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Solid oxide and molten carbonate fuel cells are considered promising for electricity
production. Unfortunately, their high operating temperature and current stability issues
prohibit their usage. Based on these fuel cell types, another kind of fuel cell has been
developed allowing lower operating temperatures. This type of fuel cell has been called
a low or intermediate temperature solid oxide fuel cell but due to its composite nature,
we prefer to call it a composite fuel cell i.e. CFC.
The electrolyte of the CFC is commonly a mixture of alkali carbonates and doped
ceria. Its measured properties can be affected by different preparation and measurement
methods. In this work we have conducted a literature review of conductivities of
CFC electrolytes with the emphasis on a comparison between different measurement
methods. In addition, we have also prepared CFC electrolytes and studied how freeze
drying and spark plasma sintering affect the properties of the electrolyte and especially
the conductivity.
The most common measurement method has been an electrochemical impedance
spectroscopy (EIS) producing also the highest measured conductivities. However,
apparently the high conductivity is mainly due to the conductivity of the carbonate and
the values acquired by EIS cannot be used to determine the goodness of the electrolyte
in an operating fuel cell. On the other hand, lower conductivities have been acquired in
constant current and product analysis measurements, but their results can be assumed
to relate more to the effectiveness of the fuel cell. In case of the sample preparation,
freeze drying has been noted to yield quite uniformly distributed nanoparticles and
spark plasma sintering allowed more dense electrolytes to be prepared. These are both
beneficial properties for the CFC cell and thus it is recommended in the future to produce
samples using the freeze drying and, when applicable, spark plasma sintering methods.
Similarly, the conductivity is recommended to be measured using either constant current
or product analysis methods.
Keywords: LT-SOFC, CFC, Freeze drying, Spark plasma sintering, Ionic conductiv-

ity, Doped ceria/carbonate electrolyte, Electrochemical impedance spec-
troscopy, Constant current measurement, Product analysis
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Kiinteäoksidi- ja sulakarbonaattipolttokennot ovat lupaavia keinoja sähkön tuottamista
ajatellen. Korkea käyttöläpötila ja tämänhetkiset stabiilisuusongelmat rajoittavat
kuitenkin niiden käyttöä. Näiden polttokennotyyppien perustalta on kuitenkin kehitetty
toisenlainen polttokennotyyppi mahdollistaen matalammat käyttölämpötilat. Tätä polt-
tokennotyyppiä on kutsuttu matalan- ja keskilämpötilan kiinteäoksidipolttokennoksi,
mutta sen komposiittiluonteen takia kutsumme sitä mieluummin yhdistelmäpolttoken-
noksi (CFC englanniksi).
CFC:n elektrolyyttinä käytetään yleisesti alkalikarbonaattien ja doupatun ceriumok-
sidin seosta. Sen mitatut ominaisuudet riippuvat sekä käytetyistä valmistus- että
mittausmenetelmistä. Olemme tätä työtä varten tehneet kirjallisuusselvityksen CFC-
electrolyyttien johtavuuksista sekä niidenmittausmenetelmistä. Olemme lisäksi valmis-
taneet CFC-elektrolyyttejä sekä tutkineet pakastekuivauksen ja plasmakipinäsintrauk-
sen vaikutuksia näytteiden ominaisuuksiin ja erityisesti johtavuuteen.
Kirjallisuudessa käytetyin mittausmenetelmä on ollut sähkökemiallinen impedanssi-
spektroskopia (englanniksi EIS), jonka avulla on myös saavutettu suurimmat mitatut
johtavuudet. Ilmeisesti mitatut arvot johtuvat kuitenkin suureksi osaksi karbonaatin
johtavuudesta ja EIS:llä mitattujen arvojen perusteella ei voida määrittää elektrolyytin
hyvyyttä polttokennokäytössä. Vakiovirtamittaus- ja reaktiotuoteanalyysimenetelmien
avulla ollaan mitattu matalampia arvoja, mutta näiden avulla voitaneen paremmin ku-
vata kennon hyvyyttä. Toisaalta pakastekuivauksella on todettu saavutetun melko tasai-
sesti jakautuneita nanohiukkasia ja plasmakipinäsintraus on mahdollistanut tiiviimpien
elektrolyyttien valmistamisen. Nämä molemmat ominaisuudet ovat hyödyllisiä CFC-
kennon toiminnalle, joten näytteiden teossa ehdotetaan tulevaisuudessa käytettäväksi
pakastekuivausta ja mahdollisuuksien salliessa myös plasmakipinäsintrausta. Samaten
johtavuusmittauksissa ehdotetaan käytettävän joko vakiovirtamittaus- tai reaktiotuote-
analyysimenetelmiä.
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1 Introduction
The energy consumption in the world is increasing as more and more people want to
improve their lifestyle or at least keep their current high standards. This is problematic
as the current energy production methods pose large issues for the environment. Most of
the energy is nowadays produced using fossil fuels that cause carbon dioxide emissions
and fine particle pollution and there have been many discussions about how the pollution
affects both individual person’s health and in a larger scale the climate [1]. Additionally,
easily accessible oil reservoirs will soon end up dry and people have to move to reservoirs
that are much harder to be exploited [1]. In the short run this will increase the price of the
energy and in the long run the reservoirs will dry up completely. For these reasons the old
energy production has to be replaced with environmentally friendly methods.

Technologies based on exploiting wind, wave, solar, hydro, thermal and other possible
renewable energies are now being researched and many of them have even reached the
market. Unfortunately, in many cases energy cannot be produced continuously and it can
be challenging to even predict the short time energy production. For this reason the energy
(mostly electricity) has to be stored for later usage. Batteries would be a natural solution for
this problem but they are very expensive and bulky to being used in this scale. On the other
hand, it is possible to produce hydrogen and hydrogen rich fuels (methanol, methane etc.)
with many common methods and use these then in continuously operating power plants.
Also instead of using the old fashioned combustion power plants, one could increase the
efficiency of the energy transformation with fuel cell technology.

The current fuel cell technologies are not yet mature enough for the market in a large
scale although they have already been used in specific applications. Nevertheless, the fuel
cells have many positive properties: they can produce energy with high efficiency; their
emissions are either very low or even nonexistent; they can be quiet as there are no moving
parts in the main body; the energy produced can be easily scaled from watts to megawatts
etc. However, some fuel cell types are still expensive and are not yet stable enough. Many
breakthroughs have already been done in the field but more research is always needed
to optimize their performance. This can be done by developing new components and
optimizing the components that are already in use.

An electrolyte is a main part of the fuel cell and it also defines to a high degree the
properties of the cell. There are several types of electrolytes that all operate at their
own temperature range and have their own advantages and disadvantages but the ionic
conductivity is an important parameter for all of them. In this work we have studied
composite electrolytes that operate around 400 ◦C to 600 ◦C and are a combination of
previously used electrolytes but yield new properties compared to the old ones. A literature
survey of their electrical characterization has been undertaken and additionally, these
composite electrolytes have been prepared and analyzed with several different methods.

This thesis begins with a brief introduction to fuel cells and their operation following
with information of common composite electrolyte materials Then the preparation of the
composite electrolyte materials, and measurements to define their physical properties,
are shown. After that, different conduction measurements are put under the scope and
the results of the measurements, both the ones acquired during the work and from the
literature, are compared. Finally, conclusions and future recommendations are given.
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2 Principles of fuel cells
A general view of fuel cells and their operation is given in this chapter. This kind of
information can also be found from many textbooks such as Refs [2–5].

Several chemicals have the tendency to combine when they are brought together. By
using catalysts and temperature, the speed of this combining can be enhanced. This
feature is utilized in fuel cells whose operation is based on three main components: anode
electrode, electrolyte and cathode electrode. The anode and cathode are connected with
an ion bridge (the electrolyte) and fuel is supplied onto anode and oxidant onto cathode.
As the electrolyte works as an insulator for electrons, no reaction would occur on the
electrodes with this setup. However, when the electrodes are also connected with an
external circuit (an electron conductor), ions and electrons are produced according to half
cell reactions on both electrodes. Ions from one side are then transported to the other side
through the electrolyte while the electrons are transported from anode to cathode through
the external circuit. This movement of electrons can then be exploited. Finally the ions
and electrons combine into end products which are then transported away from the cell.

Both a traditional combustion engine and a fuel cell produce electricity from the
chemical energy of fuel and oxidant (air). In the combustion engine the chemical energy is
first transformed into heat that is used to run turbines which eventually produce electricity.
However, in a fuel cell the chemical energy of fuel and oxidant is directly transformed
into electricity, and heat is produced only as a byproduct. For this reason the electricity
production in fuel cells is not governed by the Carnot’s efficiency limit and thus electricity
could in many cases be produced with a much higher efficiency compared to traditional
combustion engines. However, several additives in the fuel can be damaging for the fuel
cell while the combustion engines are more robust. On the other hand, if renewable energy
systems are used to produce clean fuel, this should not be a problem.

The fuel cell is also commonly compared with a battery which also produces electricity
via electrochemical reactions. However, in a battery the chemicals are stored in the device
itself and after the chemicals have been used it has to be either recharged or replaced. In
a fuel cell the chemicals (fuel and oxidant) are supplied externally and recharging is done
by either replacing the used gas bottles or refueling them. This feature is a clear advantage
to the fuel cell technology as, for example, recharging of an electric car is time consuming
and poses a large obstacle for the marketing of electric vehicles while refueling a fuel cell
car could be much faster.

2.1 Thermodynamics of a fuel cell
2.1.1 Theoretical potential

The operation of the fuel cell is based on the half cell reactions on the electrodes. When
the half cell reactions are combined, a total cell reaction is obtained. Every reaction has
its own tendency to occur (or not to occur) based on Gibbs free energy that is defined as

G (p, T ) = U + pV − TS = H − TS, (1)
where U is internal energy, p is pressure, V is volume, T is temperature, S is entropy
and H is enthalpy. During the continuous operation of the fuel cell, temperature and
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pressure are practically constant and Gibbs free energy can actually be used to describe
the maximum useful energy for the total cell reaction that can be defined as

Emax = − (ΔG) = −
(

GProducts − GReactants
)

, (2)
where ΔG is the Gibbs free energy of the reaction i.e. the difference between Gibbs free
energy of the products and reactants. For spontaneous reactions ΔG < 0 which signifies
that useful energy can be acquired from the reaction (at least under constant pressure and
temperature conditions).

The theoretical potential and Gibbs free energy are related and the theoretical potential
of the reaction at standard temperature and pressure (STP) conditions is defined as

E0 = −ΔG
0

nF
, (3)

where ΔG0 is the Gibbs free energy of the reaction under STP conditions, n is the number
of electrons transmitted during the reaction and F is the Faraday constant. In non-standard
conditions the formula changes so that the equilibrium potential, Eeq is defined based on
the Nernst equation

Eeq = −
ΔG
nF

+ RT
nF

ln
∏

i
avii = −

(ΔH
nF

− TΔS
nF

)

+ RT
nF

ln
∏

i
avii (4)

where ΔG, ΔH and ΔS are the Gibbs free energy, enthalpy and entropy of the reaction
under the operating conditions, respectively, ai and vi are activity and a stoichiometric
coefficient of a substance i in the reaction, respectively,R is the universal gas constant and
the other terms are same as those described earlier. It is often problematic to measure the
activities of substances and in case of gaseous reactants and end products, partial pressures
of the substances are more commonly used.

2.1.2 Operating fuel cell

The actual operating potential of a fuel cell is always under the equilibrium potential as
different losses decrease the available potential. Figure 1 shows a current-voltage (I-V)
curve of an operating fuel cell when current is produced. Several important parameters can
be noticed from the figure: theoretical and equilibrium potentials, actual polarization curve
as well as activation, ohmic and concentration losses. It can also be seen that the activation
losses lower the voltage most at low current densities, ohmic losses at intermediate current
densities and concentration losses at high current densities.

The activation losses are due to slow reaction kinetics. For the reaction to proceed from
reactants with high energy level to end products with low energy level, the reactants have
to first reach a transition state with an even higher energy level (or states if the reactions
proceed via several steps). The energy gap between the reactant state and the highest
transition state is called an activation energy or an energy barrier. In other words, the
reactants have to possess enough energy to overcome the energy barrier before they can
become end products. The more there are reaction sites and reactants with enough energy,
the more current can be obtained. With catalysts it is possible to attain transition states
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that have lower energy levels. This enhances the reaction speed as more reactants have
enough energy to overcome the new barrier. It is also possible to increase the energy of the
reactants by increasing the temperature and by adjusting the voltage of the electrochemical
cell. This is the reason why activation losses are lower with high temperature fuel cells and
why all of the available potential cannot be utilized. As current and voltage in the reaction
are correlated via a Butler-Volmer equation, the activation losses show a logarithmic
behavior in the IV-curve. It should also be pointed out that the reactions on anode and
cathode occur at different speeds and more often the cathode reaction is significantly
slower. As the sum of logarithmic functions is a logarithmic function, only one is needed
to characterize the activation losses.

Figure 1: A standard I-V curve which portrays a PEMFC where hydrogen and oxygen
transform into (liquid) water. Reproduced from Ref [2] with permission from Elsevier,
Copyright 2005.

The ohmic losses occur because of slow ionic and electronic conduction both in
components and at the contacts between them. Themovement can be governed by hopping
between neighboring states i.e. some of the ions have to overcome energy barriers similar
to the electrode reactions. However, as the voltage in the electrolyte is distributed between
a huge amount of neighboring states, the voltage between these states is microscopical
compared to the voltages present in the reaction. For this reason the losses related to the
ion movement follow Ohm’s law i.e. voltage losses increase linearly with current density
(and resistances). The ohmic losses can be reduced by decreasing the thickness of the
components, using more conductive materials, making the contacts as good as possible
and adjusting the temperature.

The concentration losses appear at high current densities when the reactant concen-
tration on the active surfaces approaches zero. This can occur when chemicals (either
the reactants to the reaction sites or products from the reaction sites) are not transported
fast enough. By increasing the porosity of the electrodes, it is possible to enhance the
diffusivity of the reactant and the reaction product. Also by increasing reactant flows or
pressures one can decrease the concentration losses.
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In addition to the other losses, there can be a voltage gap between the equilibrium
potential and the polarization curve already at the open circuit voltage (OCV). This is
mainly due to two factors: 1) Some of the reactants can diffuse through the electrolyte
in a molecular form and react then on the other electrode. This phenomenon is called
a crossover loss which can also be accompanied by a leakage through the sealants.
Additionally, if impure gases are used or materials in the components and/or gases react
with each other, these competing reactions, in addition to those due to the crossover
losses, cause mixed potentials and can decrease the voltage. 2) Electrolyte cannot ever
completely block the movement of electrons through itself. If the electrons from the anode
can transport through the electrolyte in a significant scale, this phenomenon is called an
internal current loss.

