Synthesis and Electrochemical Evaluation
of Perovskite related oxide for Active
Cathode for Solid Oxide Fuel Cells (SOFCs)

Maksymilian Kluczny

Department of Material Engineering, Kyushu University,
Motooka 744, Nishi-Ku, Fukuoka 819-0385, Japan

Department of Chemical Engineering,
KTH Royal Institute of Technology, 100 44, Stockholm, Sweden

December 2017
Supervisors:
Tatsumi Ishihara
Examiner:

Carina Lagergren

ﬁ%ﬁ% \\%//

\“/
=N

KYUSHU

UNIVERSITY

VETENSKAP




Special thanks to
Kuan-Ting Wu and

Kang Byeongsu



Abstract

Solid oxide fuel cells are used as stationary power plants for electricity production. Despite having a
very high efficiency of 90% they haven’t gained a world-wide commercial usage, due to their very high
operating temperatures, and high production cost. However, there is a lot of ongoing research with
the aim of developing intermediate-temperature solid oxide fuel cells (IT-SOFCs) that could operate at
temperatures below 800°C.

Cathodes are the most studied components of IT-SOFCs, since decreasing operating temperature
results in slow oxygen reduction reaction(ORR) kinetics and large polarization losses. Perovskite
related metal oxides have become very popular materials that could make suitable cathodes for IT-
SOFCs. In this work an evaluation of several materials belonging to three different material groups
have been studied: single layer perovskites, with a general formula of ABOs, double layer perovskites,
with a general formula of AA’B,0s and Ruddlesden-Popper phase, with a general formula of Ay1BnO3n+1.
Power generating capabilities of those materials have been studied on an electrolyte supported cell,
cathode/LSGM9182/Ni-Fe. IR drop and overpotential of the cathode was measured and activation
energy of the ORR for each material has been calculated.

The double layer perovskite cobaltites offer a significant drop in overpotential, increase in conductivity
compared to their single layer counterpart, while being able to generate significant amount of power.
Ruddlesden-Popper phase materials offer the lowest activation energy values amongst the researched
materials, but offer limited power generation values in the setup they were tested. Both of double
layer perovskites and Ruddlesden-Popper based materials have opportunities for their performance
to be improved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are of increasing interest, as low emission energy conversion devices
for the purpose of electricity production, and in some cases, heat production. A typical commercially
available SOFC system operate at temperatures of 900-1000°C [1]. This high operation temperature is
thermally challenging for the materials used, which not only increases the manufacturing cost, but also
decreases the system lifespan. Unfortunately, such high temperature is also required to obtain power
densities high enough to be able to compete with other energy production methods.

Lowering the operating temperature of SOFC to 500-800°C in order to increase material
compatibility and reduce manufacturing cost, which would result in so called intermediate
temperature solid oxide fuel cell (IT-SOFC), is one of the main goals of SOFC research [2, 3]. However,
the consequences of lowering the operational temperature are, among others, increased area specific
resistance (ASR) of the electrolyte or poor kinetics of the electrode reactions.

There is a lot of ongoing research focused on improving the performance of electrolyte, by
changing the traditional electrolyte supported SOFCs, to anodic supported SOFCs, which allow thinner
layers of electrolyte to be produced, or replacing the now used YSZ with a different, newer generation
electrolyte [4].

Ohmic resistance induced losses over the electrolyte, are an important issue, but it is believed that
the key to improving the power density of IT-SOFC lies in the cathodic performance of the cell. Since
the oxygen reduction reaction (ORR) has the highest activation energy, at lower temperatures the
cathode is the major source of electrical loss in the SOFC. This reaction requires the contact of three
different phases: gas (oxygen), electrolyte and electrode. This interface is called the three-phase
boundary (TPB) and in pure electronic conductor cathodes is limited to a thin region at the electrolyte
surface.

Over the years, a lot of effort has been made to find new and modify existing materials that could
be suitable cathodes for IT-SOFC. Many perovskite or perovskite based mixed ionic-electronic
conductors (MIECs) have been studied. MIECs thanks to their oxygen ion conductivity have the ability
to extend the oxygen diffusion layer, thus the interface is extended to all contact points between the
gas and solid phase.

