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1. Introduction

Cerium oxide ceramics doped with various elements are being investigated with a view to their
application in solid oxide fuel cells (SOFCs), in which the solid electrolyte is one of the main
components and which must be both electron-impermeable and have a high ionic conductivity of

oxygen vacancies [1-3].

Samaria or gadolinia or both samaria and gadolinia doped ceria (SDC, GDC, SGDC) ceramics belong
to the group of oxygen vacancy solid electrolytes (characterized by a high oxygen ionic conductivity).
Other than composition, one of the main factors influencing the electrical conductivity of the ceramics
is their microstructure, such as crystallite size and composition of the grain boundary. Microstructure
can be influenced by the choice of the conditions in which the ceramics are manufactured, such as

the method of powder synthesis, the time and temperature of the sintering of the ceramic. [3]

Various dopant elements (Gd, Sm [4], Nd, Lu [5], Y, La [6]) are used in ceria to increase its ionic

conductivity. The highest conductivities were reported to be achieved with Gd and Sm dopants. [4]

A high ionic conductivity was reported for samaria and gadolinia co-doped ceria (SGDC). It was

reported to be higher than of individually doped ceria ceramics. [4]

The aim of this work was to investigate electrical conductivity of oxygen ion conductive ceramics
and the influence of synthesis method and sintering conditions on the electrical conductivities of

ceria-based ceramics.

This was achieved by the investigation of the electrical properties (activation energies for grain and
total electrical conductivities and values of grain and total electrical conductivities) of some oxide

ceramics, mainly in the doped ceria family.

Influence of powder synthesis method, sintering temperature was investigated. Evaluated the results
to find highest electrical conductivity at lower temperatures (500K, which is typical for intermediate

temperature SOFCs) due to issues arising for SOFCs operated at high temperatures [1,7].



2. Literature Review

2.1 Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) - electrochemical devices that convert chemical energy into electrical
energy by utilizing a chemical fuel and oxygen as the oxidizing gas. Comprised of two porous
electrodes (anode and cathode) and a solid electrolyte, the electrodes play a crucial role in enabling
the transfer of gases between the electrode/electrolyte interface in both directions. The main part of
most devices is a thin dense membrane of an oxygen ion conductor (electrolyte) that separates the
two chambers. The device can either be subject to an applied voltage whereby it will act as an oxygen
pump or in the opposite way to generate electrical power as a SOFC. As the electrical energy is
produced not by combustion but by electrochemical reaction, it is not limited by Carnot efficiency.

As such, it is able to reach higher conversion efficiencies. [1,3,8]

An example SOFC system shown in Figure 1:
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Figure 1. Scheme of a solid oxide fuel cell using hydrogen as fuel.

In the electrolyte of a SOFC (an oxygen ion conductor) the flow of current occurs due to movement
of oxide ions through the lattice of the crystal. For a material to be a pure oxygen ion conductor (a
solid electrolyte), any electronic contribution to total electrical conductivity must be insignificant as
even the slightest concentrations of electronic carriers tend to give rise to a significant electronic
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component. This is due to the comparatively high mobility of electrons and holes when compared to

the ionic mobilities. [1]

The movement of oxygen ions in the crystal lattice is facilitated by thermally-activated hopping,
allowing them to migrate from one crystal lattice site to another, with a drift of ions in the direction
of the electric field. Thus, the ionic conductivity exhibits a strong dependence on temperature, with
higher temperatures enabling high conductivity values. These levels of ionic conductivity at elevated

temperatures are comparable to those observed in liquid electrolytes. [1]

High operating temperature is beneficial in enhancing the ionic conductivity of the electrolyte and,
consequently, improving the electrochemical performance of the cell. However, high operating
temperatures (800-1000°C) (such as those needed for yttrium stabilized zirconia ceramics) introduce
a range of issues related to the materials, encompassing electrode sintering, catalyst poisoning,
interfacial diffusion between electrolyte and electrode materials, thermal instability and the
mechanical or thermal stresses arising from differing coefficients of thermal expansion among the

cell components. [3,8]