2.2 Fuel cell components
The main component of the fuel cell is an (anode) electrode, electrolyte, (cathode) elec-
trode sandwich. Naturally a fuel cell cannot operate with just them but it needs or at least
benefits from other components such as gas diffusion layers, sealants, current collectors,
flow field plates and several auxiliary components such as external fuel reformers, heating
and/or cooling systems, pumps and DC/AC converters. A general overview of an unit cell
is given in Figure 2. The main purpose and properties of the electrolyte and electrodes are
explained below while information of other parts and auxiliary systems can be found for
example in Refs [5, 6].

Figure 2: An illustration of components in a unit planar fuel cell: 1) an elec-
trode/electrolyte assembly, 2) a gas diffusion layer, 3) a sealant, 4) a flow field plate, 5)
a current collector, 6) an insulator and 7) an end plate. Reproduced from Ref [7] with
permission from the author, Copyright 2007.

2.2.1 Electrolyte

When a fuel cell operates, the electrolyte functions as an ion bridge. This effectivelymeans
that the electrolyte should be a good ionic conductor (i.e. cause small resistance losses)
while working as an insulator for electrons (i.e. prevent short circuiting of the cell). In
addition, there are different gas atmospheres on both sides of the electrolyte and it has to
prevent the mixing of these gases.
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In order to satisfy these conditions, a dense but as thin as possible electrolyte is desired.
The electrolyte also has to be thermally and chemically stable both in anodic and cathodic
atmospheres. Additionally, as the electrolyte is attached to the electrodes, they have to
be compatible with each other. Thermal expansion coefficients have to be similar to each
other in order to avoid mechanical stresses that can lead to a breaking of the cell.

2.2.2 Electrode

During the operation of the fuel cell, the half cell reactions occur on the electrodes, and
more specifically, on triple phase boundaries where the chemicals, catalyst and (ion and
electron) conductor are in contact with each other. The chemicals are most often in a
gaseous form and they need as much open space (porosity) as possible to be effectively
transported. The catalyst is needed to hasten the reactions and thus as much catalyst area as
possible should be accessible for the chemicals. The conducting layer allows the efficient
movement of ions and electrons to the electrolyte and current collectors, respectively, and
a dense structure is beneficial for the conductivity.

In addition to the earlier properties, a dense structure can also enhance mechanical
stability of the cell while a porous structure increases the amount of triple phase bound-
aries. The requirements for the electrode to be both porous and dense simultaneously
necessitates the porosity of the electrode to be optimized. In addition, the electrodes
have to be compatible with neighboring components and have good thermal and chemical
stability in the prevailing atmosphere. On anode side carbon rich fuels can also cause
carbon deposition that can decrease active catalyst area.

2.3 Common fuel cell types
Figure 3 shows different common fuel cell types and their specific properties: operating
temperature range, fuel and oxidant type as well as the conducting ion. The fuel cells
are typically named according to their electrolyte and characterized according to their
operating temperature range. Low temperature fuel cells (temperatures below ∼ 300 ◦C)
include a polymer electrolyte membrane fuel cell (PEMFC), a direct methanol/ethanol fuel
cell (DMFC/DEFC), an alkaline fuel cell (AFC) and a phosphoric acid fuel cell (PAFC).
High temperature fuel cells (temperatures over ∼ 600 ◦C) include a molten carbonate
fuel cell (MCFC) and a solid oxide fuel cell (SOFC). Based on these high temperature
fuel cell types and by using materials that operate at lower temperatures, a fuel cell that
operates between the temperature ranges of the high and low temperature fuel cells has
been developed. Thus this kind of fuel cell could be called an intermediate temperature
fuel cell. As the operation principle of SOFC is based on oxygen ion conducting ceramics
and the operation of the developed cell was earlier assumed to be at least partially based
on oxygen ion conducting ceramics that work at lower temperature, the developed cell has
been called both low and intermediate temperature solid oxide fuel cell (LT-SOFC and
IT-SOFC respectively). However, as the operating principle has been noted to be more
complex and the developed fuel cell type has combined effects of both MCFC and SOFC,
we prefer to call it a composite fuel cell (CFC).

The characterization of the fuel cells according to their operating temperature is
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Figure 3: A schematic illustration of several different common fuel cell types. Reproduced
from Ref [8] with permission from the author, Copyright 2009.

justified as the benefits and disadvantages for the fuel cells under these temperatures are
significantly different. These differences are also shown in Figure 4 and are briefly ex-
plained next. At high temperature the reaction kinetics are faster, which allows inexpensive
non-noble metals and other materials (e.g. nickel) to be used as catalysts while at low
temperatures expensive platinum is commonly used as the catalyst. The high temperature
catalysts are also less prone to fuel poisoning compared to the low temperature platinum
electrodes. For example, carbon monoxide has to be separated from the fuel as even small
amounts can be damaging for the platinum catalyst at low temperatures while at high
temperature the carbon dioxide can actually be used as fuel. Similarly, at high temperatures
much of the fuel can be internally reformedwhile at low temperatures external components
have to be used increasing both complexity and price of the system. Temperature is also
important for high temperature fuel cells as their conductivity is high enough only at
high enough temperatures. Additionally, even though high temperature necessitates large
amounts of energy for heating, high temperature heat can be used in combined cycles more
efficiently to increase the overall performance.

On the other hand, high operating temperature means also longer start-up times i.e.
high temperature fuel cells can practically be used only as stationary systems while low
temperature fuel cells could enable the usage also in transportation and portable devices,
e.g. cars and laptops. High temperature demands also much from the used materials
i.e. expensive, heat resistant materials such as high temperature alloys and ceramics are
needed in high temperature fuel cells. In addition to the enhanced degradation due to the
high temperature, one has to pay close attention to thermal expansion coefficients (TEC) of
thematerials as even small TECmismatches cause large issues for themechanical integrity
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Figure 4: The effect of temperature on the operation of a fuel cell. Reproduced from Ref
[9] with permission from The Royal Society of Chemistry, Copyright 2008.

of the cell at high temperatures. Additionally, for the most common fuel, hydrogen, the
theoretically achievable potential decreases with the temperature although this loss is often
compensated with increased kinetics.

To combine most of the benefits and trying to avoid some of the disadvantages of
the temperature extremes, many researches have shifted their studies to the intermediate
temperature fuel cells where one could still use many inexpensive materials, which could
make the fuel cell economically more desirable.
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3 Materials for the composite fuel cell

3.1 Electrolyte
The most common composite electrolyte materials are a mixture of doped ceria and alkali
carbonates. There are also other materials such as alumina and yttria stabilized zirconia
(YSZ) as well as different hydroxides whose usage in composite electrolytes has been
studied, although not as much. Because of these reasons, more information is given
of ceria and alkali carbonate based materials, first illustrating their properties as pure
materials and then as they are combined.

3.1.1 Ceria based materials

The information in this section is based on Ref [6]. Ceria (cerium oxide) with a chemical
formula of CeO2 forms a fluorite structure from room temperature all the way to its melting
point at 2400 ◦C. With this stoichiometric value ceria is not a good ion conductor but
by introducing oxygen vacancies into the structure, the oxygen ion conductivity can be
dramatically increased. The vacancies can be introduced by substituting some of the Ce4+
cations with lower valence cations such as Sm3+, Gd3+, Y3+ or Ca2+. By using the Kröger-
Vink notation, the substitution reactions can be expressed as

M2O3
CeO2
←←←←←←←←←←←←←←←←←→ 2M′

Ce + 3O
x
O + V

··

O (5)

MO
CeO2
←←←←←←←←←←←←←←←←←→ M′′

Ce + O
x
O + V

··

O (6)
where M represents the lower valence cations that are introduced into the CeO2 structure.The vacancy concentration follows a linear relationship with the cation concentration
but at higher concentrations the vacancies start to interact with each other and the number
of mobile vacancies responsible for the conduction does not follow the same relationship.
For that reason there is an optimum doping level, and the highest oxygen ion conductivities
for SmxCe1−xO2−� and GdxCe1−xO2−� have been achieved with x ranging between 0.1 and0.2. It should also be pointed out that the radius of the dopant cation plays a major role and
several studies have shown that a trivalent ion with the radius close to that of gadolinium
could cause the smallest mismatch in ceria lattice and thus lead to highest conductivity.
However, a sample preparation and the maximum doping levels affect the conductivity of
singly doped cerias. For this reason both samarium and gadolinium doped ceria (SDC and
GDC respectively) have similar conductivities at their optimized doping level.

The oxygen ion conductivity is based on ions hopping from one crystal site to another.
As mentioned earlier, there is an energy barrier that the ions have to overcome and thus
the conductivity follows the Arrhenius equation that is often given as

� = A
T
exp

(

−Ea
kBT

)

, (7)

where T is temperature,A is a scaling factor,Ea is an activation energy (an energy barrier)and kB is the Boltzmann constant. Both the scaling factor and the activation energy can
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depend on temperature. For example, the concentration of oxygen vacancies, [V··

O], ispartially temperature dependent as defect association increases at intermediate and high
temperatures. As A and Ea are related to [V··

O], they also become temperature variant. If
the variation is not large or if the variation follows step functions, ln (�T ) vs. 1∕T is linear
(except during the steps).

It follows from Equation 7 that conductivity increases with temperature, and operating
the cell at higher temperatures would be optimal. However, under anodic (hydrogen)
atmosphere and over relatively high temperatures (∼ 600 ◦C) ceria lattice becomes amixed
conductor, i.e. starts to conduct both electrons and ions. This happens when part of the
Ce4+ ions get oxidized into Ce3+ ions. This causes both n-type electron conductivity as
well as mechanical stresses to the lattice. Additionally, particles with a small size are
commonly used with current CFC materials and high temperature can cause unwanted
particle growth or agglomeration. For these reasons doped ceria electrolytes are planned
to be used only with intermediate temperature fuel cells.

The doped ceria electrolyte consists usually of nanometer or micrometer sized parti-
cles. If the whole electrolyte would be made of a single crystal, the conduction would
be purely bulk conduction. With a multitude of particles, the grain boundaries affect
also the conductivity mechanisms, and as the particle size decreases, the volume of the
grain boundaries and their effect on conductivity increases as well. The effect of the
boundaries can be explained using a space-charge theory [10], according to which there
exists a grain boundary core and two adjacent space charge layers at the boundary of two
adjacent particles. This is because defect formation energies around the grain boundaries
differ from those in the bulk of the particles. This in turn causes a charge accumulation
in the core, which is then screened by the space charges so that the net effect in the bulk
is zero. In case of ceria, oxygen vacancies are accumulated in the core making it positive
while in the space charge layers the oxygen vacancy concentration is depleted and electron
concentration increased [10]. Because of the space charge layers, the movement of oxygen
ions between ceria particles is restricted. However, the oxygen ion movement along the
core of the grain boundaries could be effectively increased compared to the movement
in the bulk. Additionally, the existence of the grain boundaries can also increase the
movement of other ions and electrons.

3.1.2 Carbonate and MCFC

The information in this paragraph is from Refs [5, 11]. In MCFC a mixture of alkali
carbonates is immersed into a porous ceramic matrix where the mixture is contained by
capillary forces. Typically an eutectic mixture of lithium and potassium carbonates (the
ratio being 62:38) has been used but currently different mixtures of lithium, sodium and
potassium carbonates are also studied to be used in MCFC. MCFC is operated above
the melting point of the carbonate mixture as the conductivity of the mixture increases
dramatically as it melts. This happens because the alkali metal and carbonate ions are
easily detached from each other and the liquid consists of mobile ions. This in mind,
we do also include the melting points of the Li, Na and K carbonates and their eutectic
mixtures in Table 1.

In MCFC fuel is supplied to the anode and both oxygen and carbon dioxide to the
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Table 1: Melting points of lithium, sodium and potassium carbonates and some of their
eutectic mixtures. Reproduced from Paper I with permission from Elsevier, Copyright
2014.

M2CO3 (mol%) Melting
point (◦C)

Ref.
Li Na K
100 723 [12]

100 851 [12]
100 891 [12]

52 48 501 [13]
62 38 488 [13]
43.5 31.5 25 397 [13]

cathode. It has long been thought that the operation principle of MCFC is based on the
movement of carbonate ions from the cathode to the anode. However, the alkali ions are
significantly smaller and could also be more mobile compared to carbonate ions. Thus
the operation of MCFC could actually be based on the movement of alkali ions from the
anode to the cathode instead [14]. However, in that case alkali carbonate molecules would
also have to be mobile as otherwise the carbonate equilibrium would be distorted as can
be seen from the following equations where A denotes anode and C cathode. In any case,
more studies are needed to determine how the actual conducting mechanism works, both
in MCFC and in CFC.

Carbonate ion conduction
H2 + CO3

2− ←←←←←←←←←←←←←←←←←→ H2O + CO2(A) + 2 e
− (8)

CO2(C) +
1
2
O2 + 2 e

− ←←←←←←←←←←←←←←←←←→ CO3
2− (9)

H2 +
1
2
O2 + CO2(C) ←←←←←←←←←←←←←←←←←→ H2O + CO2(A) (10)

Alkali ion conduction (M=Li, Na, K)
H2 +M2CO3(A) ←←←←←←←←←←←←←←←←←→ H2O + CO2(A) + 2M

+ + 2 e− (11)
CO2(C) +

1
2
O2 + 2M

+ + 2 e− ←←←←←←←←←←←←←←←←←→ M2CO3(C) (12)
H2 +

1
2
O2 + CO2(C) +M2CO3(A) ←←←←←←←←←←←←←←←←←→ H2O + CO2(A) +M2CO3(C) (13)

3.1.3 Composite

The composite electrolyte is commonly a mixture of doped ceria and alkali carbonates
but there are no optimized alkali metal ratio neither doped ceria/carbonate ratio yet.
Nevertheless, it has been common to make electrolytes where the volumetric ratio between
doped ceria and carbonate is approximately 1:1. This would mean that both carbonate and
ceria can have a continuous structure all the way through the electrolyte meaning that
the oxygen ion conductivity along doped ceria as well as the carbonate (and alkali) ion
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conductivity along carbonate is possible. In addition, the grain boundaries can increase
ionic conductivity and in several studies it has been noticed that proton could also be
transported through the composite electrolyte, either as a proton [15–19] or in a hydroxyl
ion [20–22].

The size of the doped ceria particles used in CFCs are mostly in nanoscale. Thus the
importance of the grain boundaries, both between other doped ceria particles and alkali
carbonate molecules/ions, is evident. However, it is not certain how doped ceria particles
are attached to each other and to the carbonate. According to a few TEM images, it has
been presented that carbonate would form a layer on top of the doped ceria particles [23].
However, the images were taken of a powder sample and not of a sample that had gone
through high pressure and calcination. Thus it is not certain if a carbonate shell is formed
over the particles in an operating fuel cell. Nevertheless, in many of the studies where the
crystal structure of the composite electrolyte has been studied, it has been presented that
carbonate forms an amorphous structure [15, 23, 24], Paper II and Paper III.