Many simple perovskite compounds based on the ABO; general formula have been investigated
as well as other related compounds like double perovskites or Ruddlesden-Popper phase (RP). Double
perovskites are compounds with a general formula AA’B,0¢.5 and consist of alternating layers of single
perovskites ABOs.s and A’BOs.s. Ruddlesden-Popper phase follows a general formula An.1BnO3n+1 and
consists of NnABO3 perovskite layers between two A’O rock salt layers.

1.1 ABOs single perovskites and AA’B,0s.5 double perovskites as cathodes

Perovskites related metal oxides have become attractive structures for IT-SOFC application thanks
to their electrochemical performance. Both single and double perovskites have become attractive
structures for IT-SOFC application thanks to their electrochemical performance. Single layer
perovskites incorporating a lanthanide metal in A site and cobalt in B site with a general formula
LnCo0s.5 and double layer perovskites that incorporate a rare-earth lanthanide metal in the A site,
barium in the A’ site and cobalt on the B site with a general formula LnBaCo,0s.5 are of particular
interest. Structures of such perovskites can be seen in Figure 1 below. The cobaltite structure and its
activity towards ORR changes depending on the size of the lanthanide metal that occupies the A sites.
In this study two layered perovskite compounds are tested, one with Gd in the A site, as the lanthanide
with small ionic radius and another with praseodymium (Pr) in the A site, as a lanthanide with large



ionic radius. Also two single layer perovskite materials are tested Lao.4Bag.sC003.5, and SmgsSro.sCo0s.5
for comparison with the layered materials. The latter, SSC, is reported to have a very good compatibility
with the used LSGM electrolyte in terms of thermal expansion coefficient (TEC) and adhesion.

Co0O; layer

ABO; cubic perovskite

Co0;, layer

LnO; layer

LnBaCoOs,5 double perovskite

CoO; layer

O Lattice oxygen @ n
@) Oxygen vacancy O Ba layered structure
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Figure 1. Structures of simple cubic perovskite and double-layered perovskite [5]

1.2 An+1BrnO3n+1 Ruddlesden-Popper metal oxides as cathodes

The Ruddlesden-Popper metal oxides became attractive compounds for IT-SOFC application
thanks to their different way of transferring oxygen. The perovskite layers that, sandwiched between
two layers of rock salt along the c-axis, allow for oxygen movement through intrinsic oxygen instead
of the usual oxygen vacancies. Currently in the spotlight are materials that incorporate a rare-earth
lanthanide metal in the A site, and nickel in the B site. The K;NiF, structured La;NiO4.s and higher order
Ruddlesden-Popper oxides, LasNi,07.s and LasNizO10.5 have a benefit of having temperature expansion
coefficient (TEC) comparable to those of electrolyte materials. The increase in perovskite layers in the
higher order structures is said to further improve stability, electrical conductivity, and most
importantly, ORR activity. However, it has been reported that even small variations in La-Ni
composition combined with harsh synthesis conditions result in pure phase obtainment unreliable
with only few methods, like citric acid method, being effective [6, 7].
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Figure 2. Structure of Lan+1NinOsn.1 (n =1, 2, and 3) [8]

1.3 Describing the electrochemical performance of cathodes
Many parameters influence the electrochemical performance of SOFC cathodes. Since the primary
function of the cathode is performing oxygen reduction, the primary value to describe the cathode
activity is the energy of activation (E,) of the ORR.

The temperature dependence of all thermally activated process can be described by the following
equation:

VA :Ae—Ea/RT Eq1

Where:

z— phenomenon that is thermally activated
E. — activation energy for the process

A — pre-exponential constant

R — universal gas constant [8.314 J-mol™1-K?]
T — temperature [K]



In order for the data to be easily fit into an Arrhenius relationship, the equation must be transformed
as follows:

E, /1 Eq.2
In(z) = In(4 ——(—)
(2) = In() - = (7
Now, the equation has a familiar form of a straight line
y=b+m-x Eq.3
Where:
y =1In(z)
b =In(A)
m = -E./R — sloping of the line
x=1/T
Next step is to extract the activation energy from the slope (m) and transform its unit to [eV]
m=—E,/R Eqg.4
J Eq.5
Fo=-mR =]
@ mol
Division by Avogadro constant (Na) to eliminate the [mol]
—mR Eq.6
E =
Converting joules [J] to electronvolts [eV]
—6.242 x 10® - mR Eq.7
E, = [eV]
Ny
Finally
—6.242 x 10*® x 8.314-m 8.618 x 10-5 leV] Eqg.8
= = —O. mje
a 6.022 x 1023
Where:

Na — Avogadro constant Na = 6.022x10% [1/mol]
1) = 6.242x10% [eV]



2. Experimental

This section will be divided into 3 main parts: material synthesis, experimental setup and
experimental procedures and measurements.

2.1 Material synthesis

SOFC as all fuel cells is composed out of three main elements, electrolyte, cathode and anode,
which synthesis will be described. It will cover the synthesis of the LSGM9182 electrolyte, the Ni-Fe
anode and all seven used cathode materials.

All synthesized compounds were analyzed using XRD to verify if the synthesis was successful and
to check the phase purity. All compounds were successfully obtained as a pure phase, and all obtained
XRD spectra are found in Appendix 1.

2.1.1 SOFC electrolyte - LSGM9182

The electrolyte that was used for the purpose of this research was LaosSro1GaosMgo20ss, or
LSGM9182 in short, or just LSGM, as it will be referred to for the purpose of this work. This electrolyte
was prepared using a conventional solid-state reaction method (SRM), where all the reactants were
oxides or carbonates, all commercially available as powders: La,03; (Chameleon Reagents. 99.99%
purity), SrCOs, Ga,0; (High Purity Chemicals. 99.99% purity) and MgO (Wako. 99.90% purity). Such
method of synthesis is rather simple, but requires a lot of energy and time for calcination and sintering,
and can be physically demanding.

To minimize the error while weighing the materials to prepare a stochiometric mixture, they were
dried in a furnace for 1 hour. La,03 was dried at 700°C while the rest of the materials was dried at
400°C. After the drying process, the materials were kept at a steady 120°C to prevent the moisture to
enter again, and were taken out one at a time to weigh. Afterwards the stochiometric mixture was
blended in a mortar by hand for 30-45 minutes until a very fine powder was obtained and such blend
was then moved into a ceramic crucible and was calcinated at a temperature of 1000°C for 6 hours.
Both heating and cooling for all the processes was carried at 200°C/h. After the calcination the powder
was moved into a mortar and was grinded again to achieve very fine particles.

Since the SOFC type we utilize for this research is electrolyte supported SOFC, the LSGM powder
had to be pelletized in form of discs, which was a two-stage process. First, between 1.4-1.5g of LSGM
powder was weighed and pressed in a hydraulic press for 3-5min under a pressure of 20MPa. Such raw
and delicate pellets were moved into protective covers which were vacuumed and firmly tied up using
a wet wool string. The second stage of pelletizing was conducted in a CIP (cold isostatic press) under a
pressure of 300MPa for 30min. The protective covers mentioned before were used to protect the
pellets from getting contaminated by the liquid used in the CIP during pressing.

After pelletizing, the LSGM were sintered in a furnace, under an ambient atmosphere conditions.
The sintering process was carried out at 1500°C for 10 hours. During one batch a total of four pellets
could be processed, since only that many would fit on a ceramic plate that was used in the sintering
process. Such plate was covered by a leftover LSGM powder to prevent the pellets from sticking to the
plate, and the pellets were covered by a lid of a ceramic crucible to prevent their surface from burning
and heating up unevenly, which could lead to deformation of the pellets during sintering. Both heating
and cooling below 1000°C was run 200°C/h and above 1500°C, 100°C/h. This allows to minimize pellet
deformation due to shrinkage, which always occurs during sintering.

Such prepared LSGM9182 pellets were further processed, but this will be described later, in the
SOFC assembly part.
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2.1.2 Metallic anode — Ni-Fe

The anode that was used in the researched SOFC cells was a porous bimetallic anode made out of
nickel with a 10% by weight doping of iron. The NiO-Fe;03 mixed metal oxide powder, which is a
precursor of the anode was prepared by a traditional impregnation method [9]. The powder was
synthesized using commercially available materials: nickel (II) oxide (Wako. 99.0% purity) and iron (ll1)
nitrate, 9-hydrate (Chameleon Reagent. 99.0% purity).