2.2 Oxygen ion conductive solid electrolytes and doping

To create solid electrolytes, doping is usually applied. It involves the substitution of lower-valence
cations into the lattice, simultaneously introducing oxygen vacancies to ensure overall charge
neutrality. These oxygen vacancies (equivalent sites) allow for the migration of oxygen ions and are

crucial for achieving high ionic conductivity. [1,9]

Increasing the dopant concentration leads to the introduction of more vacancies into the lattice and
one could assume that it should result in higher conductivity. While it would be a reasonable
assumption that the maximum would be achieved at the point when half the oxygen lattice sites are
vacant, the correlation of vacancies and conductivity only applies at low concentrations of dopant. A
maximum is observed and conductivity drops when the vacancy concentration is only a few percent.

[1,9]

The maximum is caused by the interaction of the oxygen vacancy and the substitutional ion. Utilizing
modelling it was shown that the major interaction between these point defects is through the elastic
strain in the crystal lattice introduced by a mismatch between the size of the dopant ion and the ion
that it replaces. Thus, it appears that in order for good oxygen conductors to be made, the introduced

vacancies should result in as little disturbance in the crystal lattice as is possible. This helps explain



why some of the best oxygen ion conductors are materials where the host and dopant ions barely

differ in size. Examples include zirconia-scandia and ceria-gadolinia. [1]

Additional causes of this decrease in conductivity at higher concentrations of dopant ions include
growth of defect clusters. And while the rise in dopant concentration leads to an increase in the
quantity of charge carriers, it also results in defect interaction enhancement. This leads to a severe
reduction in mobility. It shows that a lower dopant concentration results in the creation of oxygen
vacancies, while a higher concentration results in a significant association between the oxygen and
dopant vacancies. Optimal dopant concentration for ceria-based ceramics was suggested to be

between 15 and 25 mol%. [9]

2.3 Ceria Based Ceramics Solid Electrolytes

Fluorite oxides are oxygen ion conducting oxide materials, with the general formula of MX,. The X
ions occupy the eight tetrahedral interstitial sites whereas M ions occupy the regular sites of a face-

centred cubic (FCC) structure. X being the large tetravalent cation. [1]

Materials that readily form in the fluorite crystal structure are such as thorium dioxide (ThO»),
uranium dioxide (UO>) and in this work used ceria (CeO). For zirconia, the Zr*" cation is too small
to sustain the fluorite structure and thus only forms at high temperatures or when there is partial

substitution of the zirconium with another cation. The substituted cation is usually larger. [1]

A feature of the fluorite structure is its ability to sustain high degrees of substitution and the arising
non-stoichiometry, allowing to obtain highly disordered materials. This structure has a relatively large

interionic open space, allowing for high levels of point defects. [10]

Doping in fluorite oxides is usually achieved by substituting the host cation with either a rare earth
or an alkaline earth metal. Examples include doped zirconias such as yttria-stabilized zirconia.
Compositions when close to 10% of yttria is substituted show high electrical conductivities at
temperatures of 800°C and above, making it a widely used electrolyte. It is of interest to find ceramics

of high ionic conductivity at lower temperatures, such as gadolinia doped ceria (GDC). [1]

Thus, regarding doped ceria, highest conductivities have been reported for either gadolinia (GDC) or
samaria doped ceria (SDC). It is reported that a conductivity of 4.2 Scm™ was achieved in SDC
ceramics at 700°C, while conductivity of GDC ceramics at 800°C was 10 Scm™'. The ionic
conductivity of SDC and GDC is higher than that of yttria-doped ceria. However, enhancement of

stability in reducing conditions is still required for ceria-based electrolytes. [8,11]



Electrical conductivity in an oxide is influenced by several factors such as oxygen partial pressure in
the surrounding gas atmosphere, temperature, concentration and type of dopants. Ion conduction in
oxides is a thermally activated process, and between different materials its magnitude may vary
significantly. That is why even the same matrix with different dopants can exhibit significant
differences in the conductivity of ions. However, there is still a discrepancy in understanding how

dopant properties precisely relate to ionic conductivity. [3]