The molten carbonate fuel cells (MCFCs) and the composite fuel cells (CFCs) have a
lot in common and several different mixtures of lithium, sodium and potassium carbonates
have been used in both of them. However, there are still several main differences that are
presented next: 1) InMCFC the carbonate is immersed in a nonconductive alumina matrix
while in CFC also the doped ceria matrix can conduct ions. In MCFC the conductivity is
based on carbonate (and/or alkali) ion movement while in CFC also oxygen ion and proton
can conduct current. However, the conductivity of the carbonate depends heavily on
whether the carbonate is in a molten state or not. Although there have been several studies,
it is not certain how much the total conductivity is affected by the different conductivity
mechanisms. 2) The operating temperature of the MCFC is over the melting point of the
carbonate mixture i.e. the carbonate is molten. On the other hand, in CFC the operating
temperature can be below the melting point of a pure mixture. However, it should be
pointed out that capillarity effects in the ceramic matrix can lower the actual melting point
[14]. 3) The doped ceria exists commonly as nanoparticles in CFC while the alumina
particles in MCFC can also be larger [11]. Thus the amount of grain boundaries can be
higher in CFC. 4) Both oxygen (air) and carbon dioxide has to be supplied to the cathode
of MCFC while CFC has mostly been supplied just with oxygen (air). In some studies
the carbonate has been noted to enhance the stability of CFC [17, 25–27], but the lack of
carbon dioxide and the movement of carbonate could cause the carbonate content to be
decreased on the cathode side of CFC effectively degrading the cell.

3.2 Electrodes
An operating fuel cell is composed of compatible electrolytes and electrodes. Transition
metals have been used as CFC anodes as generally, they are cheap, have good catalytic
properties for anodic reactions, conduct well electrons and do not oxidize in anodic
atmosphere. During calcination of the cell, these metals commonly oxidize but after an
exposure to anodic atmosphere and intermediate temperatures, most of the metal oxides
reduce into metal. This will incur mechanical stresses onto the cell as the volume of
metal particles is significantly smaller than the volume of metal oxide particles. This can
be especially damaging if reduction and oxidation in the anode occurs repeatedly during
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on-off cycling. However, even though the transition metals have many good properties,
they do not have all the necessary properties for anode materials. For this reason the
transition metals are often mixed with the electrolyte material in order to increase the
ionic conductivity and area of triple phase boundaries, and to match the properties of the
anodematerial with the electrolyte layer [6]. A nickel cermet (nickel + ceramic electrolyte)
has been a common anode material but currently other transition metals such as zinc and
copper have also been mixed into the anode.

On cathode side the metal elements exist generally as metal oxides. These do not have
as good properties as pure metals but transition metal oxides mixed with the electrolyte
have still often been used. One example is a lithiated nickel oxide although it suffers from
the transportation ofmetallic nickel into the carbonate [28]. In addition to themetal oxides,
perovskite oxides such as Ba0.5Sr0.5Co0.8Fe0.2O3−� (BSCF) and La1−xSrxCOyFe1−yO3−�(LSCF) have been considered as promising candidates as LT-SOFC and IT-SOFC (i.e.
CFC) cathodes [6, 29, 30].

3.3 Single component fuel cell
Recently there has been a research going on with a new kind of a fuel cell that does not
have well defined anode/electrolyte/cathode layers. Instead, the cell is essentially a single
layer of a mixture of composite electrolyte and transition metal oxides. For this reason this
kind of cell has been called a single layer fuel cell (SLFC; also named as an electrolyte
free or single component fuel cell) [31–39]. Even though there is no definite electron
insulator layer in the cell, similar power densities have been achieved when compared to
a composite fuel cell with three layers [33–36]. This implies that the two sides are both
catalytically active and have sufficient electron conductivity and either the inner part of
the SLFC is an electron insulator or some other mechanism blocks the electron movement
through the cell from anode to cathode. As the transition metals (doped with lithium) have
semiconducting properties, it has been proposed that either p-n or Schottky junctions are
responsible for causing the electrons to move to the correct direction [31–33]. It is also
possible that even though there is no well defined electrolyte layer, there would still exist a
blurred electrolyte layer that does not conduct electrons well. These options are presented
next in more detail.

First a few points of information for clarification: 1) Similar materials (a mixture of
metal oxides and electrolyte) are used as electrode materials but the best performances for
SLFC have been achieved when the ratio of electrolyte to metal oxides is clearly higher
compared to that in the electrodes in a CFC. This means that there are usually less materials
in SLFC that can conduct well electrons. 2) During the operation of the cell, some of
the metal oxides are reduced into metals on anode side of the cell. 3) The electronic
conductivity of metal oxides is significantly smaller compared to pure metals but also
significantly larger when compared to pure electrolyte. 4) Assuming that the material is
mostly homogeneous and it has both p and n-conducting particles, the direction of p-n
junctions is not specified. 5) Electrolyte works as an insulator for electrons in which case
“p-type semiconductor - insulator - n-type semiconductor” junctions could emerge.

It has been proposed that one large n-p junction would be produced between anode and
cathode. However, based on point 4, a large amount of alternating p-n junctions would
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arise (...-p-n-p-n-...), which would mitigate the overall effect of the junctions. The addition
of an insulator could also affect the properties of the cell according to point 5 but its effect is
unclear. According to point 2 it is possible that Schottky junctions could emerge on anode
side and depending on the amount of used metal elements, the direction of the junction
could point to the right direction. However, Schottky junctions would only emerge on the
anode side on the surface between the metal and semiconductor parts. This means that
the volume of the Schottky junctions is likely minimal compared to the reaction sites but
the reactions can occur both before or after the junction as both metals and metal oxides
can function as catalysts. According to points 1 and 3, the cell consists to a large extent
of materials that do not conduct electrons or conduct them poorly. This speaks for the
proposition of the existence of the blurred electrolyte. In any case more research is still
needed to ascertain the uncertainties concerning the single layer fuel cell.
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4 Material preparation and physical measurements
Composite electrolyte powders were prepared and their physical properties characterized
with several different methods in papers II and III. Next the preparation of the aforemen-
tioned powders is explained. Then the main principles of characterization methods are
briefly illustrated and followed with the results from the methods.

4.1 Material preparation
4.1.1 Preparation of powders

In Papers II and III several different composite electrolyte materials were prepared with
the underlying principle being the same in all of them. The general recipe is explained
next and in Figure 5 while more detailed information of phase 3 is given in Table 2. All
the materials were from Sigma Aldrich.

Phase 1. Ce(NO3)3 and Sm(NO3)3 were dissolved into deionized water according to amolar ratio of 4:1 (Ce : Sm). Phase 2. Citric acid was first added to the solution according
to a molar ratio of 2:1 (citric acid : Ce+Sm). After citric acid was well dispersed into the
mixture, ammonia was added until the pH of the mixture was above 10. Phase 3. Alkali
carbonate mixture and either ethanol glycol (Paper II) or polyethylene glycol (Paper III)
were added to the solution according to the determined ratios shown in Table 2. Phase
4. The solution was first frozen with liquid nitrogen and then freeze dried for 24 hours.
Phase 5. The powder was calcined in an oven at a determined temperature for 1.5 hours
(800 ◦C in Paper II and 700 ◦C in Paper III).

In phases 1 to 3 the mixture was stirred continuously with a magnetic stirrer. In phase
2 citric acid was used to prepare first larger (Ce/Sm)-citric acid complexes. Ammonia
was then added to make the solution alkaline so that the complexes would not react with
the alkali carbonate solution added in phase 3. The main idea in phase 2 was to separate
cerium as well as samarium ions to reduce the agglomeration of the particles. In phase 3
glycols were added to decrease the concentration of Ce and Sm ions, i.e. to increase the
distance between those ions, again to reduce the agglomeration of the particles.
Table 2: Phase 3 in the general recipe. M2CO3 represents the alkali carbonate mixture. In
Paper II ethanol glycol was used while in Paper III polyethylene glycol was used.

Paper II Paper III Ratio
No 1. No 2. No 3. No 1. No 2.

Li2CO3 7 2 1 2 2
MolarNa2CO3 11.5 1 2 1 1

K2CO3 11.5 1 2 1 1
M2CO3 30 30 38 20 40 WeightSDC 70 70 62 80 60
Glycol 4.5 4.5 4.5 1 1 MolarCe+Sm 1 1 1 2 2
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Figure 5: An illustration of the general recipe used for producing composite electrolyte
materials.

4.1.2 Compressing the powders

The prepared powders were compressed into pellets for the conductivity measurements
using two different methods: a conventional method and spark plasma sintering (SPS). In
the conventional method the powder was loaded into a cylinder and pressure was applied
uniaxially for several minutes. Afterwards the pressed cell was calcined in an oven in air
atmosphere with no external pressure being applied on the sample. The used pressure and
temperature was 200MPa and 550 ◦C (temperature was increased step by step and kept at
the highest point for 1 hour). The high temperature and long calcination time could cause
particle agglomeration and growth. However, this is the standard method that has been
used in the literature and was used both in Paper II and as a comparison in Paper III.

In the SPS method the powder is similarly loaded into a cylinder and pressure is
applied uniaxially. However, the pellet is heated up while being pressed by applying
current through the cell causing heating rates of about 100 ◦Cmin−1. This method allows
short calcination times and the possibility to use lower calcination temperatures as even
relatively low temperatures can lead to dense samples. In addition to the high densification,
particle growth is minimal during the short calcination procedure. This method has been
used in Paper III to compare the sample pellet preparation methods using a pressure of
50MPa, a heating rate of 100 ◦Cmin−1 and a calcination temperature of 400 ◦C.
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4.2 X-ray diffraction

4.2.1 Theory

General information of a powder crystallography and an X-ray diffraction measurement
can be found in Refs [40, 41]. The crystal structure of the powders can be characterized
using a powder X-ray diffraction (XRD) equipment. The method is based on applying
an X-ray on the sample and then measuring the intensity of the beam reflected from the
crystal lattices. At certain angles the reflected beam undergoes a constructive interference
according to Bragg’s law

n� = 2d sin � (14)

where n is an integer, � is the wavelength of the X-ray, d is the distance between the planes
in the crystal lattice and � is the angle between the incident ray and the scattering planes.
When the beams interfere constructively, high intensity peaks are detected and these can
be used to characterize the crystal structure and lattice widths of the sample.

In a powder XRD measurement the powder is pressed so that it has a smooth surface
on which the beam is directed. The beam is applied on the sample surface with an angle
of � and the measurement device is on the other side of the sample at the same angle.
This architecture allows only crystal particles whose lattice is aligned with the surface
to be measured as for all the other lattice alignments the beam is reflected away from
the detector. Assuming that crystal particles are homogeneously mixed i.e. all the crystal
lattice alignments are equally represented, the acquired results represent the whole sample.

In addition to characterizing the crystal structure of the sample, one can approximate
the size of the crystalline particles using the same data. This is based on the effect that large
crystals would produce only sharp peaks while small crystals produce wider peaks. This
is because at the surface of the particle, its crystal structure is not as well defined as in the
bulk, which causes lattice distortion. As small crystals have larger surface area compared
to larger crystals, their size can be approximated. Similarly, if a material does not show
clear peaks, its lattice structure is not well organized i.e. the material is amorphous.

4.2.2 Experiment

PANalytical X’Pert PRO MPD XRD equipment was used to measure the crystal struc-
ture of the composite electrolyte samples using Cu K�1 radiation (45 kV and 40mA;
�=1.5406Å). Electrolyte powder from Papers II and III were measured and the results
are shown in Figures 6 and 7, respectively. In all of the powders the peaks corresponding
to pure SDC (the reference code 04-015-0332) are clearly seen. However, peaks corre-
sponding to alkali carbonates are either very small or nonexistent compared to how much
there are carbonates in the sample. This implies that only SDC forms well defined crystal
structure while carbonates form amorphous structures.
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Figure 6: XRD spectra from Paper II. Reproduced from Paper II with permission from
International association for hydrogen energy, Copyright 2013.

Figure 7: XRD spectra from Paper III. Reproduced from Paper III with permission from
International association for hydrogen energy, Copyright 2014.

4.3 Scanning electron microscopy
4.3.1 Theory

General information of scanning electron microscopy (SEM) techniques can be found in
Ref [42]. In SEM an electron beam is applied onto a sample and the reflected electrons
are measured. The larger the nucleus of the element is, the more it reflects. However, not
all of the beam is reflected in which case some of the electrons remain in the sample. If
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the sample is not a good electron conductor, artifacts can be seen in the results. For this
reason nonconductive materials such as the electrolyte, are often sputtered (covered) with
a small layer of metal or only small amounts of powder are used to decrease the length
that the electrons have to travel to the conductive sample holder.

It is also possible to measure the relative amounts of different elements i.e. how
homogeneous the sample is by using energy-dispersive X-ray spectroscopy (EDS or EDX).
In EDS the sample is again bombarded with the electron beam but now X-rays are
measured instead of electrons. Each element has their own atomic structure where the
electrons can be thought to exist on their own energy levels. The electron beam can excite
the electrons in the atoms to higher energy levels and, as the electrons fall down to lower
levels, X-rays are emitted. These X-rays are specific for each element and can be used to
identify the elements in the data.

4.3.2 Experiment

JEOL JSM-7500F SEM equipment with an EDS equipment was used both in Paper II
and III. Small amount of powder was added on top of alumina stubs and no sputtering
was used as even a thin metal layer could have affected both SEM and especially EDS
measurements. In Paper II the prepared powderwas directly usedwhile in Paper III powder
from a used sample was measured i.e. the powder was first pressed and calcined into a
pellet that underwent the conductivity measurement and then a small amount of powder
was scratched off from the sample.

Figures 8, 9 and 10 present the SEM images from Paper II (two latter images being
related to EDS) and Figure 11 presents the SEM images from Paper III. The agglomerate
size was defined using multiple images and the size was noted to be around or below
100 nm in both papers. Additionally, the elements seemed to have spread rather evenly (in
Figure 9 the uneven distribution of elements is due to the fact that the size of the nuclei
affects how much X-rays are formed).

Figure 8: SEM images of the electrolyte samples in Paper II: (a) No.1, (b) No.2, (c) No.3.
Reproduced from Paper II with permission from International association for hydrogen
energy, Copyright 2013.
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Figure 9: EDS map of an electrolyte sample No.2 in Paper II. Reproduced from Paper II
with permission from International association for hydrogen energy, Copyright 2013.

4.4 Density test
4.4.1 Theory

The density of the materials can be measured if one knows the total weight and the
relative weights of each material as well as the total volume. The weight can be easily
measured with any scales, relative amounts can be estimated from the used recipe and the
total volume can be measured using Archimedes’ method. The relative density can then
be measured if the theoretical density of each material is known for example from the
literature.