Fe(NOs)s - 9H,0 was dissolved in deionized water, and afterwards NiO powder was added into the
solution. The water was evaporated on a hot plate at a temperature of 280°C while being continuously
stirred by a magnetic bar. The obtained solid was calcinated in a furnace at 400°C for 2h in order to
decompose all nitrates. After calcination, it was hand grinded in a mortar for at least 20 minutes in
order to obtain fine particles. Such powder was moved into a ceramic crucible and sintered in a furnace
at 1000°C for 6h. The heating and cooling steps for the calcination processes were 200°C/h. After
another grinding, at least 30 minutes to obtain very fine particles, the powder was analyzed using XRD.
Analysis results indicated that a pure phase was achieved.

2.1.3 Cathode materials

As mentioned in previous chapter, all cathode materials used belong to three different groups of
perovskite related metal-oxide materials: single layer perovskites, double layer perovskites and
Ruddlesden-Popper phase. Because of their similarities, it was decided that the basic method to
synthesize all those materials should be the Pechini method [10]. Such approach allows us to not only
obtain very good mixing of materials, since the whole synthesis method is liquid based, but it also
allows the final product be in form of very fine particles. Standardizing on single, well-known method
also allowed us to keep the results of synthesis repeatable.

2.1.3.1 Single and double layer perovskites
All used perovskite powders were prepared from commercially available ingredients which were:

U SSC—SmgsSresCo0s.s

A samarium (1l) nitrate hexahydrate (Wako. 99.5% purity)

A strontium nitrate, anhydrous (Wako. 98.0% purity)

A cobalt (Il) nitrate, 6-hydrate (Chameleon Reagent. 98.0% purity)
U BLC64 —Ba0,6La0.4Co03-6

A barium nitrate (Chameleon Reagent. 98.5% Purity)

A lanthanum (Ill) nitrate hexahydrate (Wako. 99.9% purity)

A cobalt (Il) nitrate hexahydrate (Chameleon Reagent. 98.0% purity)
U PBCO—-PrBaCo2Co06-6

A praseodymium (Ill) acetate (Mitsuwa’s Pure Chemicals. 99.9% purity)*

A barium nitrate (Chameleon Reagent. 98.5% Purity)

A cobalt (Il) nitrate hexahydrate (Chameleon Reagent. 98.0% purity)
U GBCO-GdBaCo206-6

A gadolinium nitrate hexahydrate (Wako. 99.5% purity)

A barium nitrate (Chameleon Reagent. 98.5% purity)

A cobalt (Il) nitrate hexahydrate (Chameleon Reagent. 98.0% Purity)

1 preparation of PBCO powder was based on the Pechini method, but because of shortage of praseodymium nitrate at the
time of preparation, a different water soluble praseodymium salt had to be used that would not introduce any impurities. In
the end the powder was synthesized using praseodymium acetate due to its good solubility and the fact that the acetate
anion would decompose during the calcination/decomposition step.

11



For synthesis of each compound, a stochiometric amount of powders was moved into a beaker
with DI (deionized) water, and citric acid monohydrate (Wako. 99.5% purity) was added, with a molar
ratio 1:1 per each mole of metal ions. After all ingredients dissolved, ethylene glycol (Wako. 99.5%
purity) was added, equal molar amount as citric acid, so a polymeric raisin could form. The solution
was dried at 280°C on a hot plate, while being constantly stirred by a magnetic bar. Before the solution
turned into gel, the magnetic bar was removed and the temperature was increased to 400°C.
Evaporation of water should result in formation of a polymeric foam, and after it has completely dried,
the beaker with all its contents was moved into a furnace, and heated up for 2 hours at 400°C to
decompose the nitrates. The next step was to hand grind the resultant powder in a mortar for 30min,
until fine size particles are obtained, and the powder was calcinated in a ceramic crucible. Depending
on the compound, the temperature and time of calcination was different and all the relevant data can
be found in Table 1. As obtained compound was grinded once again for 30min and analyzed using XRD,
which shown acquisition of pure phase. The spectra can be found in the appendix.