For co-doped ceria, in this case samaria and gadolinia co-doped ceria (SGDC), a study found the bulk
electrical conductivity to be even higher than that of singly doped ceria (GDC). Suggested cause for
improvement was proposed to have a relation with the lowering of association enthalpy of the oxygen
vacancy and the dopant ions. Other factors which were found to possibly have impact in the co-doping
effect - modification of an elastic strain in the crystal lattice, raise of a configurational entropy and

changes in the composition of the grain boundary. [11]

Another study claimed to have obtained better structural uniformity and structural homogeneity in
ceria co-doped material (SGDC) when compared to singly gadolinia doped ceria and by usage of
high-resolution transmission electron microscopy identified the presence of nanodomains in both
materials, though less pronounced in the co-doped system. This study claimed nanodomains being a

cause of high grain resistivity due to charge carriers being blocked in those areas. [3]

Co-doping in ceria (SGDC) is theorized to restrain the growth of large clusters and thus supress local
oxygen vacancy ordering, resulting in higher ionic conductivity due to the improvement of
microstructural homogeneity. Additionally, it was presented stating that oxygen vacancies in the non-
co-doped samples (SDC, GDC) being more tightly bound than in the samples with co-doping
(SGDC), impeding effective oxygen ion conduction and having a direct effect on the conductivity.
[3,12]



3. Experimental

3.1 Preparation of ceramics

A number of ceria-based oxygen ion conductors were investigated. Different materials were obtained
from different providers: Fuel Cell Materials, Kaunas University of Technology (KTU), University
of Le Mans (obtained already sintered pellets). List of samples shown in Table 1. The material data
sheets of the powders provided by Fuel Cell Materials did not mention powder synthesis method,

although the powder grain size was characterized using BET (Brunauer—Emmett—Teller) analysis.

Thus, as the synthesis method is not known, instead in Table 1 we provide BET.

Table 1. Sample notation, chemical composition, powder synthesis method/BET, sintering conditions

(temperature T and time t), provider of powder.

Sample Formula Powder synthesis | T (°C) | t(h) Provider
Name method/ BET
GDC-1200- | Ceo9Gdo1019s | BET=6.44 m?g! | 1200 2 Fuel Cell Materials
2h
GDC-1500- | Ceo9Gdo1O19s | BET=6.44 m?g' | 1500 2 Fuel Cell Materials
2h
GDC-1400- | Ce.9Gdo.101.95 Solid state 1400 2 University of Le Mans
2h-ssr reaction
GDC-1400- | Ce0.9Gdo.101.95 Coprecipitation 1400 2 University of Le Mans
2h-cp
SDC-1500- | Smg15Ceos5025 | BET=8.04 m?g! | 1500 2 Fuel Cell Materials
2h
SDC-1500- | Smo.15Ceo.s5025 | BET=195 m?g’! 1500 2 Fuel Cell Materials
2h-n
SGDC- Ceo.825Smo.0875G | Coprecipitation 1200 2 KTU
1200-2h-cp do.087502-5
SGDC- Ceo.825Smo 875G | Coprecipitation 1500 2 KTU
1500-2h-cp do.087502-5

Commercial powders synthesized by Fuel Cells Materials or powders by KTU scientists

(see Table 1) were pressed at 200 MPa into 8mm diameter pellets using press and press-form

(Figure 2).




Figure 2. Equipment used in preparation of ceramics — press (a), press-form (b), furnace (c).

Each of these samples were first heated by 2°C/min to 400°C and held at this temperature for 1h to
remove bound water, then heated by 2°C/min to 1200°C or 1500°C (depending on the sample) and
sintered in ambient air at this temperature for 2h. For a typical sintering program see Figure 3. The

samples were cooled down passively.

Sintering
i

Ts +

+2°C/min

N

Temperature

1h at 4\00"0

" 42°C/min

Time

Figure 3. Sintering program for ceramic at sintered at sintering temperature (Ts).