4.4.2 Experiment

In-house equipment was used to measure the volume by Archimedes’ method for samples
in Paper III. Measurements were performed both for the spark plasma sintered as well
as conventionally prepared samples. The density of pellets fabricated by SPS was higher
than 95% of the theoretical limit while the samples prepared by the conventional method
could hardly reach 75% of the theoretical limit. This implies that both ionic conductivity
and gas tightness of the cell could be improved by using the simultaneous pressing and
calcination of SPS compared to the conventional method. In principle it could be possible
to produce actual fuel cells with the SPS method if the electrode layers could be made
porous after the sintering either by chemical methods or by additional high temperature
calcination. However, currently the method is still suitable for preparing electrolyte cells
for conductivity measurements.
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Figure 10: EDS analysis of the electrolyte samples in Paper II: (a) No.1, (b) No.2, (c)
No.3. Adapted from Paper II with permission from International association for hydrogen
energy, Copyright 2013.

Figure 11: SEM of No. 1 and No. 2 electrolytes fabricated by normal method (a: 20wt%,
b: 40wt%) and spark plasma sintering (c: 20wt%, d: 40wt%). Reproduced from Paper
III with permission from International association for hydrogen energy, Copyright 2014.
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5 Theory behind conductivity measurements
Conductivity of the materials and especially the electrolyte is an important parameter
for the efficiency of the fuel cell. It is also important to know the mechanisms of the
movement of the ions so that the properties of the electrolyte and the whole cell can be
optimized. For these reasons several different conductivity measurement methods have
been developed. They have their strengths and weaknesses and not all of them are suitable
for measuring the conductivity of composite CFC electrolytes. In the following sections
general information of conductivity measurements are given following with more in-depth
information of common methods. For more information, we refer to textbooks such as
[2, 43–45].

5.1 General remarks of conductivity measurements
The electrical conductivity of a sample is an indication of howwell the sample can conduct
electricity. For a sample volume with a length of l and an area of A the conductivity is
defined as

� = l
RA

, (15)
where R is the resistance measured in the direction of l. The conductivity can depend
on the direction it is measured, for example, if the crystal structure along one direction
is different from other directions. Additionally, in a nonuniform sample the conductivity
measured over the whole sample would only be an average of the conductivities. Fortu-
nately, in samples with uniformly mixed particles the spatial and directional effects should
not affect the conductivity assuming the sample volume is much larger compared to the
particles. In case the sample can conduct several different charged particles (ions, electrons
and holes), as is the case with CFCs, one can attach a conductivity value separately for
each of these particles. If the conduction mechanisms are separate, the conductivities are
additive. Unfortunately it is not always easy to distinguish the specific conductivities from
each other.

In equation 15 the resistance R is caused by different diffusion mechanisms through
the sample but it is common to measure the resistance using the well-known equation
of R = U∕I , where U is the voltage loss and I is the current over the sample. In
electrochemical measurements the reactions can be controlled with current and these
reaction sites are called electrodes. The ion (or mixed ion/electron) conducting phase
in between the electrodes is then called an electrolyte. Thus the current wires are always
attached on the electrodes but the potential wires can be attached in several different ways
on the sample. If the potential wires are attached on the electrodes, the system is called a 2-
point system. If one or two of the wires are attached directly on the electrolyte, the system
is called a 3 or 4-point system, respectively. The position of the probes, the properties of
the sample and the design of the measurement system affect the measurement and their
effect will be explained in the following paragraphs.

The underlying principle with the simultaneous voltage and current measurements is
that the resistance through the voltmeter should be huge compared to the sample and the
current meter. This enables that practically no current passes through the voltage meter.
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Additionally, the higher the speed of the reaction (i.e. the current) is, the larger is the
potential loss due to the reaction. This means that with the 2-point system one measures
both the losses due to the reactions on both electrodes as well as the losses due to the
conduction in the sample. With a 3-point system it is possible to effectively dismiss the
effect of one reaction site while with the 4-point system the losses due to both reaction
sites can be effectively dismissed. This can simplify the conductivity measurements
tremendously. However, if the resistance of the voltmeter approaches that of the sample
or the contact with the sample and voltage wires is bad, these can cause severe errors in
the measurement unless they are taken into account.

The effect of the reactions cannot be dismissed with a single 2-point measurement
but it can be done if multiple measurements can be performed. The total resistance of the
electrolyte sample (RT otal) comprises the resistance in the electrolyte (RElectrolyte) and otherparts (ROtℎer). Additionally, RElectrolyte depends linearly on the thickness of the sample.
For this reason the resistance due to the electrolyte can be isolated from the other parts by
using samples whose only difference is the thickness of the electrolyte. This can be seen
from the following equation

RT otal = RElectrolyte + ROtℎer =
1
�A

⋅ l + ROtℎer, (16)

where the symbols are the same as defined earlier. Themethod is simple but its drawback is
its need for several measurements which consume both time and material. For this reason
this method has rarely, if ever, been used with CFC electrolytes.

Even though the losses in the electrodes can be (partially) discarded with 3 and 4-
point systems, the position of the probes as well as the geometry of the sample affect
the potential distribution in the sample. A few simple examples of these distributions
with different geometries and current probe attachments are shown in Figure 12. The
simulations were performed with COMSOL Multiphysics program with the following
specifications: conduction is assumed to be isotropic in the sample, a constant current
(density) is supplied to one current probe and the same current exits through the other
current probe, and all the other parts are electrically insulated. If the aspects of the
potential distribution are not taken into account, severe errors can be encountered. It is
recommended to either use simple geometries such as the one shown in Figure 12a where
the potential distribution lines are practically parallel to each other in the middle of the
sample or use a geometry where the potential distribution has been modeled.

A conductivity measurement can be performed in a single chamber (a single type of
atmosphere) or in a system where anode and cathode compartments are separate (although
the gas atmospheres can be same on both sides). It is also possible to perform the
measurement during the operation of a fuel cell, which could yield additional information
of the cell compared to single gas atmospheres. All of these methods have their own
benefits but cannot be used in every situation. If the atmospheres on the electrodes differ
from each other, this will cause potential to rise according to Nernst equation and this has
to be taken into account too. Additionally, each one of these methods can cause errors if
both a) the electrolyte is (partially) open to gas atmospheres and b) the sample conducts
at least two different charges (either different ions or ions and electrons). For example,
if the sample is a mixed ion/electron conductor, it is possible that not all the reactions
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(a) (b)
Figure 12: Potential distributions in the sample with different probe placements. Constant
current densities (negative and positive) were applied through the electrodes while the
other parts were electrically insulated. (a) A two dimensional bar and (b) a rotationally
symmetric sample (a cylinder). Reproduced from Paper I with permission from Elsevier,
Copyright 2014.

occur on the intended electrodes. Instead, some of the electrons can be transported to
another surface that is open to the atmosphere and then react there with the available gases.
This would mean that the effective area of the electrode would be enlarged, the potential
distribution would be shifted and it would not be possible to easily separate the specific
conductivities from each other.

In some cases the sample (e.g. CFC) can conduct both intrinsic and extrinsic ions. The
difference between these is that the sample structure initially contains intrinsic ions while
there are no extrinsic ions in the sample before the measurement. This is an important
distinction as if there is an ionic current passing through the sample, there have to be
electrochemical reactions on both electrodes simultaneously. At the beginning of the
measurement the sample does not have extrinsic ions and the movement speed of the ions
is always finite. This means that before a steady state is achieved, there are additional
(unwanted) reactions on the other electrode, which can cause sample deterioration. On
the other hand, the intrinsic ions exist throughout the sample i.e. there should be enough
ions on both electrodes even at the beginning of the measurement.

In many cases the electrolyte is assumed to be electrically insulating but this is not
always true. For this reason the electronic conductivity should also be measured from new
materials. This is especially important if nanoparticles are used as the material properties
can change as the particle size is decreased. Additionally, one should pay close attention
to the stability of the samples as many of the measurements can take a significant amount
of time to be performed. Similarly, one should not use voltage or current values that are
unsuited for the studied material.

5.2 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS), or simply an impedance measurement,
is a common method for measuring the properties of electrolytes and electrodes. EIS is
based on applying an external electrical stimulus to the sample and then measuring the
response. In principle the stimulus can have any kind of a shape, for example a sharp
drop in current (i.e. current interruption method), but most commonly EIS is associated
with sinusoidal stimuli, which is also assumed throughout this thesis. Also the sinusoidal
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Table 3: Impedance of standard elements: R is resistance C is capacitance and L is
inductance.

Resistor Capacitor Inductor
ZR = R ZC =

1
j!C

ZI = j!L

function is commonly expressed using an exponential form to ease the calculations as
exp [j�] = cos (�) + j sin (�) where j is an imaginary unit.

One can use either voltage or current as a stimulus but let us use voltage as an example
for this method. A point of interest of the I-V curve is chosen (i.e. either a constant
current or voltage is applied over the sample) and a fluctuating voltage (stimulus) with
a form of E = |E| exp [j (!t)] is then applied to the sample. If the I-V curve is linear,
the fluctuating current (response) is of the form I = |I| exp [j (!t − �)], where j is an
imaginary unit, ! = 2�f where f is frequency, t is time and � is a phase difference
between voltage and current. Impedance is then defined as the ratio between the voltage
and current i.e. Z = |E∕I| exp [j�]. In practice the sample often exhibits a nonlinear
behavior. In this case the response would contain harmonics (i.e. multiplies) of the used
frequency. Although it is possible to gain more information about the sample by using the
harmonics, generally researchers try to avoid them. Fortunately, it is possible to linearize
the curve around themeasured point (and avoid the harmonics) by using as small a stimulus
as possible. This is because at an immediate area around the chosen point the I-V behaves
linearly.

More information of the system is acquired if the impedance is scanned using several
different frequencies. The data from the impedance measurements is then generally
interpreted by using equivalent circuits with elements such as a resistor, inductor and
capacitor. Except for the resistor, the other standard elements depend on the frequency
according to Table 3. By adding different elements in series and/or parallel it is possible
to model many kinds of samples but the interpretation of the data and choosing a suitable
equivalent circuit might be problematic. The reactions and at least oxygen ion conductivity
have an activation energy barrier which can be modeled as a resistor and a capacitor
in parallel (from here on called as an RC-element). In a commonly used Nyquist plot,
where the x-axis is ZReal (Z ′) and the y-axis is −ZImaginary (−Z ′′), the RC-element
shows as a semicircle whose diameter is R and has the highest peak when the time
constant is � = 1∕f = RC . If there are several different conduction mechanisms or
pathways (proton conduction through grain boundaries, oxygen ion conduction through
grain boundaries and bulk etc.), all of these can be seen in the data. Also assuming
that the conduction mechanisms (and possibly the electrode reactions) are mostly distinct,
all the pathways (and thus their RC elements) are parallel to each other. If one of the
conduction mechanisms overpowers the others, the effect of the others can hardly be seen
in the impedance data. This is because in parallel configuration the smallest resistance
mostly defines the total resistance. It is also hard to distinguish the conductionmechanisms
from each other if their time constant are close to each other. These reasons can make the
impedance method unsuitable for multiconducting samples such as CFC.

In addition to the standard elements, constant phase elements (CPE) and Warburg
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elements are often used when modeling the operation of the sample [43]. CPE is a
modification of the resistance and capacitance as it can be modeled with an equation

ZCPE =
1

Q (!j)n
, (17)

where Q has a unit of sn/Ω, n has a value ranging from 0 to 1 and other symbols are the
same as defined earlier. If n = 0, ZCPE represents a pure resistor and if n = 1, ZCPErepresents a pure capacitor. The capacitor in the RC-element is often replaced with the
CPE in order to model rough surfaces and other non-idealities/non-uniformities in the
sample. This is because the CPE element causes the time constants to be continuously
distributed around a specific value instead of having a single value. In the Nyquist plot the
RCPE-element can effectively be seen as a flattened semicircle. Unfortunately, the RCPE-
element can again complicate the distinction between different conduction mechanisms
if the sample can conduct multiple ions. The Warburg element, on the other hand, can
be used to model problems concerning diffusivity of the reactants and products. At high
frequencies the real (Z ′) and the imaginary (−Z ′′) parts increase linearly but with finite
samples the low frequency part decreases similarly to a semicircle. The diffusion losses
can be seen especially if the electrode is not porous enough, for example, when a too thick
electrode layer is painted on the sample.

It has been shown a long time ago that a single crystal SDC shows two semicircles, the
high frequency related to bulk conductivity and the low frequency to electrode reactions.
In multi crystal samples another semicircle related to grain boundary conductivity appears
in between the other two semicircles. As the particle size affects the amount of grain
boundaries in the sample, it will also have an effect on the total conductivity. In Ref [46]
the conductivity of YSZ samples with the particle size ranging from 1.3 µm to 6.5 µm and a
YSZ sample with a thickness of 10 nmwas measured using the impedance method (Figure
13). By decreasing the particle size, the grain boundary arc increased and its timescale
seemed to approach that of the electrode reaction arc with the samples with µm sized
particles. It was also mentioned in the article that with the thin YSZ film the bulk and
grain boundary conduction arcs combined into one arc. Similarly the arcs are assumed
to be combined in many other nanoparticle SOFC samples, CFC including, as the doped
ceria and YSZ have a similar crystal structure [6]. However, it would be beneficial to
research this phenomenon in a study where the conductivity of doped ceria samples with
the particle size ranging from a few micrometers to tens of nanometers is measured.

In principle it is possible to use 3 or 4-point systems although generally only 2-point
systems have been used. With 2-point systems the potential wires are attached to the
current wires so there is practically no delay between the potential and current wires.
However, with 3 or 4-point systems there is a finite gap between the wires and it takes a
finite time for the current to get from a current probe to a potential probe. This causes
peculiarities in the data especially at high frequencies compared to traditional 2-point
systemmeasurements. As an example, anode and cathode electrode reactions in aYSZ fuel
cell were tried to be separated from each other using a 3-point impedance measurement
[47]. It was noted that peculiarities did show up and the sample preparation requires great
care but also that the method could yield valuable information if used correctly. However,
no particular interest was given on the conductivity of the electrolyte.
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Figure 13: Complex impedance spectra obtained for single crystal microcrystalline YSZ
bulk specimens (upper part of the image) and for nanocrystalline YSZ films (lower part
of the image). Reproduced from Ref [46] by permission of ECS, The Electrochemical
Society, Copyright 1998.

5.3 Constant current and product analysis methods

In constant current and product analysis measurements a constant current is applied
through the cell while gases are supplied onto the cell. Assuming that the cell does not
deteriorate, in a steady state only electrons and ions corresponding to the gas atmospheres
(hereafter called active ions) on both electrodes can move. For this reason it is possible to
measure the conductivity of the specific ion (and electron) conductivity even though the
sample would conduct multiple ions. Also as the measurement is based on steady states,
the effect of the electrodes can be discarded using 4-point systems without varying cur-
rents/voltages causing peculiarities in the measurement. For this reason 4-point systems
can often be recommended for these measurements assuming that the 4-point systems can
be implemented. Care has to be also taken if high current densities are used on samples
with poor conductivity as this will effectively cause unwanted reactions to occur on the
cell as active ions and/or electrons cannot be conducted through the sample fast enough.