Table 1. Calcination temperatures and time of synthesized perovskites

Compound name Temperature [°C] Calcination time [h]
SSC [4] 900°C 6h
BLC64 [11] 1150°C 24h
PBCO [12] 1100°C 12h
GBCO? 1100°C 24h

1 - time and temperature values were obtained experimentally, since applying parameters found in various other reports
did not yield a pure phase [13, 14]

2.1.3.2 LNO- La+NiOr+3r: 5

All three Ruddlesden-Popper compounds, La1nNinO13n:s Were synthesized using the Pechini
method, from the same commercially available compounds: lanthanum (lll) nitrate hexahydrate (Wako.
99.9% purity) and nickel (1) nitrate hexahydrate (Wako. 98.0% Purity).

Three stochiometric mixtures of powders were created, that were dissolved in DI water. According
to the approach of Amow et al. [6, 15] and Fontaine et al. [16, 17], a 1:1 molar ratio citric acid (citric
acid monohydrate, Wako. 99.5% purity) and ethylene glycol (ethylene glycol, Wako. 99.5% purity) was
adopted and the ratios of citric acid to nickel metal were held at 3:1 for La;NiOa.s, 9:2 for LazNizO7.5
and 9:3 for LasNi3O10.5. The solutions were dried at 300°C on a hot plate, while being constantly stirred
by a magnetic bar. Before the solution turned into gel, the magnetic bar was removed, and the solution
was left to dry completely. The obtained solids underwent two step decomposition of nitrates and
organic compounds in a furnace, first at 400°C for 2h, and second at 600°C for 2h, with a grinding step
in between. After another grinding step the powders were calcinated according to conditions shown
in Table 2. The ramp and cooling rates were 200°C/h.

Table 2. Sintering temperatures and time of LNO compounds

Compound T/°C t/h
LazNiOsss 1200 24
LagNi207.5 1100 48
La4Ni3010.5 1050 48+48*

*With one intermediate grinding.

After the synthesis, each LNO compound was analyzed using XRD, which results indicated that for each
LNO compound, a pure phase was achieved. All relevant spectra can be found in Appendix 1 of this
work.
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2.2 Cell components preparation and assembly
The SOFC type that is being utilized for the purpose of this research is an electrolyte supported FC.
As seen of Figure 3 it consists of five main elements:

9 LSGM electrolyte

9 Ni-Fe anode
I Cathode
9 Metal contacts (Platinum mesh)
9 Reference electrode (Platinum wire)
Electrolyte LSGM9182
(around 300nm)
Anode Ni-Fe Cathode
U U Pt wire to voltmeter
| | Pt wire to galvanostat
Metal contact (Pt) Metal contact (Pt)

Reference
electrode (Pt)

Figure 3. Schematic of researched SOFC
Before the final assembly can take place, there are a two major preparatory steps that need to be done.

2.2.1 Electrode ink preparation

In the electrolyte supported FC, electrolyte is the main component onto which all others are
deposited, and that includes our electrodes. The electrode deposition method used is called screen-
printing and it is described in chapter 2.2.3. This method utilizes ink that is prepared from electrode
powders, ethyl cellulose (Chameleon Reagent.) serving as a binder and 3-hydroxy-2,2,4-
trimethylpentyl isobutyrate (TCl. Containing around 40% of 2,2,4-trimethyl-1,3-pentanediol 3-
monoisobutyrate) serving as a solvent.

First, the ethyl cellulose was grinded in an agate mortar to reduce the particle size, to improve its
solubility. Next the electrode material powder was mixed with the binder. 0.03g of binder was used
for each 1g of electrode powder. The solvent was then added to a cathode powder-binder blend while
being continuously mixed. The amount of the solvent needed depended on the cathode material, its
particle size and porosity, but the desired outcome was a very thick paste. Such paste was then moved
to a container and centrifuged to remove all air bubbles.

