it in Fig. 4.21 as the carbonate in the LTSOFC had not completely
softened during the carbonate softening temperature [67, 88]. In the LTSOFC in
Fig. 4.21, due to the incomplete carbonate softening, the ionic resistance of the
LTSOFC is too high and insufficient free CO32- caused a steep drop in voltage with
increasing current. The IV and IP curves spread in a smooth way when the
operating temperature reached 500 °C when the alkali carbonate completely
softened. The current of the LTSOFC was extremely enhanced when the
carbonate softening was completed along with the effect from CO- in the oxidant.
The fuel cell power density reached about 1.1 W/cm?2 at 500 °C, which is higher
than the performance of the LTSOFC in Fig. 4.19. The OCV of the LTSOFC in Fig.
4.21 reached 1.13 Volt at 500 °C, which is higher than 1 V reached by the OCV in
Fig. 4.19 when the fuel cell was operated at 470 °C.
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5. Summary and conclusions

In this thesis, several different methods were investigated for material synthesis
for low-temperature solid oxide fuel cells. The effects of oxidant content and fuel

cell fabrication were also analyzed.

LiNiCuZn was utilized as the main electrode material, and it was synthesized
with the slurry and solid mixing methods. For the electrolyte materials, SDC or
CSDC were used and synthesized through co-precipitation, freeze-drying, and
spark plasma sintering methods. Material synthesis was accompanied by an
electrochemical analysis of the ionic conductivity and fuel cell performance. In

addition, a comprehensive characterization of materials was accomplished.

As to the whole fuel cell performance, a notable result was achieved with an
LTSOFC design which comprised of a LiNiCuZn electrode synthesized by the
slurry mixing method and an NSDC electrolyte prepared by the co-precipitation
method. The highest power density reached was 1000 mW/cm? at 470 °C which
is better than that found in previous studies, as shown in Table 4.1, which

achieved the same performance value but at a higher temperature of 500 °C.

A comparison of the different methods for synthesizing the electrolyte material
illustrated that with the freeze-drying method, a high ionic conductivity of 400
mS/cm was achieved with CSDC, which is much better than that of NSDC
synthesized by co-precipitation. In the freeze-drying method, the carbonate and
the SDC mix is in a liquid state instead of a solid state in the co-precipitation
method, which increases the size and uniformity of the interface between the
carbonate and SDC.

With the SPS method, an ionic conductivity of 430 mS/cm for CSDC was

reached. The SPS method produces a very dense electrolyte, which in turn
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reduces the volume of gas between particles and increases the carbonate content,
which is beneficial to ionic conductivity. However, using the SPS-based
electrolyte in a whole fuel cell configuration is not easy, because it is thin and
breaks easily. Further work on SPS could include optimization of the cell

fabrication thickness.

Comparing freeze-drying to the co-precipitation methods indicated that the
former offered a much better ionic conductivity of the electrolyte, easy control of
the carbonate content, and more uniform mixing of the carbonate and SDC
elements. These benefits were turned into a better overall fuel cell performance

which reached 1.1 W/em2 at 500 °C.

In terms of preparing the whole fuel cell from powders, the cold-pressing
method yielded an outstanding fuel cell electrochemical performance in several
instances. However, on average, the cells performed worse than that with hot

pressing, and the cells were also very fragile.

When using a carbonate in the electrolyte, it will also add the carbonate ion to
the ionic conductivity through similar processes as in the MCFC fuel cell. Adding
CO: to the air oxidant in the CSDC-based LTSOFC enhanced the fuel cell
performance compared to air only. The power density was improved by 30—-100%
and the OCV by 0.1—0.2 V. An OCV up to 1.3—1.4 V was measured with an O +
CO:= mixture at a temperature below 500 °C explained by the MCFC-type of effects.
The overall fuel cell performance remained, however, below the best fuel cell

reported in this thesis.

The best electrochemical performance of the LTSOFC was achieved when
applying the freeze-drying synthesis method, hot-pressing fabrication, and CO2
mixed into air as an oxidant. Compared with the LTSOFC using the cold-pressing
method with co-precipitation method prepared electrolyte, the hot-pressed film
LTSOFC with a freeze-drying synthesis electrolyte has better electrochemical
performance, higher stability, and higher yield, but its preparation requires more

time.

As a next step, it is recommended to work on the electrode and electrolyte

coupling and interfacing, in particular with the electrolyte material fabricated by
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the freeze-drying method to yield a high ionic conductivity, high OCV, and
increased power density. The experimental set-up and manufacturing of the test
fuel cells turned out to be quite challenging and attractive. Further work on

standardizing the fuel cell manufacturing processes would be highly motivating.
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