In the constant current measurement it is possible to supply gas both in single andmulti
chamber geometries. For this reason it is possible to usemany different kinds of geometries
in the measurement although the 4-point systems are still recommended over the 2 and
3-point systems in most cases. In principle it is also possible to measure the electronic
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conductivity of the sample by supplying nonactive gases such as nitrogen onto the sample
as no ions should be moving in that condition. However, the atmospheres can affect the
conductivity of the sample unless very thick and dense samples are used ensuring that
mostly bulk conductivities are measured. For this reason the specific ion conductivities
measured in specific atmospheres might not be equivalent to the conductivities in an
operating fuel cell.

In the product analysis method, the anode and cathode have their separate atmospheres
and both the incoming and outgoing mass flows are controlled and monitored accurately.
The method is based on the idea that current is due to the movement of ions and electrons
(or holes), and for each moving ion there has to be a reaction on both electrodes with
specific amounts of molecules involved. If the amount of involved molecules can be
measured, it is possible to separate both the specific ion conductivities as well as the
electron conductivity at the same time. It is also possible to use similar gas atmospheres
as are used during the operation of the fuel cell ensuring that the measured specific ion
conductivities would be equivalent to those during the operation of a fuel cell. However,
the major problem with the method is the need for accurate measurement of molecules on
both sides of the cell. The measurement device and the sample are also never completely
gas tight increasing the possibility for incorrect conductivity values. Additionally, as the
electrodes have to have separate gas compartments, possible wiring geometries are limited.
It is possible to use 4-point systems but preparing them can be challenging.

5.4 Other relevant methods
Electromotive force (EMF) measurements are based on measuring the voltage that arises
when the sample is exposed to two different gas atmospheres. However, compared to other
measurements addressed above, no constant neither alternating current is applied on the
cell. The measured voltage arises from the Nernst voltage as well as transport numbers
that represent relative conductivities of conducting charges. Additionally, even though
no macroscopic current passes through the cell, there are still losses due to electrode
reactions that have to be taken into account. There have been a few EMF measurements
performed for doped ceria and doped ceria/carbonate electrolytes [48–50] but not recently.
For this reason EMF measurement is not discussed further and more information of the
measurement can be found in Refs [51, 52].

Current interruption can be used to measure or at least approximate ohmic and non-
ohmic resistances. The method is based on having a constant current flowing through
the sample in a steady state and then abruptly changing the current (usually to zero).
The voltage over the sample is monitored throughout the measurement and the difference
between the initial and final voltage values is due to the ohmic and non-ohmic losses.
The ohmic losses change immediately from the initial to the final value while the non-
ohmic losses change gradually in an exponential form. If there are several different non-
ohmic loss mechanisms and they have different time scales, each one of these have their
own exponential decay time. In the current interruption method one needs to be able to
measure abrupt changes in the voltage in order to be able to separate ohmic and non-
ohmic resistances from each other. Additionally, it might not be possible to ascertain how
much of the ohmic resistance is affected by the electrolyte and how much by other parts
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(especially the wires). Nevertheless, this method has been used in a few recent articles to
measure the total ohmic loss over the electrolyte. General information of the method can
be found in Ref [43].

A van der Pauw method has mostly been used with semiconducting materials but in
principle it could also be implemented for CFC materials. In this method four wires are
attached on the edges of a thin sample with an arbitrary shape. Two of the wires are used
for applying current and two for measuring the arising voltage, and several measurements
are performed so that the function (voltage/current) of the wires is changed. The sheet
resistance is then measured using a specific formula derived by van der Pauw [53] and the
conductivity can be derived if also the thickness of the sample is known. Unfortunately,
it is not known how applicable the method is for multi-ion conducting samples but more
information of the method can be found in Ref [54].

Hebb-Wagner is a method where normally only ion or only electron conductivity is
measured depending on the measurement system. However, in some certain geometries it
is possible to measure both conductivities simultaneously. The basic idea of the method
is to apply current through a system that is comprised of a reversible electrode, the sample
and a blocking electrode that suppresses the movement of one type of charge carrier.
Naturally also the voltage over the sample should be measured. It is possible to use
a 2-point measurement setup but its results hold only under some restrictive conditions
and it is thus recommended to use 4-point configurations instead in order to detect if the
restrictions truly apply in the measurement [55]. Also similar to other methods, if the
sample is open to gas atmospheres it is possible that several (unwanted) charge carriers can
move in the sample. This is especially important if the electronic conductivity is measured
from samples with low electronic conductivity. More information about the method and
its shortcomings can be found in Ref [55].
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6 Results from the conductivity measurements
In this chapter measurement results are presented both from Papers II and III as well
as from literature based on Paper I. From this point onwards, when a linearity of the
conductivity is mentioned, it means that ln (�T ) vs. 1∕T is a linear function in its domain.

6.1 Electrochemical impedance spectroscopy
Majority of the conductivity measurements for the CFC electrolytes have been performed
using the impedance method. This is mostly because the conductivity measurements
for samples with a single type of material have often been correctly measured with
the impedance method but unfortunately this is not as simple with composite samples.
For example, the authors of the reviewed articles presented in Paper I did not explain
thoroughly how the conductivities were separated from each other in their measurements.
Therefore one should remember that throughout the impedance section the conductivity
values are merely total conductivity values that are not only affected by temperature but
also by the used gas atmospheres.

Results from Papers II and III are first introduced after which information from
other articles based on Paper I are given. The measurement parameters and assorted
conductivity and sample property tables given in Paper I are given in Appendix A (Tables
A1 to A5). To simplify the comparison between Papers I, II and III, similar information
from Papers II and III is given in Table 4 (measurement parameters) and Table 5 (assorted
conductivity values).

Table 4: Measurement parameters in Papers II and III.
Method Ref.

Ampl. (mV) Freq. range Electrode
20 0.1Hz-100 kHz Ag Paper II
20 0.1Hz-1MHz Ag Paper III

Table 5: Assorted data of EIS measurements in Papers II and III.
Materials Conductivity Ref.

Sample Oxide M2CO3 Gases Max T◦C � T◦C Slope Temp.
number (mol%) S cm−1 S cm−1 change range

Formula Amount Li Na K
1 Ce0.8Gd0.2O1.9 70wt 24 38 38 Air 5.6e-2 600 4.8e-2 550 400 350-600 Paper II
2 " 70wt 50 25 25 " 3.9e-1 " 2.6e-1 " 400 300-600
3 " 62wt 20 40 40 " 1.1e-1 " 8.8e-2 " 400 "
1 Ce0.8Gd0.2O1.9 80wt 50 25 25 Air 3.9e-2 600 3.0e-2 550 400 300-600 Paper III
1 (SPS) " 80wt " " " " 1.2e-1 " 1.1e-1 " 400a "
2 " 60wt " " " " 7.1e-2 " 4.5e-2 " No "
2 (SPS) " 60wt " " " " 4.3e-1 " 2.6e-1 " 400&550b "
a Small increase
b Smaller increase at 400 ◦C and larger at 550 ◦C
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6.1.1 Papers II and III

In Paper II the samples were prepared using the freeze drying method and a comparison
between several different alkali metal ratios as well as carbonate/SDC weight ratios was
performed. The main focus of the paper was to show how an acid/alkaline treatment and a
freeze dryingmethod affect the properties of a CFC electrolyte. Typical impedance spectra
of the samples are given in Figure 14a. At low temperatures the sample exhibits impedance
curves showing a partial and a full but flat semicircle while at high temperatures there is a
full but flat semicircle and a tail. The full semicircle and the tail were attributed to electrode
reactions and diffusion while the conductivity was measured from the high frequency
intersection of the curve with the Z’-axis (Re in Figure14a). The measured conductivities
are then given in Figure 14b showing that there is an evident leap in conductivity at
around 400 ◦C for all the samples. It can be assumed that the softened/molten carbonate
mixture is responsible for the increased conductivity at high temperatures while at low
temperatures the conduction is mostly due to the SDC layer. At 600 ◦C the measured
values were 390mS/cm (No.2), 110mS/cm (No.3) and 56mS/cm (No.1) while at 400 ◦C
the difference between the conductivities had decreased to negligible i.e. all the samples
had a conductivity of ∼ 20mS/cm. When compared to similar samples in the literature
measured with the impedance method, the acquired conductivities were higher than on
average (see Tables A2-A5 for reference). This means that the acid/alkaline treatment and
the freeze drying method can be considered beneficial for the sample preparation. Even
though it was not the main subject of the study, it is also evident that the alkali metal ratios
as well as the carbonate/SDC weight ratio have a large impact on the conductivity values.

(a) (b)
Figure 14: (a) Impedance data of electrolyte sample No. 1 as an example from Paper
II. (b) Conductivity vs. temperature (1∕T ) of the electrolyte samples from Paper II.
Reproduced from Paper II with permission from International association for hydrogen
energy, Copyright 2013.

In Paper III the samples were prepared using the freeze drying method and either
a “conventional pressing” or spark plasma sintering (SPS). A comparison between two
different carbonate/SDC weight ratios was also performed. The main focus in the paper
was to show how samples prepared with SPS and the conventional way differed from
each other. The impedance spectra for the samples is given in Figure 15 at temperatures
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of 450 ◦C and 600 ◦C. The samples with 20wt% of carbonate (sample No.1) seem to
still show a similar semicircle & tail feature as mentioned in Paper II but the samples
with 40wt% of carbonate (sample No.2) do not show as simple features (except for the
sample prepared by the conventional method and measured at 600 ◦C). In this paper
the resistance due to ionic conductivity was obtained after the semicircle if possible or
at the high frequency intersection if not possible. The sample No.1 had conductivi-
ties of 40mS/cm (standard) and 120mS/cm (SPS) at 600 ◦C while at 400 ◦C the values
were 7.2mS/cm (standard) and 13mS/cm (SPS). The sample No.2 had conductivities of
70mS/cm (standard) and 430mS/cm (SPS) at 600 ◦C, 19mS/cm (standard) and 20mS/cm
(SPS) at 500 ◦C and 4.1mS/cm (standard) and 5.5mS/cm (SPS) at 400 ◦C. Figure 16
shows also the other measured conductivities, and it is clear from the values that the
SPS method increased the conductivity of samples with 20wt% of carbonate at all of
the measured temperatures. However, with a 40wt% carbonate content the samples
produced by the SPSmethod yielded much higher conductivities only at temperatures over
550 ◦C at which point the conductivity of the sample prepared by the SPS method had a
sudden increase. In addition, the sample with 40wt% of carbonate had a slightly higher
conductivity at most temperatures during the temperature range of the samples prepared
by the conventional method. On the other hand, the sample with 20wt% of carbonate
had higher conductivity at temperatures below 500 ◦C while at higher temperatures the
40wt% sample had higher conductivity of the samples prepared by SPS. The SPS method
allowed higher density samples to be prepared, which can explain some of the increased
conductivity but otherwise the reasons for the results are unclear. Nevertheless, compared
to other similar samples measured with the impedance method, similar or even higher
conductivities were achieved.

6.1.2 The effect of measurement parameters and gas atmospheres in Paper I

As was mentioned earlier, the impedance data is mostly given as Nyquist plots where the
conductivity and electrode reaction parameters are acquired from semicircles. With pure
SDC particle samples, there are semicircles corresponding to bulk and grain boundary
conductivities and electrode reactions as well as possible Warburg element for diffusion.
However, it is not as simple to ascertain the conductivities in CFC samples as often it
is not even possible to distinguish the arcs from each other and the semicircles are often
quite flat. Thus one should be careful not to apply the methods that have worked with pure
samples directly on CFC samples.

At low temperatures (300 ◦C to 400 ◦C) it is common to relate one or two of the
semicircles with the conductivity and the possible tail with the electrode contributions. As
temperature increases, the time constants decrease causing the high frequency semicircles
to disappear and low frequency semicircles to appear. In fact, at temperatures over the
melting point of the carbonate mixture, the remaining semicircles and/or the emerging
tail are mostly attributed to the electrode reactions or mass transfer mechanisms. The
resistance for the ionic conductivity is then acquired from the intersection of the curve
with Z’-axis at high frequencies (Refs [48, 56–62]; Acquired from Paper I). In some cases
different preparation methods and low amounts of carbonates can cause the separation of
the bulk and grain boundary semicircles [24, 59, 63] but this is rare with CFC electrolytes.
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(a) (b)

(c) (d)
Figure 15: Impedance spectra comparison of electrolyte No.1 and No.2 processed by the
conventional method and SPS measured at 450 ◦C and 600 ◦C. (a) 450 ◦C & 20wt% of
carbonate, (b) 600 ◦C & 20wt% of carbonate, (c) 450 ◦C & 40wt% of carbonate, (d)
600 ◦C& 40wt% of carbonate. Adapted from Paper III with permission from International
association for hydrogen energy, Copyright 2014.

However, it should also be pointed out that many of the authors do not explain thoroughly
how the conductivity value had been attained.

The practice of choosing a correct resistance point using the Nyquist plot has been
partially examined both by altering the voltage stimulus and using different electrode
materials. The effect of using different voltages has been tested both at temperatures
below [64] and over the melting point of the carbonate mixtures [20]. It was noted
in their study that at low temperatures the (partial) high frequency semicircle was not
altered while the second semicircle changed with the used amplitudes. Similarly, at high
temperatures the high frequency intersection was insensitive to the used amplitudes while
the semicircle was affected by the amplitudes. As mentioned earlier, the potential should
not affect the ionic conductivity but the electrode reactions are highly dependent on the
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Figure 16: Conductivities of samples (a) No.1 (20wt% of carbonate) and (b) No.2 (40wt%
of carbonate) processed by the conventional method and SPS. Reproduced from Paper III
with permission from International association for hydrogen energy, Copyright 2014.

potentials. Similarly, in Reference [56] conductivity of a CFC electrolyte was measured
using different electrodes (Ag, Au, LiNiOx composite and Ni composite) in air, CO2:O2(1:1) and wet hydrogen atmospheres at 600 ◦C (over the melting point of the carbonate
mixture). The high frequency (8MHz) intersection remained practically constant while
the semicircles did not. By combining these studies, it can be assumed that the unchanging
part could be attributed to the conduction and the changing part to the electrode reactions.
Thus this method could be used to distinguish electrode and electrolyte effects from
each other. However, not too high voltages should be used in order to avoid sample
deterioration.

In all of the articles reviewed, the conductivity has been measured in air or oxygen
rich atmosphere although other atmospheres have also been used in a few articles. In the
articles where different atmospheres were used, it was noted that carbon dioxide had a
minimal or even negligible effect on the conductivity [56, 58, 62, 65, 66] and that the
conductivity measured in nonactive gases such as argon [48] and nitrogen [67] was no
different compared to that in air. It is thus evident that cathodic atmosphere did not affect
the conductivity of the intrinsic ions measured by EIS.