13



2.2.2 Electrolyte treatment

The raw LSGM pellets that are obtained after the sintering process that was described in chapter
2.1.1 are very thick, with an average thickness of 1.0-1.1mm and might be slightly deformed, thus
rendering them very unsuited to use straight away. To reduce the overall thickness and make an initial
surface preparation, each pellet was hand grinded on a diamond disc, using a rotary grinder, to a
thickness of 300nm £5nm. Thinner electrolyte would be preferred to reduce the ohmic resistance, but
this method of preparation does not allow to achieve thinner electrolyte reliably due to its fragility.
The pellets were grinded on both sides, to achieve a smooth surface. If any surface or subsurface
impurities were spotted, one could concentrate on that side and try to remove them.

Such prepared pellet has a uniform thickness and surface, but the surface is too smooth. This
reduces the surface area and does not allow the electrode pastes to adhere to its surface. This issue
was easily fixed by roughening the middle of the pellet with a bit of low gradation sand paper, around
grid 500. It was established experimentally that higher gradation sand paper had little to no effect on
the electrode adhesion, and lower gradation sandpaper made deep groves on the electrolyte surface,
thus weakening its structure.

Finally, the pellet was washed in ethanol, in an ultrasonic bath to remove any particles or surface
impurities and it also functioned as a final physical integrity check. Such processed pellet could undergo
a screen printing process.

2.2.3 Electrode deposition

There are many methods used to deposit electrodes, and one of them is screen printing. In order
to “print” an electrode onto an electrolyte pellet it was covered by a special screen, perforated in the
middle to allow the electrode ink to pass through it. The round perforation was 5mm in diameter which
results in an electrode area of 0.19625cm?.

Both cathode and anode were screen printed in the middle of the electrolyte pellet twice, with a
drying step in between each printing. It was experimentally established that the thickness of electrodes
deposited using the screen-printing method was insufficient if only one layer of ink was applied. Such
cells OCV was unstable or their performance was lower.

Additionally, all cells had a 3", reference platinum electrode, secured to the pellet using platinum
paste. This reference electrode was mounted to the cathodic side of the electrolyte.

Apart from the SSC cathode, all cells underwent simultaneous cathode and anode sintering at
1100°C for 1h. Such high temperatures resulted in bigger particle size of Ni-Fe bimetallic anode but
increased its adhesion to the electrolyte. Unfortunately, this approach could not be applied to the cell
with SSC cathode, since it resulted in the cathode decomposition or strontium segregation. In this
single case the Ni-Fe anode was sintered first at 1100°C for an hour and the SSC cathode was sintered
afterwards at 900°C for 1h.

2.2.4 Final cell assembly
Before the cell could be inserted into the testing equipment it still lacked two components: metal
contacts/current collectors and sealing, which was directly attached to the cell.

Metal contacts for the cell were made out of a platinum mesh. Pieces big enough to cover the
whole electrode were cut out from a bigger sheet, and were temporarily glued to the electrolyte, using
ordinary stick glue that would decompose while the cell is being heated up before the cell test.

Because of how the tubular furnace used for testing was designed, to prevent unwanted and
dangerous gas leaks, sealing between the tested cell and gas supplying tubes had to be used. The

14



sealing, in form of two glass rings 1.5mm in thickness was cut out from a glass tube by a diamond wafer.
One ring for each side of the cell, both were temporarily secured in place using glue. The use of glass
was preferred, compared to other popular sealants like silver paste, due to its lower mobility at high
temperatures and lack of electrical conductivity.

2.3 Cell testing

2.3.1 Cell testing setup
The testing setup consisted of various equipment that were responsible for maintaining specified
testing conditions and recording various data.

To test the cell at three different temperature levels an electrically powered tubular furnace,
driven by a RKC REX-P96 controller was used. Flow of all required gases was set using a KOFLOC CR-
300 flowmeter paired with a KOFLOC 3660 mass flow controller. During the cell power test, current
was supplied by a Hokuto Denko HAL3001A galvanostat and to monitor the voltage a ADCMT 7351E
Digital Multimeter was used. For current interruption tests a NIKKO KEISOKU Current Pulse Generator
NCPG 10-1 and HIOKI 8835 MEMORY HiCORDER were used. To perform the impedance test, a Solartron
1255B frequency response analyzer and S11287 Electrochemical Interface were utilized. The EIS data
was recorded by ZPlot software.