Samples from University of Le Mans were already obtained in sintered pellet form and thus no further

sintering was needed. Sintering conditions can be seen in Table 1.
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3.2 Sample preparation

For impedance spectroscopy measurements cylindrical samples of defined size are needed. The
ceramic pellets were shaped down into workable shape (dimensions needed to fit into the
spectrometer). Platinum contact paste (Mateck platinum conducting paste for brush application
71% Pt) was applied on the ends of the samples. The platinum contacts were first heated to and held
at 400°C for 1h to evaporate contact paste solvent, followed by the contacts being fired on at 800°C

for 20 min.

Example of sample with applied contacts shown in Figure 4.

Figure 4. SGDC-1500-2h-cp sample with platinum electrodes, 2.9mm diameter, 1.45mm height.

3.3 The basic principals of impedance spectroscopy

After the finished preparation, the ceramics were measured using an impedance spectrometer. It is

known that for GDC and SDC ceramics oxygen transport for oxygen is very close to 1 [13].

Impedance can be seen as the complex resistance experienced by current flowing through a circuit
composed of various electrical elements, such as inductors, capacitors and resistors, applying to both
direct current (DC) and alternating current (AC). It, like resistance, is a ratio between voltage and
current, showing the circuit’s ability to resist electric current flow while also reflecting its ability to

store electrical energy, referred to as “real impedance” and “imaginary impedance” accordingly. [14]

Measurement method used was ammeter-voltmeter two probe method. Impedance spectrometer used
for most measurements is shown in Figure 5. It is capable of measurements in the 10 Hz to 2 MHz
frequency range and 300 K to 800 K temperature range. It can perform measurements in frequency

and time domains. [15]
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Figure 5. Impedance spectrometer setup and sample holder.

For samples GDC-1400-2h-ssr and GDC-1400-2h-cp a spectrometer capable of measurements at
higher frequencies (0.3 to 10 GHz) was used, shown in Figure 6. [16]

Figure 6. Higher frequency capable impedance spectrometer setup and sample holder.
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3.4 Equivalent circuits and modelling

For the analysis of the obtained impedance spectroscopy results, the Bauerle brick layer model can
be used. Here the solid electrolyte ceramic is imagined as a brick wall with the bricks being the
crystallites and where the cement represents grain boundaries. The equivalent circuit (circuit which
tries to model the complex electrical characteristics of a material by simple circuit elements)
suggested by Bauerle in this model consists of three in series connected dual parallel connections of
a resistor and capacitor, where the first of the parallel elements represent the grain (Ry and Cy), the

second (Rg» and Cgp) the grain boundary and the third (R.; and C.;) the electrode (Figure 7). [14]

Rg Rgb Rel
| Cg | Cgb | Cel
. { | . { | { |

Figure 7. Equivalent circuit representing the Bauerle brick-layer model.

But these ideal equivalent circuit elements (resistors or capacitors) are not enough to adequately

model the ceramic. Impedance spectra plotted as Nyquist plots often show depressed semicircles.

The introduction of "distributed" EC (equivalent circuit) elements enhances the representation of
nonideal aspects in the modelled real-life processes. This accounts for observed deviations from ideal
behaviour. When a potential is applied to a macroscopic system, the total current comprises of
numerous microscopic current filaments that originate and terminate at the electrodes. In the presence
of rough electrode surfaces or inhomogencous dielectric materials, these microscopic current
filaments may differ significantly (microscopic material properties themselves are often distributed).
[17]

With electrode position, reaction resistance and capacitance contributions differing and varying over
a certain range and around a mean, only the average effects over the entire surface of the electrode
can be detected. For example, macroscopic impedance depends on the distribution of the reaction rate
across such an interface which is measured as an average over the whole electrode. In response to a
small-amplitude excitation signal, differences can lead to frequency-dependent effects, which can be

often modelled using simple distributed circuit elements. [17]

The term "constant phase element" is derived from the fact that the phase angle of the circuit portion

represented by such an element remains independent of AC frequency. [17]
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Impedance of a CPE is dependent on effective CPE coefficient O [Q 's*], described in Equation 1:

1
“ore = QGay ®

Equation 1 describes impedance response for ideal capacitor in case of a=1, where a — dimensionless

parameter between 0 and 1, and an impedance response for an ideal resistor in case of a=0.