However, the conductivities in hydrogen rich atmospheres yielded different results:
For samarium and gadolinium doped cerias the conductivity seems to have increased
somewhat compared to that in air but the amount of the increase varied from negligible
to a difference of an order of magnitude [48, 56, 58, 62, 65, 67]. On the other hand,
the conductivity of calcium doped cerias was higher in air than in hydrogen [68, 69].
However, it should be pointed out that as the measured activation energy was low, the
conductivity was still higher even at 300 ◦C than with most other samples even at 600 ◦C.
The reason for this excellent performance was not explained thoroughly and no actual fuel
cell performance was recorded so one should treat the results with reserve. In short, it is
not certain how or even howmuch hydrogen atmosphere affects the conductivity measured
with the impedance method.
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6.1.3 The effect of the carbonates

The slope in the Arrhenius plot changed in most of the reviewed articles around or below
the melting point of the used carbonate mixture. However, it should be noted that the
small channels in the SDC structure (capillarity) can also cause the melting point to
decrease compared to pure samples. For example, in Refs [23, 70] the conductivity of
doped ceria/sodium carbonate composites increased abruptly even at 400 ◦C even though
the melting point of the sodium carbonate is 851 ◦C [12]. In several of the reviewed
articles, there was a nonlinear leap at that temperature but in some articles ([24, 68–73]) the
conductivity was linear during the whole temperature range although the slope could have
changed at the melting point. In Paper II the leap was nonlinear and appeared around the
melting point, too. In Paper III the leap occurred in most of the samples but the influence
of the peak differed greatly depending on the sample and the preparation method. As
an important notice, the sample with 40wt% of carbonate and prepared by spark plasma
sintering showed a large increase in conductivity both at around 400 ◦C and 550 ◦C. The
reason for this is unknown.

A pure carbonate mixture is not a good conductor when it is solid and starts to conduct
well only after it melts causing a large leap in conductivity. On the other hand, the
conductivity of doped ceria increases steadily according to the Arrhenius equation and
overcomes the conductivity of the carbonate mixture below the melting point while over
that temperature (at least in the intermediate temperature range) the conductivity of the
carbonate mixture is higher [56]. For this reason the total conductivity generally increases
at high temperatures as carbonate content increases while the opposite holds at lower
temperatures. Nevertheless, the conductivity of some CFC electrolytes has still been
higher than that of pure doped ceria at temperatures below the melting point [66, 69, 74].
It could imply that there is a composite effect that enhances the conductivity even at low
temperatures.

The effect of having different alkali carbonate mixtures has been investigated in
Refs [15, 74] where the composite was comprised of Ce0.8Sm0.2O1.9 and (Li,Na)2CO3,(Li,K)2CO3 or (Na,K)2CO3 (the ratio of alkali metals was around 1:1). Both impedance
in air and I-V were measured and assorted data from Ref [74] are shown in Figure 17.
(Na,K) sample had more than an order of magnitude lower (impedance) conductivity
than the other samples but its power density and the conductivity measured from the I-
V measurement were close to that of others. Similarly, both impedance conductivity and
I-V measurements of samples with varying carbonate contents were performed in Refs
[18, 75]. The (impedance) conductivity increased with the amount of carbonate but the
best power density performances were attained with average carbonate contents (20wt%
to 30wt% of carbonates). Combining these results, there is a clear implication that the
impedance measurement does not give conductivity values that could be used directly to
define the goodness of the sample and that there is an optimized ratio for the carbonates
to be used for fuel cell operation.

Other ceramics beside doped ceria have also been used with the carbonates. In
Ref [76] both alumina and doped ceria CFCs were measured with varying contents of
(Li0.67Na0.33)2CO3. At higher carbonate to ceramic ratios and at temperatures over the
melting point of the carbonates, the conductivities were close to each other. At lower
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ratios the conductivity of alumina CFCs was at least an order of magnitude lower. The
temperature at which the leap of conductivity appeared for alumina CFCs depended also
greatly on the carbonate content. Additionally, the conductivity of pure alumina, yttria-
doped tetragonal polycrystalline zirconia (TZP), ceria and SDC as well as composites
with 50 vol% of (Li0.33Na0.67)2CO3 and pure carbonate were studied in Ref [77]. The con-ductivity values of CFCs were higher than those of pure ceramics but the pure carbonate
had the highest conductivity over the melting point of the carbonate mixture. There was
also no leap of conductivity for alumina composite while for others it occurred at around
475 ◦C to 525 ◦C. Also even though pure ceria has lower conductivity than doped ceria,
the ceria composite had the highest conductivity of the composite samples. As the ceria
particles were much smaller than other ceramic particles, this could have helped to develop
a continuous carbonate structure and/or to increase the interface area between the oxide
and carbonate layers.

(a) (b)
Figure 17: (a) Dependence of conductivity on temperature for SDC-carbonate composites
and SDC and (b) I-V and I-P characteristics of fuel cells at 600 ◦C: (■) SDC with
(Li,Na)2CO3; (▾) SDC with (Li,K)2CO3; (▴) SDC with (Na,K)2CO3; (⧫) SDC. Repro-duced from Ref [74] with permission from The Trans Tech Publications, Copyright 2010.

It has been proposed that the interface layer of the carbonate and the oxide is the
reason for the enhanced performance of CFC. This has been touched upon in articles
where macroscopically continuous SDC and carbonate structures have been studied. In
Ref [65] a continuous SDC and carbonate structurewithmicrometer scale thicknesseswere
prepared by immersing a porous SDC structure into molten (Li,Na)2CO3. Even though theamount of interfaces was lower compared to a “conventional mixing-pressing” method,
high conductivities were achieved, and increasing the carbonate amount increased also
conductivity values at temperatures over the melting point. Similarly, in Ref [61], where
both molten salt infiltration and “conventional mixing-pressing” methods were used, the
molten salt infiltration yielded slightly larger conductivities. It was proposed that the
continuous SDC structure would have been the reason for the better properties although
also the (continuous) carbonate structure could have been the cause. In Ref [78] the effect
of the continuous structures was studied using multilayer, homogeneous and single layer
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cells. In the multilayer cells Ce0.9Gd0.1O1.95 (GDC) and (Li0.33Na0.67)2CO3 (LNC) layersalternated, in the homogeneous cells the materials were mixed together and in single
layer cells either pure LNC or GDC was used. In the case of the multilayer cells, the
conductivity was measured both along and perpendicular to the layers and similar results
compared to pure GDC and LNC were achieved, respectively. They proposed that the
ceramic/salt does not contribute significantly to the conductivity. However, the amount
and the preparation method of the interfaces differ from each other in the homogeneous
and multilayer samples. Thus the results for the multilayer cells cannot be taken directly
to represent the homogeneous cells.

Combining these results, it seems that mostly the contribution of the carbonate melt
was taken into account in the impedance measurements. It is not certain how much the
interfacial properties affect the conduction of the ions and it is hard to distinguish the
different conduction mechanisms from each other with impedance measurements. Thus
other methods besides EIS are needed to determine the actual ionic conductivities and the
goodness of the electrolyte during the operation of a fuel cell.

6.2 Constant current
Conductivity has been measured with the constant current method (assorted data found
in Appendix A: Table A6) both using 2 and 4-point systems although 4-point systems
are more common. The reason is that electrode contributions cannot be removed from
the results in single 2-point measurements. Nevertheless, in Ref [79] the electrode
contributions were tried to be separated from other contributions by performing a 2-point
measurement using both silver ink electrodes as well as silver ink & “mixed electrode
paste” electrodes. Unfortunately, the conductivities attained with these systems differed
from each other so it is likely that not all the electrode contributions were taken into
account and the conductivity values should be higher. In fact, the conductivity acquired
from I-V measurements for the same samples was 2.5-3 times higher than the sum of the
conductivities acquired in air and hydrogen. This emphasizes that electrode contributions
are significant and should always be taken into account when measuring the conductivity.

As has been mentioned earlier, electrode contributions could be deducted using 4-
point systems and two different geometries have been mentioned in the reviewed articles:
bar and ring. The illustration of these measurement setups is given in Figure 18. In Ref
[80] a single chamber system was used with the bar geometry, where silver current wires
were attached to both ends of the bar and silver potential wires were attached in between
of the current wires. This geometry allowed the potential gradients to be mostly parallel
(see Figure 12a) making the determination of the conductivity simpler. However, if the
sample is a mixed ion/electron conductor, the open single chamber geometry can cause
errors due to an effectively enlarged electrode area as was mentioned earlier. On the other
hand, in Refs [81–83] the ring type of geometry was used and platinum rings and a point
in the center was painted on both sides of a pellet. The current wires were attached on the
rings and the potential wires on the points. During the measurement, gas was supplied
on both sides of the pellet. In this kind of measurement setup the potential lines are not
parallel throughout the sample (see Figure 12b) and the actual potential difference should
be modeled and the results corrected according to the model. Unfortunately, no mention



41

of corrections was used in the reviewed articles, which indicates that the actual resistance
values would have been larger than those acquired i.e. the reported conductivities should
have been smaller.

(a) (b)
Figure 18: (a) A schematic diagram of 4-point DC current measurements with a cylinder-
like construction. Reproduced from Ref [84] with permission from the author, Copyright
2012. (b) A schematic diagram of 4-point DC current measurements with a bar-like
construction. Reproduced from Ref [80] with permission from International association
for hydrogen energy, Copyright 2013.

In addition to the used geometries, measurements had also been performed with
different gas atmospheres. In Ref [80] samples with a bar geometry were measured both
in air and hydrogen using several different doped ceria/carbonate ratios, including pure
carbonate. The measured conductivity in air was higher than that in hydrogen atmosphere
at temperatures over the melting point and the difference was especially clear at lower
carbonate/ceria ratios. Additionally, only in oxygen atmosphere did the conductivity
increase abruptly (at around 500 ◦C) while in hydrogen atmosphere only linear increase
was evident. On the other hand, in all of the other 4-point measurements where hydrogen
and oxygen rich atmospheres were used, samples with a ring geometry were used [81–
83]. In those measurements, conductivity in hydrogen rich atmospheres was higher than in
oxygen rich atmospheres and only in hydrogen atmosphere did the conductivity increase
abruptly (at around 350 ◦C) while in oxygen rich atmosphere the increase was more or
less linear. Even though no voltage correction was carried out with the ring geometries,
it should not have affected much on the relative conductivities acquired in the different
atmospheres. Nevertheless, the opposing results would imply that the sample preparation
methods would greatly affect whether the conductivity (both electronic and ionic) is higher
in oxygen or hydrogen rich atmosphere. Additionally, there was no real consensus how
the carbonate content affects the conductivities.

As one cannot distinguish ionic and electronic conductivities from each other with
single constant current measurements, the magnitude of the electronic conductivity in
CFCs has also been researched in a few articles. In Ref [81] the electronic conductivity
was measured using a Hebb-Wagner method with a platinum foil working as a blocking
electrode and platinum paint working as a reversible electrode. Unfortunately, no mention
about the used atmosphere was given so it is not certain if the partial pressure of oxygen or



42

hydrogen could have affected themeasurements. Also the “enlarged electrode” effect men-
tioned earlier could have affected the measurements. However, as electronic conductivity
cannot overcome the total conductivity, a small total conductivity value would also mean
that the electronic conductivity is low. It was measured in the article that the electronic
conductivity was 2 orders of magnitude lower than the total conductivity in hydrogen rich
atmosphere and only 1 order of magnitude lower than in oxygen rich atmosphere. Thus
depending on the accuracy of the measurements, the electronic conductivity can cause
small errors for ionic conductivity values.

In Ref [80] constant current measurements were performed both for composite elec-
trolytes as well as for a pure carbonate mixture. However, there are some uncertainties how
the ions were able to move in the carbonate. The conductivity was measured both under
air and hydrogen atmospheres using the 4-point constant current setup. In the hydrogen
atmosphere the protons could have been transported in principle with the carbonate as
HCO3

− ions. In this way only hydrogen molecules were either consumed or formed on the
electrodes according to Equation 18 without causing degradation to occur in the long run
(at the beginning some degradation was likely to happen due to protons being extrinsic
ions). However, in oxygen (air) atmosphere a reaction similar to Equation 19 is likely to
happen on the electrodes. Thus, the measured high conductivity in air atmosphere would
mean: a) the electronic conductivity is high, b) the carbonate deteriorates over time if
carbon (di)oxide is not supplied to the cell, c) there are other conduction mechanisms. The
electronic conductivity was indeed measured with the Hebb-Wagner method and it was
concluded that the electronic conductivity was much lower than the other conductivities
(although no other mention about the measurement was given). Unfortunately, it is not
possible to reach a conclusion with the current information of how the oxygen ions were
able to move in the alkali carbonate samples. Thus more experiments are needed to
understand how the carbonate could have a high conductivity even in air atmosphere.

1
2
H2 + CO3

2− ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← HCO3
− + e− (18)

CO3
2− ←←←←←←←←←←←←←←←←←⇀↽←←←←←←←←←←←←←←←←← CO2 +

1
2
O2 + 2 e

− (19)
To sum it up, constant current measurements could be used to determine the specific

ion conductivities. However, it is recommended to use 4-point measurements in which
case the potential gradients should also be modeled in order to reach accurate results.

6.3 Product analysis
In two articles reviewed in Paper I, the product analysis method has been used to measure
the conductivity of the CFC electrolytes. In Ref [85] hydrogen was supplied to one side
of the cell and either pure oxygen or a mixture of oxygen and carbon dioxide (1:1) was
supplied on the other side representing the conditions during the operation of a real fuel
cell. The incoming gas flows, produced water and the amount of carbon dioxide on the
hydrogen side were measured. On the other hand, in Ref [86] active gas (either hydrogen
or oxygen) was supplied to one side and argon to the other side. Here the mass flows of
the active gas were measured on both sides of the cell. The effect of gas leakages was
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determined in both articles by measuring the mass flows during OCV and deducting this
from the values attained when constant current was driven through the sample.

As 2-point measurement setups were used both in Refs [85] and [86], the electrode
contributions were measured using a current interruption method. In Ref [86] a higher
voltage values compared to OCV were initially used. As the current was interrupted,
an abrupt decrease in voltage was determined to occur within 10 µs after which the
conductivity decreased slowly towards OCV. The ohmic losses due to the electrodes were
deemed insignificant and thus the voltage drop was attributed entirely to the electrolyte.
However, no mention was given about how the losses in other parts (wires and contacts)
were taken into account i.e. the results might not be accurate. Unfortunately, no specific
information was given about the current interruption method in Ref [85].