2.3.2 Cell testing procedure

The cells were tested at three different temperatures, 800, 700 and 600°C, starting from the
highest temperature. The heating and cooling rates were 200°C/h. When the cell reached the initial
800°C, the anode of the cell had to be reduced from Ni-Fe oxides mixture to a purely metallic form.
The reduction process required first to remove the air atmosphere by pumping argon to the anodic
part of the cell. The gas flow was increased from 0 to 100cm3/min in 10 cm3/min increments each
minute. After the gas flow reached 100 cm3/min, the argon atmosphere was exchanged to hydrogen
in 10 cm3/min increments each minute. This allowed a slow reduction of the anode to avoid electrode
delamination and in effect cell destruction. After the 100 cm3/min hydrogen flow was reached, the
anode was not yet fully reduced, so in order to be certain the reduction process was successful, the
cell was left for further 30min. After the anode reduction, the cathodic side atmosphere was
exchanged from air to pure oxygen in 30/40 cm3®/min increments each 2 minutes, till it reached a flow
rate of 100 cm3/min. The cell was then further monitored to verify if the OCV is stable, so the testing
might begin.

At each temperature level, first, the IV-IP curves were registered. Each cell was forced to generate
power when current was drawn from them using the galvanostat. The current draw was increased in
0.1mA increments until the cell voltage reached a potential of 0.2 volts. This potential value is low
enough for us to be able to register the IV-PV curves past the peak power density point yet not too low
for the cell to sustain any irreversible damage that could force us to abort the test. This state of power
generation at potential of 0.2V was sustained for 1 hour, to allow the cell to stabilize and reach
chemical equilibrium, after which the data collection might begin.

The power densities values were collected at 0.1V steps starting from 0.2V to create the above
mentioned IV-PV curves and determine the peak power density point. At each potential value the cell
was allowed to reach equilibrium, which could take from 2-3min to in some occasions, over 10 minutes.
In some cases, if the PV curve bend was not visible enough or the peak power density point was not
accurate enough, more date points were collected.
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2.3.2.1 Current interruption
After the IV-PV curves were registered, the current interruption measurement was performed in
order to acquire data on the cell IR drop and activation overpotential values.

The measurements were conducted at different constant current values of 0, 5, 10, 15, 30, 40, 50,
100, 130, 150, 180, 200, 230 and 250mA, or until the cell reached the potential of 0.2V. At each
temperature, a complete current interruption measurement required acquisition of 3 data sets: for
the anode, cathode and total, for the whole cell. Such approach allows us not only to acquire the
cathode performance date, but monitor any irregularities or damages in other parts of the cell. The
cathodic activation overpotential data acquired is later used to determine the ORR activation energy
value, which reflects the material catalytic capabilities.

2.3.2.2 Impedance tesing

In order to quickly and reliably diagnose the cell, a single impedance test was performed. This test
was conducted in order to assess any cell malfunctions that the cell might have developed during
testing. Because the test itself might inflict damage to the cell, it was conducted either at the end of
the testing session at 600°C or if a premature cell malfunction occurred, so the test results might help
diagnose which part of it failed. It was conducted at OCV conditions, with the frequency range of the
measurement was from 10000Hz to 0.1Hz and the amplitude was 10mV.

2.3.3  Post cell test cell analysis
After the cell cooled down, the whole testing setup was disassembled carefully. The disassembly
process always results in destruction of the cell, but if done carefully, the pieces of the cell can be
salvaged for further analysis. Those pieces were analyzed using XRD and SEM were and compared to
model samples prepared at the same time as the tested ones. The XRD can verify any material
decomposition that could occur during testing. Since the sample size is different compared to the
model, the peak size is irrelevant.

X-ray diffraction (XRD) using Cu K, radiation (Rigaku Rint 2500) has been used for the investigation of
crystal structure of prepared films. Gathered data was processed in Smartlab Studio software. During
performed cell tests no phase decomposition could be seen when analyzed using XRD. This does not
imply that the cathodic materials used would be stable during long term testing conditions, since the
longest analysis performed lasted only 16 hours. All relevant XRD spectra are available in Appendix 2
of this work.