Thus, we replace the capacitor in the Bricklayer model equivalent circuit (Figure 7) with a constant
phase element (CPE). This is done as it represents an imperfect capacitor, as electrical circuit
impedance analysis is an attempt to represent a complex phenomenon in purely electrical terms.
While ideal circuit elements like resistors and capacitors can sometimes be employed by fitting the
data, real systems often require the inclusion of distributed circuit elements (such as CPE) alongside

the ideal ones to well characterize impedance responses [14].
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4. Results and discussion

Obtained data was analysed using ZView Software, used for data analysis of impedance spectroscopy
measurements and circuit modelling. The experimental values of grain resistivity and grain boundary

resistivity at different temperatures have been obtained from the fits.

Sample grain and total resistivities were obtained by fitting to the data. Examples of data, equivalent
circuits and fits show in Figures 8-9. In this software, the parameter a from Equation 1 is noted as
CPE-P, and the CPE coefficient Q denoted as CPE-T. In the shown equivalent circuits the elements
noted CPEg, CPEgp, CPEel represent grain, grain boundary and electrode equivalent CPE elements

respectively.

In Figure 8 we can see three semicircles. The one in the highest frequency represents ion relaxation

in the grain, the middle one — in the grain boundary and the last one — in the electrode.

It can be clearly seen in Figure 9 that the ion relaxations of the electrode and the grain boundary
overlap and thus separating them becomes difficult. The influence of the electrode is too strong in
Figure 9 to obtain Ry (at reasonable accuracy throughout the various temperatures) and thus obtain

total resistivity.

From resistivity we can find conductivity. Grain conductivity (og) and total conductivity (o7) values

were calculated with Equations 2-3:

1
% "Ry .
1
() =

where Rg— grain resistivity, Re» — grain boundary resistivity.

As the relation of electrical conductivity and temperature changes according to the Arrhenius equation

(Equation 4), it can be used to calculate the activation energies [14]:

—AE,
R “4)

where T — absolute temperature, o — conductivity, o, — pre-exponential factor, k — Boltzmann constant,

AE, - activation energy.
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Figure 8. Nyquist plot of GDC-1500-2h ceramic at 500 K with fitted circuit and fit (green line).
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Figure 9. Nyquist plot of SGDC-1500-2h-cp ceramic at 500 K with fitted circuit and fit (green line).
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In Figure 10 the imaginary part of the impedance for GDC-1500-2h at various temperatures can be
seen. The maximum (at highest frequencies) is related to ion relaxation in crystallites and it shifts to
even higher frequencies when the temperature is increased, almost fully disappearing from the

measured frequency range at temperatures above 600 K.

The grain boundary ion relaxation is more difficult to separate, due to influence of the electrode. It
also shifts to even higher frequencies when the temperature is increased, similarly being a thermally

activated process.

Thus, it is clear we can not obtain the grain and grain boundary resistivities in the whole temperature

range.
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Figure 10. Dependence of the imaginary part of impedance on frequency for GDC-1500-2h ceramic

for various temperatures. Grain and grain boundary maximums due to ion relaxation shown.

Figure 11 illustrates and compares all the measured GDC samples, their electrical conductivity with

relation to reciprocal temperature. Figures 12-13 show the Nyquist plots for those ceramics.
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Figure 11. GDC ceramics grain and total electrical conductivity with relation to reciprocal

temperature.
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Figure 12. Nyquist plots with ZView fits of GDC-1200-2h and GDC-1500-2h at temperatures of
400 K (a) and 500 K (b).
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Figure 13. Nyquist plots with ZView fits of GDC-1400-2h-ssr and GDC-1400-2h-cp at temperatures
of 500 K (a) and 800 K (b).