Assorted conductivity data measured at 650 ◦C is given in Appendix A (Table A7)
and it was noted that increasing the carbonate content from 10wt% to 30wt%, all the
conductivities (H+, O2− and, when applicable, CO32−) were also increased. Compared to
the situation when CO2 was not supplied, addition of CO2 increased the total conductivitybut decreased the O2− conductivity. On the other hand, when CO2 was supplied, H+
conductivity was increased at 10wt%, remained constant at 20wt% and decreased slightly
at 30wt% in Ref [85]. However, in all instances the O2− conductivity was higher than that
of H+ in both of the articles. Unfortunately, there was no mention about the electronic
conductivity so it can be assumed that its effect was under the limit of inaccuracy.
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7 Conclusions and recommendations

7.1 Conclusions

In this work conductivities of doped ceria/carbonate composite fuel cell electrolyte materi-
als as well as methods for measuring these conductivities were compared based on articles
in the literature. The aimwas to understand how themethods affect the conductivity values
and if they can be easily compared. In addition, composite electrolyte samples were
prepared in this work using citric acid/ammonia & freeze drying method for producing
powders, and either conventional pressing/calcination route or spark plasma sintering for
preparing the pellets. Both physical properties and conductivity were characterized.

Three major conductivity measurement methods were presented in this work: electro-
chemical impedance spectroscopy (EIS), constant current and product analysis. Of these
methods, EIS was the most common to have been used to characterize the conductivity of
the composite electrolytes. Unfortunately, the value acquired by EIS does not necessarily
determine how well the electrolyte would perform in an operating fuel cell. This is
because the ions in the carbonate structure are responsible for the major part of the
total conductivity acquired by EIS while in an operating fuel cell their contribution is
not usually as important. As it is hard to separate the different conductivities in the
composite electrolyte from each other by EIS, the acquired (total) conductivity values are
commonly higher than in reality. On the other hand, it is more straightforward to measure
specific conductivities using constant current and product analysis measurements. Thus,
the conductivities acquired by them can represent better how well the electrolyte performs
in real fuel cell conditions.

In all of the methods where ionic conductivity is measured, both electrode reactions
and a resistance due to amovement of ions (conductivity) are present. Thus the influence of
the electrodes has to be taken into account in order to attain correct conductivity values for
the electrolyte. The contributions from the electrodes could in principle be circumvented
using EIS, current interruption, 4-point and multiple 2-point measurements, although the
last one has not been used in the reviewed articles due to its need for long measurement
times and large amounts of materials. In the methods where the current is constant, it is
recommended to use the 4-point setup but the potential gradients for the used geometry
should also be modeled and taken into account. In some of the articles the effect of the
potential gradients has therefore been underestimated, which has caused uncertainties in
the reported conductivity values.

The powders prepared in this work comprised of crystalline samarium doped ceria
particles and amorphous Li2CO3, Na2CO3 and K2CO3 mixture. The particles were in the
nanoscale and the chemical elements were rather uniformly distributed. The conductivities
of the prepared powders were measured using EIS and the values were comparable or even
higher than those in the literature. The freeze drying method could have affected positively
both the rather uniform distribution of chemical elements and the high conductivity values.
Similarly, spark plasma sintered samples yielded more dense samples that had similar or
higher conductivities compared to samples prepared by the conventional way. In addition
to the measurement setups, the preparation methods and materials used in this work and
in the reviewed papers were also noted to affect greatly the (conductivity) properties of



46

the composite samples. Thus the experimental section is an important part in every work
and should be reported clearly in the articles in the future.

Based on our analysis, it is not recommended to use EIS to measure the conductivity of
doped ceria/carbonate composite samples. Instead, constant current and product analysis
measurements are recommended, assuming that they are performed correctly. Also
unfortunately, the currently available data of the conductivities of doped ceria/carbonate
composite electrolytes cannot be easily compared with each other as the values depend
greatly on the measurement methods. Thus, configuration recommendations for future
measurements for easier comparison are also given and it is also recommended to perform
fuel cell measurements alongside the conductivity measurements so that the “effective
goodness” of the electrolyte in an operating fuel cell can also be acquired.

7.2 Recommendations for futurework on conductivitymeasurements
The recommendations given here for the conductivity measurement setups are the same as
those given in Paper I and the following recommendation is a direct quote from the paper:

Finally we put forward four key recommendations based on our analyses and observa-
tions for measuring the oxygen and carbonate ion as well as proton conductivities in (wet)
hydrogen, air or O2 and CO2 atmospheres. The methods are listed in the recommended
order. However, cases 1 and 2 are only recommended if one can measure accurately the
mass flows and if voltage can be measured accurately for example with the Luggin probe
geometry.

1) The product analysis method using the same gases as in a working fuel cell is well
suitable for fast measurements. All ionic and electronic conductivities can in principle be
measured simultaneously. Also in case of hydrogen, there should not be any extra stability
issues when the effect of “extrinsic ions” is measured.

2) In case the electronic and a specific ion conductivity are measured simultaneously,
it is recommended to use the product analysis method in which active gas is fed to one side
and passive gas to the other side of the sample. In case of hydrogen, it is recommended to
first measure the conductivity with dry passive gas and moving to wet passive gas in case
of stability issues.

3) If accurate mass flow measurements were not possible, a 4-point constant current
method with either bar or Luggin probe geometries is recommended. In case of hydrogen,
testing first with dry hydrogen and then moving to wet hydrogen is advisable if there are
stability issues.

4) The 2-point constant current measurement is a simple, but slowmethod as preferably
at least 5 different electrolyte thicknesses should be used. In case of hydrogen, it is
recommended to first test with dry hydrogen and then moving to wet hydrogen, if stability
issues occur.

If for some reason, cases 2 to 4 would not work with wet gases when measuring in
hydrogen atmospheres, the case 1 could be used instead. In cases 3 and 4, the level of
the electronic conductivity is good to check, e.g. with the Hebb-Wagner method. Finally,
when employing the electrolyte in a fuel cell measurement, its thickness and the types of
electrodes should clearly be reported as this information is often missing in the reviewed
articles.
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In addition, as the freeze drying method and the spark plasma sintering had a positive
influence on the properties of the composite electrolyte powder, they can be recommended
to be used in future conductivity and, with some precautions, fuel cell measurements.
For example, after the spark plasma sintering a high enough porosity of the electrodes
could be achieved by removing extra material by additional heating or more preferably by
chemical means. Also in order to optimize the performance of the composite electrolyte
even further, a study with varying amounts of the carbonate and alkali metals should be
undertaken. In this case it is recommended to perform also fuel cell measurements after
the conductivity measurements in order to ensue the actual goodness of the electrolyte
materials.
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A Tables from Paper I: Measurement parameters and
assorted conductivity data of impedance, constant cur-
rent and product analysis measurements

Table A1: Measurement parameters. Adapted from Paper I with permission fromElsevier,
Copyright 2014.

Method Ref. Table
Ampl. (mV) Freq. range Electrode
n/a n/a Ag [87]

Part 1
5 1Hz-100 kHz Ag [18]
n/a n/a Ag [24]
20 0.5Hz-50 kHz n/a [64]
n/a n/a Ag [75]
n/a n/a-1MHz Au [20]

Part 2

10 0.1Hz-100 kHz Ag [15]
IV Elec.+Ag "

10 0.1Hz-1MHz Ag [74]
n/a n/a Au [60]
1000 20Hz-1MHz Au [77]
10 0.1Hz-1MHz Ag [72]
n/a 100Hz-13MHz n/a [76]
10 0.1Hz-100 kHz Ag [56]
10 0.01/10Hz-8MHz Ag [71]

Part 3

100 0.01Hz-1MHz Ag [57]
20 5Hz-13MHz Ag [23]
n/a 0.1Hz-1MHz n/a [70]
n/a n/a Ag [65]
10 0.1Hz-1MHz Ag [61]
5 1Hz-100 kHz Ag [66]

IV Elec.+Ag "
5 5Hz-13MHz Ag [63]
10 0.1Hz-100 kHz n/a [73]

IV Elec.+Ag "
10 0.1Hz-100 kHz Ag [59]
10 0.05Hz-100 kHz Au/Ni [58]

Part 4

10 0.1Hz-100 kHz Ag [48]
n/a n/a n/a [67]

IV Elec. "
10 0.1Hz-100 kHz Elec.+Ag [88]
n/a 0.1Hz-1MHz Ag [68]
10 0.01Hz-1MHz Ag [69]
10 0.01Hz-100 kHz Ag [89]

IV Elec. "
10 0.03Hz-50 kHz Au [62]
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Table A2: Summary of the EIS measurements, part 1. Adapted from
Paper I with permission from Elsevier, Copyright 2014.

Materials Conductivity Power density Ref.
Oxide Spec. M2CO3 Gases Max T◦C � T◦C Slope Temp. Max T◦C

(mol%) S cm−1 S cm−1 change range mWcm−2

Formula Amount Li Na K
Ce0.8Gd0.2O1.9 90wt 600 ◦Ca 53 47 n/a 6.8e-2 650 4.4e-2 550 550 400-700 [87]
" 85wt " " " n/a 8.3e-2 " 7.9e-2 " 500 350-650
" 80wt " " " n/a 1.3e-1 700 1.1e-1 " 525 350-700
" 75wt " " " n/a 1.6e-1 " 1.6e-1 " 475 375-700
" 70wt " " " n/a 7.8e-2 600 5.9e-2 " 550 400-600
" 65wt " " " n/a 1.0e-1 650 9.9e-2 " 550 400-650
" 90wt 650 ◦Ca 100 n/a 1.6e-1 700 4.1e-2 " 550 400-700
" 80wt " " n/a 1.3e-2 " 2.0e-3 " 500 "
" 75wt " " n/a 3.7e-2 " 5.4e-3 " No "
" 70wt " " n/a 3.1e-2 " 4.6e-3 " No "
" 65wt " " n/a 1.2e-1 600 9.8e-2 " 550 400-650
" 90wt " 100 n/a 3.1e-3 700 5.1e-4 " No 400-700
" 85wt " " n/a 3.8e-2 " 1.1e-3 " No "
" 80wt " " n/a 4.6e-4 650 1.0e-4 " No 400-650
" 70wt " " n/a 9.3e-4 700 1.5e-4 " No 400-700
Ce0.8Sm0.2O1.9 100wt Air 8.0e-3 650 1.6e-3 550 No 300-650 [18]
" 90wt 43.5 31.5 25 " 1.8e-2 " 1.2e-2 " 350 " 550b 650
" 70wt " " " " 6.4e-2 " 5.4e-2 " 375 " 720b "
" 50wt " " " " 1.5e-1 " 1.4e-1 " 400 " 573b "
Ce0.8Gd0.2O1.9 90wt 53 47 Air 1.3e-1 800 7.0e-2 550 550 400-800 [24]
" 80wt " " " 2.1e-1 " 1.1e-1 " 550 "
" 75wt " " " 2.1e-1 " 1.7e-1 " 550 " 92c 550
" 70wt " " " 2.3e-1 " 1.7e-1 " 525 "
" 65wt " " " 1.0e-1 " 3.1e-2 " 550 "
Ce0.9Gd0.1O1.95 80wt 72.7 27.3 Air 1.4e-1 690 7.9e-2 550 570 300-700 [64]
" 70wt " " " 1.8e-1 660 1.1e-1 " 570 "
" 60wt " " " 6.6e-1 690 2.2e-1 " 570 "
Ce0.8Sm0.2O1.9 100wt 53 47 Air 2.0e-2 625 9.4e-3 550 No 400-625 [75]
" 90wt " " " 2.7e-2 " 1.6e-2 " 475 " 435c 600
" 85wt " " " 5.0e-2 " 4.2e-2 " 475 " 679c "
" 80wt " " " 7.8e-2 " 7.5e-2 " 450 " 949c "
" 75wt " " " 1.0e-1 " 8.7e-2 " 475 " 1085c "
" 70wt " " " 9.8e-2 " 8.7e-2 " 475 " 890c "
" 65wt " " " 1.3e-1 " 1.2e-1 " 475 " 885c "
a Sintering temperature.
b H2/CO2+O2.
c H2/Air.



59

Table A3: Summary of the EIS measurements, part 2. Adapted from
Paper I with permission from Elsevier, Copyright 2014.

Materials Conductivity Power density Ref.
Oxide Spec. M2CO3 Gases Max T◦C � T◦C Slope Temp. Max T◦C

(mol%) S cm−1 S cm−1 change range mWcm−2

Formula Amount Li Na K
Ce0.8Gd0.2O1.9 50vol 67 33 Air 1.9e-1 625 8.2e-2 550 480 425-625 [20]
" " 52 48 " 1.3e-1 " 7.1e-2 " 480 "
" " 33 67 " 1.2e-1 " 6.0e-2 " 480 "
Ce0.8Sm0.2O1.9 100wt Air 1.6e-2 600 9.4e-3 550 No 400-600 [15]
" 80wt 50 50 " 4.7e-2 " 4.1e-2 " 475 "
" " 50 50 " 5.0e-2 " 4.1e-2 " 450 "
" " 50 50 " 6.7e-3 " 2.9e-3 " No "
" " I-V 50 50 H2/Air 9.3e-2 " 7.1e-2 500 n/a 500&600 600e 600
" " I-V 50 50 " 9.2e-2 " 6.7e-2 " n/a " 550e "
" " I-V 50 50 " 8.3e-2 " 4.4e-2 " n/a " 550e "
Ce0.8Sm0.2O1.9 100wt Air 3.6e-3 600 1.8e-3 550 No 450-600 147e 600 [74]
" 80wt 52 48 " 3.9e-1 " 4.1e-1 " 500 " 532e "
" " 52 48 " 1.7e-1 " 1.6e-1 " 475 " 410e "
" " 48 52 " 1.2e-2 " 2.5e-3 " No " 373e "
Ce0.8Sm0.2O1.9 70wt 100 Air 1.6e-3 550 No 200-550 [60]
" " 67 33 " 3.5e-1 " 500 "
CeO2 100vol Air 1.2e-4 625 4.0e-5 566 No 225-625 [77]
Al2O3 " " 4.3e-8 " 2.4e-8 " No 425-625
TZP " " 3.2e-3 " 1.4e-3 " No 275-625
Ce0.8Gd0.2O1.9 " " 1.0e-2 " No 225-n/a
Carbonate " 33 67 " 2.5e-1 490 No n/a-490
CeO2 50vol " " " 2.3e-1 625 1.3e-1 566 475 225-625
Al2O3 " " " " 5.5e-4 " 2.8e-4 " No "
TZP " " " " 2.0e-2 " 1.9e-2 " 525 "
Ce0.8Gd0.2O1.9 " " " " 5.6e-2 " 500 225-600
Ce0.8Sm0.2O2−� 80wt 675 ◦Cd 53 47 Air 9.1e-2 600 5.3e-2 550 No 300-600 [72]
Ce0.8Gd0.2O2−� " " " " " 5.8e-2 " 3.1e-2 " No "
Ce0.8Y0.2O2−� " " " " " 3.1e-2 " 1.7e-2 " No "
Ce0.8Gd0.2O1.9 100wt Air 3.9e-3 575 2.4e-3 550 No 300-575 [76]
" 95wt 67 33 " 9.2e-3 " 7.4e-3 " 500 "
" 80wt " " " 7.1e-2 " 4.7e-2 " 475 "
" 60wt " " " 1.1e-1 " 6.8e-2 " 500 "
Alumina 95wt 67 33 " 3.4e-4 600 1.2e-4 " No 350-600
" 80wt " " " 2.1e-2 " 1.2e-3 " No "
" 60wt " " " 1.2e-1 " 6.8e-2 " 500 "
Ce0.9Gd0.1O2−� 45vol 62 38 Air 3.2e-1 650 1.9e-1 550 490 400-650 [56]
Carbonate 100vol " " " 6.0e-1 490 No 390-490
d Sintering temperature.
e H2/Air.
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Table A4: Summary of the EIS measurements, part 3. Adapted from Paper I with
permission from Elsevier, Copyright 2014.