From Figure 13 (b) it is difficult to tell if what we seeing is indeed grain boundary conductivity for
the second semicircle for GDC-1400-2h-cp since the semicircle is so small thus measurement by the
four-electrode impedance measurement technique might be needed to obtain certainty. This would
work as it removes the influence of the electrode, removing the third large curve which can be seen
in above graphs and allowing for clearer view, allow for the grain boundary resistivity and thus total

resistivity to be found.

From the two at 1400°C sintered samples (GDC-1400-2h-cp and GDC-1400-2h-ssr) (Figure 11) we
can see the influence the powder synthesis method had on electrical conductivity. The ceramic
sintered from the powder made by co-precipitation (GDC-1400-2h-cp) has higher electrical
conductivity for both grain and total. The solid state reaction sample (GDC-1400-2h-ssr) also has a
comparatively a very low grain boundary conductivity, which can be seen from how much the total

electrical conductivity differs from the grain conductivity.

The ionic conductivity of doped ceria is changed by the synthesis method due to factors such as: from
synthesis resulting powder morphology, final density of the sintered material, distribution of particle
size and porosity appearing in the compacted powders. This leads to ceramics with the same

composition, but varying conduction properties. [18]
From the other two GDC samples (GDC-1500-2h and GDC-1200-2h) (Figure 11), both provided by
Fuel Cell Materials, and both of which were sintered from the same powder, we can see the influence
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the sintering temperature had on the electrical conductivity. We notice higher electrical conductivity
for both grain and total for GDC-1500-2h. It is noticeable that although the higher sintering
temperature led to only a small increase in grain electrical conductivity (likely due to the increase in
grain size [19]) it led to a substantial increase in total conductivity at the higher sintering temperature,
hinting at a more significant improvement of grain boundary conductivity, due to likely lower grain
boundary porosity. We obtained results opposite of what was obtained by Lenka et al. [20] where

decreasing grain boundary conductivity was noted with the increase in grain size.

Overall, the Fuel Cell Material samples had higher conductivities than the ones provided by the
University of Le Mans, most likely due to the powder synthesis method used (likely resulting in lower

grain size and higher grain boundary porosity) which was not disclosed in the material data sheets.

Figure 14 illustrates and compares all the SDC samples, their electrical conductivity with relation to

reciprocal temperature. Figure 14 show the Nyquist plots for those ceramics.
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Figure 14. SDC ceramics grain and total electrical conductivity with relation to reciprocal

temperature.

From the two at SDC samples (Figure 14) we can see the influence the powder BET had on electrical
conductivity. While the powder having nanoscale grain size does not mean the resulting ceramic
grains should be of similar size (grain sizes increase while sintering), we nevertheless see an

improvement in total conductivity for the nanoscale powder.
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Figure 15. Nyquist plots with ZView fits of SDC-1200-2h and SDC-1200-2h-n at temperatures of

400 K (a) and 500 K (b).

From the Nyquist plots in Figure 15, we see a significant decrease in grain resistivity for the ceramic

sintered from the nanoscale powder (SDC-1500-2h-n) when compared to the ceramic sintered from

the larger precursor grain size powder (SDC-1500-2h).

Figure 16 illustrates and compares all the SGDC samples, their electrical conductivity with relation

to reciprocal temperature. Figure 17 show the Nyquist plots for those ceramics.
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Figure 16. SGDC ceramics grain and total electrical conductivity with relation to reciprocal

temperature.
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It can be seen from Figure 16 and the Nyquist plots in Figure 17 that higher sintering temperature led
to an increase in grain conductivity, likely due to increasing grain size. It is difficult to say any more
about the sample due to the not visible total and grain resistivity from the obtained results. Additional

measurements are needed to say more, perhaps usage of the four-probe impedance spectroscopy

method.
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Figure 17. Nyquist plots with ZView fits of SGDC-1200-2h-cp and SGDC-1500-2h-cp at
temperatures of 400 K (a) and 500 K (b).
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Figure 18. Highest conductivities from the investigated doped ceria ceramics. Grain and total

electrical conductivity with relation to reciprocal temperature.
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Figure 18 compares the highest conductivities of the three investigated types of ceramics with relation

to reciprocal temperature.

As it can be seen, GDC-1500-2h showed slightly higher total conductivity than SDC-1500-2h-n,
though SDC-1500-2h-n grain conductivity did rise above GDC-1500-2h at temperatures above
550°C. SGDC-1200-2h-cp showed the lowest conductivity of the three investigated ceramics.

From the literature it was expected that SGDC would have higher electrical conductivity than the
other investigated doped ceria ceramics (GDC, SDC) [3,4,11,12], but this was not observed.

From these graphs of conductivity inverse temperature relation (Figures 11,14,16) and Equation 4
activation energies for grain and total electrical conductivities were obtained, as well as values of

grain and total electrical conductivities at 500 K. (Table 2)

Table 2. Various ceramics - activation energies for grain (AEg) and total (AE::) electrical

conductivities and values of grain (o) and total (o) electrical conductivities at 500 K.

Sample Name AEg (eV) AE (eV) og (Sm!) ot (Sm™)
GDC-1200-2h 0.73 0.84 2.90E-03 1.30E-03
GDC-1500-2h 0.71 0.77 3.66E-03 2.15E-03
GDC-1400-2h-ssr 0.88 1.068 8.16E-04 1.01E-05
GDC-1400-2h-cp 0.75 0.83 1.45E-03 5.25E-04
SDC-1500-2h 1.02 0.85 4.07E-03 2.27E-04
SDC-1500-2h-n 0.85 1.04 441E-03 1.92E-03
SGDC-1200-2h-cp 0.79 0.8 9.42E-04 6.31E-04
SGDC-1500-2h-cp 0.88 - 1.30E-03 -

Sample with the lowest total and grain activation energy similarly was the sample with the total

highest electrical conductivity - GDC-1500-2h.
Similar activation energies, conductivities found in works by other researchers:

GDC10-1473-4h activation energies were found to be 0.75eV, 0.84eV for grain and total respectively
[21]. Kazlauskas et al. [19] obtained the same total conductivity at 500K (1.3 - 10° Sm™) for
GDC-1200-2h (the study also sintered 10% doped GDC for 2h), though noted no change in the total

conductivity for GDC-1500-2h, as opposed to our noted significant increase.

It must be noted that production methods differed and that the comparison of only the final sintering

time and temperature does not represent all of the factors that might influence the parameters.
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5. Conclusions

An increase in sintering temperature from 1200°C to 1500°C in GDC and SGDC ceramics resulted

in higher grain and total electrical conductivities.

SDC ceramics with higher BET had higher electrical conductivity values when sintered at the same

temperature.

GDC-1400-2h-cp ceramic sintered from powder synthesised by coprecipitation had higher electrical
conductivities than GDC-1400-2h-ssr ceramic sintered from powders synthesized by solid state

reaction method.

Overall highest electrical conductivities and lowest electrical activation energies at 500 K were found
for GDC-1500-2h with activation energies for grain and total electrical conductivities being 0.71eV
and 0.77eV respectively and values of grain and total electrical conductivities of 3.66 <10~ Sm™ and

2.15 107 Sm! respectively.
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Summary

Electrical properties investigation of some oxide ceramics

Gustas Levickis

Over the years a lot of efforts have been put into developing a lower operating temperature alternative
to YSZ for use in SOFCs, as the high operating temperature creates a range of issues such as electrode
sintering, catalyst poisoning, interfacial diffusion between electrolyte and electrode materials,
thermal instability, the brittle nature of utilized materials, and the mechanical or thermal stresses
arising from differing coefficients of thermal expansion. SOFCs require an electrolyte which is

electron-impermeable and has a high oxygen ion conductivity.

For this application the ceramics require a high conductivity at lower operating temperatures, and
thus SDC, GDC and SGDC ceramics come in as attractive options, as they are reported to have higher

conductivity than the other alternatives.