Materials Conductivity Power density Ref.
Oxide Prep. Spec. M2CO3 Gases Max T◦C � T◦C Slope Temp. Max T◦C

method (mol%) S cm−1 S cm−1 change range mWcm−2

Formula Amount Li Na K
Ce0.8Sm0.2O1.9 75wt 100 Air 1.8e-1 700 1.9e-2 550 650 400-700 602m 700 [71]
Ce0.8Gd0.05Y0.15O1.9 60wt 52 48 Air 2.6e-1 550 n/a 550 [57]
Ce0.8Sm0.2O1.9 80wt 100 Air 3.5e-1 575 3.5e-1 550 325 125-575 800m 550 [23]
Ce0.8Sm0.1Ca0.1O2−� n/a 100 Air 4.5e-1 600 4.0e-1 550 400 300-600 980m 560 [70]
Ce0.8Sm0.2O1.9 70vol STf 52 48 Air 3.5e-1 650 2.5e-1 550 490 400-650 [65]
" 65vol " " " " 4.3e-1l " 2.9e-1l " 500l "
" 60vol " " " " 5.3e-1 " 3.8e-1 " 500 "
" 65vol " " " CO2+O2 3.4e-1 " 2.4e-1 " 500 "
" " " " " Air 3.5e-1l " 2.4e-1l " 490l "
" " " " " Wet H2 3.8e-1 " 3.0e-1 560 500 "
Ce0.8Sm0.2O1.9 n/a MSIg 52 48 Air 1.1e-1 625 8.7e-2 550 500 350-625 [61]
" n/a MPg " " " 5.5e-2 " 2.4e-2 " 500 "
Ce0.8Sm0.2O1.9 100wt n/a Air 1.6e-2 650 5.2e-3 550 No 300-650 [66]
" 70wt GNh 50 50 " 1.0e-1 " 7.9e-2 " 500 " 607n 650
" " OCh " " " 1.5e-1 " 1.1e-1 " 500 " 1266/1704o "
" " SGh " " " 1.6e-1 " 1.2e-1 " 500 " 1121n "
" " OCh " " CO2+O2 1.6e-1 " 1.3e-1 " 500 "
" " OCh I-V " " H2/Air 9.7e-2 " 4.5e-2 " 500 "
" " OCh I-V " " H2/CO2+O2 1.4e-1 " 6.1e-2 " 500 "
Ce0.8Sm0.2O1.9 80wt �mi n/a n/a n/a 1.1e-2 525 500 250-550 [63]
" " semi �mi n/a n/a n/a 1.6e-2 550 500 "
" 30mol nmi n/a n/a n/a 1.9e-2 525 500 "
Ce0.8Sm0.2O1.9 80wt pH4j 53 47 n/a 4.6e-2 750 8.0e-3 550 No 400-750 [73]
" " pH6j " " n/a 5.0e-2 " 1.1e-2 " No "
" " pH8j " " n/a 2.4e-2 " 3.4e-3 " No "
" " pH4j I-V " " H2/Air 6.1e-1 600 4.9e-1 " No 450-600
" " pH6j I-V " " " 6.4e-1 " 5.0e-1 " No " 817m 600
" " pH8j I-V " " " 5.6e-1 " 4.2e-1 " No "
Ce0.8Sm0.2O1.9 80wt SRk 52 48 Air 1.5e-1 600 1.1e-1 550 525 300-600 696p 600 [59]
" " CNk " " " 2.0e-1 " 1.5e-1 " 500 " 825p "
" 33mol NANO " " " 1.8e-1 " 1.4e-1 " 500 " 839p "
f ST=Sacrificial template.
g MSI=Molten salt infiltration MP=Mixing-pressing.
h GN=Glycine-nitrate combustion, OC=Oxalate co-precipitation, SG=Sol-gel process.
i Particle size.
j pH during the preparation of SDC.
k SR=Solid state reaction, CN=Citric Acid-Nitrate Combustion.
l The conductivities in air were obtained from two different graphs.
m H2/Air.
n H2/CO2+O2 & Thickness of the electrolyte: 0.5mm.
o H2/CO2+O2 & Thickness of the electrolyte: 0.5mm/0.25mm.
p Wet H2/Air.
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Table A5: Summary of the EIS measurements, part 4. Adapted from Paper I
with permission from Elsevier, Copyright 2014.

Materials Conductivity Power density Ref.
Oxide Spec. M2CO3 Gases Max T◦C � T◦C Slope Temp. Max T◦C

(mol%) S cm−1 S cm−1 change range mWcm−2

Formula Amount Li Na K
Ce0.9Gd0.1O1.95 80wt 72.7 27.3 Dry air 3.4e-1 660 1.3e-1 550 500 395-660 [58]
" " " " Ar 4.0e-1 670 1.5e-1 540 485 395-670
" " " " Cr 3.8e-1 660 1.6e-1 550 500 395-660
" 70wt " " Dry air 2.4e-1 610 1.8e-1 " 500 300-610 58.8u 550
" " " " O2 6.5e-1 " 4.3e-1 " 500 335-610
" " " " Wet air 2.3e-1 " 1.6e-1 " 500 "
" " " " Cr 6.3e-1 " 3.5e-1 " 500 300-610
" " " " Ar 6.3e-1 " 5.2e-1 " 415 "
" " " " C+Ar 9.8e-1 650 6.3e-1 " 500 300-650
Ce0.8Sm0.2O1.9 80wt 52 48 Air 5.6e-1 600 4.4e-1 550 490 450-600 590v 600 [48]
" " " " Argon 5.6e-1 " 4.5e-1 " 490 "
" " " " H2 7.7e-1 " 5.7e-1 " 470 "
Ce0.8Sm0.2O1.9 100wt Air 1.6e-2 600 9.4e-3 550 No 400-600 [67]
" 80wt 53 47 N2 8.4e-2 " 8.3e-2 " 440 "
" " " " N2+H2O 8.4e-2 " 8.3e-2 " 420 "
" " " " Air 8.4e-2 " 8.3e-2 " 450 "
" " " " Air+H2O 8.4e-2 " 8.3e-2 " 450 "
" " " " H2 1.1e-1 " 1.1e-1 " <400t "
" " " " H2+H2O 8.4e-2 " 8.3e-2 " <400t "
" 70wt 67 33 " 1.1e-1 " 1.1e-1 " 475 "
" " I-V " " H2/Air 1.9e-1 " 1.5e-1 " No " 1100v 600
Ce0.8Sm0.2O1.9 33mol 700 ◦Cq 100 Air/Air 2.7e-2 550 No 350-550 [88]
" " " " H2/Air 3.0e-2 " No " 375v 550
Ce0.8Ca0.2O1.9 30mol 50 50 Air 9.0e-2 600 6.2e-2 550 No 400-600 567u 550 [68]
" " " " H2 1.8e-2 " 1.2e-2 " No "
Ce0.8Sm0.1Ca0.1O2−� n/a 100 Air 5.7e-1 650 4.5e-1 560 No 280-650 900v 550 [69]
" n/a " H2 1.9e-1 640 1.5e-1 550 No 330-640
Ce0.8Sm0.2O1.9 80wt 52 48 Air 2.4e-1 650 1.5e-1 550 500 300-650 [89]
" I-V " " Wet H2/Air 8.8e-2 600 8.2e-2 550 No 450-600 916x 550
Ce0.8Sm0.2O1.9 90wt 52 48 A1s 1.4e-2 700 5.1e-3 525 500 400-700 [62]
" 80wt " " " 3.6e-2 " 2.1e-2 550 500 "
" 50wt " " " 1.1 " 6.8e-1 " 475 "
" 90wt " " C3s 3.6e-3 " 9.3e-4 " 525 "
" 80wt " " " 7.3e-3 " 2.7e-3 " 525 "
" 50wt " " " 9.8e-1 " 7.6e-1 " 475 "
" 90wt " " A2s 8.0e-3 670 3.7e-3 " 500 400-670
" " " " C1s 3.0e-3 " 1.3e-3 " 475 "
" " " " C2s 3.0e-3 " 1.4e-3 " 475 "
q Sintering temperature.
r A=H2+CO2 (80/20), C=O2+CO2+N2 (15/10/75).
s A1=H2+CO2 (80/20), A2=H2+CO2+N2+CO (15/50/5/30), C1=O2+CO2+N2 (15/30/55), C2=O2+CO2+N2(15/70/15), C3=O2+CO2+N2 (19/10/71).
t The rapid increase in the conductivity occurred most likely below 400 ◦C.
u H2/O2.
v H2/Air.
x Wet H2/Air.
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Table A6: Summary of the constant current measurements. Adapted from Paper
I with permission from Elsevier, Copyright 2014.

Materials Measurement Conductivity Power dens. Ref.
Oxide M2CO3 Method Electrode Gases Max T◦C @550 ◦C Slope Temp. Max T◦C

(mol%) S cm−1 S cm−1 change range mWcm−2

Formula Amount Li Na Mat. Form
Ce0.8Sm0.2O1.9 100wt 52 48 4-probe Ag Bar Air 7.5e-3 650 2.7e-3 No 425-650 [80]
" 90wt " " " " " " 1.0e-2 " 3.3e-3 500 "
" 80wt " " " " " " 2.0e-2 " 6.3e-3 500 "
" 70wt " " " " " " 2.9e-2 " 1.1e-2 500 "
" 60wt " " " " " " 3.9e-2 " 1.3e-2 500 "
" 0wt " " " " " " 6.6e-2 " 2.6e-2 500 "
" 90wt " " " " " H2 2.1e-3 " 3.9e-4 No "
" 80wt " " " " " " 5.0e-3 " 9.7e-4 No "
" 70wt " " " " " " 1.3e-2 " 2.9e-3 No "
" 60wt " " " " " " 2.0e-2 " 4.2e-3 No "
" 0wt " " " " " " 3.9e-2 " 7.2e-3 No "
Ce0.8Sm0.1Nd0.1O1.9 100wt 66.7 33.3 4-probe n/a n/a Air 1.5e-2 700 4.0e-3 No 350-700 [90]
" 90wt " " " n/a n/a " 3.3e-2 " 1.0e-2 550 "
" 80wt " " " n/a n/a " 1.9e-1 " 5.5e-2 490 "
" 70wt " " " n/a n/a " 1.2e-1 " 2.5e-2 550 "
" 60wt " " " n/a n/a " 3.2e-2 " 1.9e-2 490 "
Ce0.8Sm0.2O1.9 80wt 100 4-probe Pt Ring 5% H2c 6.0e-2 600 5.1e-2 350 200-600 [81]
" " " " " " 21% O2c 4.9e-3 " 3.1e-3 No "
" " " WHa " n/a n/a 3.0e-4 " 2.0e-4 n/a 550&600
Ce0.8Ca0.2O2−� 80wt 100 4-probe Pt Ring 5% H2c 5.2e-2 600 4.3e-2 400 200-600 [82]
" " " " " " Air 4.5e-3 " 2.5e-3 No "
Ce0.8Sm0.2O1.9 95wt 100 4-probe Pt Ring 5% H2c 6.0e-2 650 4.3e-2 350 200-600 514d 550 [83]
" 90wt " " " " " 8.0e-2 " 6.3e-2 350 " 833d "
" 85wt " " " " " 7.0e-2 " 5.7e-2 350 " 729d "
" 80wt " " " " " 6.3e-2 " 4.7e-2 350 " 613d "
" 95wt " " " " 21% O2c 8.0e-3 " 3.7e-3 No "
" 90wt " " " " " 7.0e-3 " 3.7e-3 No "
" 85wt " " " " " 8.0e-3 " 3.3e-3 No "
" 80wt " " " " " 7.0e-3 " 3.0e-3 No "
Ce0.8Sm0.2O1.9 80wt 66.7 33.3 2-probe Elec.b Pellet Air 1.8e-2 n/a 450&550 [79]
" " " " " " " H2 4.0e-2 n/a "
" " " " " Ag " Air 1.7e-2 n/a "
" " " " " " " H2 3.8e-2 n/a "
" " " " IV Ag " Wet H2/Air 1.5e-1 n/a 550 780e 550
CeO2 100wt 2-probe Ag Bar Air 1.0e-3 900 1.2e-6 No 450-900 [91]
" 80wt 100 " " " " 1.6e-3 650 3.4e-4 No 200-650
a WH=Wagner-Hebb (electron conductivity) measurement, where Pt paste and foil were used as reversible electrode
and blocking electrode, respectively.

b Electrodes consisted of a mixed electrode (Ni or lithiated NiO + SDC-carbonate) and Ag paste.
c % sign implies that the rest of the gas is N2.
d H2/synthetic air.
e Wet H2/Air.
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Table A7: Summary of the product analysis measurements.
Adapted from Paper I with permission from Elsevier, Copyright
2014.

Materials Conductivity at 650 ◦C (S cm−1) Ref.
Oxide M2CO3 Gases H+ O2− CO2−3 Total

(mol%)

Formula Amount Li Na
Ce0.8Sm0.2O1.9 90wt 52 48 H2/O2 4.0e-3 1.7e-2 2.1e-2 [85]
" " " " H2/O2+CO2 5.0e-3 7.7e-3 1.6e-2 2.9e-2
" 80wt " " H2/O2 1.2e-2 3.5e-2 4.7e-2
" " " " H2/O2+CO2 1.2e-2 2.6e-2 3.8e-2 7.6e-2
" 70wt " " H2/O2 1.6e-2 5.2e-2 6.8e-2
" " " " H2/O2+CO2 1.5e-2 3.3e-2 5.3e-2 1.0e-1
Ce0.8Sm0.2O1.9 95wt 52 48 Gas/Argona 6.0e-3 1.5e-2 2.1e-2 [86]
" 90wt " " " 1.0e-2 2.1e-2 3.1e-2
" 80wt " " " 1.8e-2 5.5e-2 7.3e-2
" 70wt " " " 2.2e-2 7.1e-2 9.3e-2
a Argon was supplied to the other side and either H2 or O2 to the other side of the cell
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