The aim of this work was to investigate electrical conductivity of oxygen ion conductive ceramics
and the influence of synthesis method and sintering conditions on the electrical conductivities of

ceria-based ceramics.

Results were obtained by impedance spectroscopy using the ammeter-voltmeter method and the
fitting of the obtained data to an equivalent circuit based on the Bauerle brick layer model. From the

data obtained the following conclusions could be made:

The increase in sintering temperature from 1200°C to 1500°C in GDC and SGDC ceramics resulted
in higher grain and total electrical conductivities. SDC ceramics with higher BET had higher electrical
conductivity values when sintered at the same temperature. GDC-1400-2h-cp ceramic sintered from
powder synthesised by coprecipitation had higher electrical conductivities than GDC-1400-2h-ssr
ceramic sintered from powders synthesized by solid state reaction method. Overall highest electrical
conductivities and lowest electrical activation energies at 500 K were found for GDC-1500-2h with
activation energies for grain and total electrical conductivities being 0.71eV and 0.77¢V respectively
and values of grain and total electrical conductivities of 3.66 - 10° Sm™ and 2.15 - 10 Sm!

respectively.
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Santrauka

Oksidiniy keramiky elektriniy savybiy tyrimai

Gustas Levickis

Pastaraisiais metais nemazai pastangy buvo jdéta kuriant Zemesnés darbinés temperatiiros alternatyva
YSZ, skirta naudoti SOFC. Tai yra daroma, nes esant aukstai darbinei temperattrai SOFC kyla jvairiy
problemy tokiy kaip elektrody sukepinimo, katalizatoriaus uzterSimo, tarpfazinés difuzijos tarp
elektrolito ir elektrody medziagy, Siluminio nestabilumo, panaudoty medziagy trapumo ir mechaniniy
ar Siluminiy jtempiy, atsirandanciy dél skirtingy Siluminio plétimosi koeficienty. SOFC reikia
elektrolito, kuris biity nelaidus elektronams ir pasizymeéty dideliu deguonies vakansijy joniniu

laidumu.

Siai paskirciai reikalingas didelis elektrinis laidumas Zemesnése temperatiirose, todél GDC, SDC ir
SGDC keramikos yra patrauklios medziagos, nes, kaip praneSama, jy laidumas yra didesnis nei

alternatyvy zemesnése temperatiirose.

Sio darbo tikslas - istirti deguonies jonams laidzios keramikos elektrinj laidumg ir sintezés metodo

bei sukepinimo salygy jtaka elektriniam laidumui cerio oksido pagrindo keramikose.

Rezultatai gauti atlikus impedanso spektroskopijg ampermetro-voltmetro metodu ir gautus duomenis
sutinkinus pagal Bauerle miro-plyty modeliu pagrista ekvivalenting granding. IS gauty duomeny

buvo padarytos Sios iSvados:

Padidinus sukepinimo temperatirg nuo 1200°C iki 1500°C, GDC ir SGDC keramikose padidéjo
kristalitinis ir bendras elektriniai laidumai. SDC keramikos, su aukstesne BET verte, tur¢jo didesnj
elektrinj laiduma, kai jos buvo sukepintos toje pacioje temperatiiroje. GDC-1400-2h-cp keramiky,
sukepinty i$ milteliy, susintetinty ko-nusodinimo metodu, elektrinis laidumas buvo didesnis nei
GDC-1400-2h-ssr keramikos, sukepintos i§ milteliy, susintetinty kietyjy faziy reakcijos metodu.
Apibendrinus rezultatus didziausios elektrinio laidumo ir maziausios elektrinés aktyvacijos energijos
500 K temperatiiroje buvo nustatytos GDC-1500-2h. Kristalitinio ir bendrojo elektrinio laidumo
aktyvacijos energijos Siai medziagai atitinkamai buvo 0,71eV ir 0,77eV, o kristalitinio ir bendrojo

elektrinio laidumo vertés atitinkamai 3,66 - 107 Sm™ ir 2,15 - 10 Sm™'.
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