Pictures taken using SEM are used to define the grain size of the cathodic material and to compare it
to the model and results obtained by other researchers. It can be also used to check if any particle
agglomeration or electrode delamination occurred.
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3. Results and discussion

3.1 SSC

SSC was the first tested compound as it is known for its good compatibility with the LSGM9182
electrolyte. During the cell testing the maximum power density values achieved were 836, 321 and
88mW/cm? at 800, 700 and 600°C respectively. The gathered data was plotted and the resulting IV-IP

curves can be seen in Figure 4. The registered OCV was 1.1245V, 1.1428V and 1.1600V at 800, 700 and
600°C respectively.
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Figure 4. Voltage and power density vs. current density plots of cell with SSC cathode
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Next, current interruption test was conducted to determine the potential drop due to ohmic resistivity
(IR drop) and potential drop related to kinetics (overpotential). The test was conducted at 800, 700
and 600°C and gathered data was plotted and is visible in Figure 5. It can be clearly seen that the IR
drop values are rising slowly as the temperature drops, while the overpotential rises abruptly,
especially going from 700 to 600°C, which could indicate low surface activity of the SSC cathode.
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Figure 5. IR drop and overpotential vs current density plots for SSC cathode
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After the disassembly of the testing setup, the cathode surface and cross-section was analyzed using
SEM, which results can be seen in Figure 6. Pictures (a/b) show a uniform surface of the cathode with
a particle size between 1-5um, which should result in high surface area of the electrode. The cathode
thickness of over 20um was more than the required minimum for the cell to operate properly. In
Figure 6 (d) partial delamination of the cathodic material can be seen. This must have occurred after
the cell test, while the cell was being cooled down, since the EIS test results shown in Figure 7 do not
show any abnormalities associated with delamination.
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Figure 6. SEM images of SSC cathode (a/b) surface, (c) cross-section, (d) cross-section, tilted
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Figure 7. Nyquist plot of an EIS of SSC cell at 600°C (a) whole plot, (b) enlargement of cathodic part

According to SEM of the SSC equipped cell, there is visible delamination of the cathode from the
electrolyte, and if such an event occurred during cell test, it should also be observed on the Nyquist
plot of an EIS measurement of the SSC cell, presented in Figure 7 (A). However, upon closer inspection
of Figure 7 (B), the measured ohmic resistance (Ra) and charge transfer resistance (Rct) are low. If
a delamination of cathode had occurred, the measured Rq and Rcr values would be
significantly higher, shifting the cathode plot to the right and making the arc higher and wider.
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3.2 BLC64

The BLC64 is the second single layer perovskite that will be covered in this work. During testing, the
cell with BLC64 as cathode achieved much higher power density values across all temperatures,
compared to the previously mentioned SSC. The maximum power density values achieved were 1103,
538 and 150mW/cm? at 800, 700 and 600°C respectively. The data gathered during the performance
test was plotted and the resulting IV IP curves are visible in Figure 8. The registered OCV was 1.1286V,
1.1492V and 1.1646V at 800, 700 and 600°C, respectively, and those values are again higher compared
to those obtained by SSC.

However, due to very high current densities achieved by the cell at 800°C, as a precaution, the
measurement ends at potential value of 0.3V. It was observed that at very high density values of over
3000mA/cm? might be irreversibly damaged, which would terminate the cell test.
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Figure 8. Voltages and power density vs current density plots for cell with BLC64 cathode
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The current interruption test that followed, revealed that both IR drop and overpotential of the
cathode behave linear in the measured current density range, apart from one very abrupt change in
overpotential curve slope at 600°C. As seen in Figure 9 this change occurred at current density
153mA/cm? and above. The IR drop values are not as low as for SSC, but the changes of both
overpotential and IR drop are not as significant with lowering temperatures, compared to SSC.
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Figure 9. IR drop and overpotential vs current density plots for BLC64 cathode
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The surface of BLC64 cathode and its cross-section were also analyzed using SEM. Upon closer
inspection of Figure 10 (a/b) it was revealed that the particle size of 10um closely resembles what
Garces et al. [18] was able to achieve. The measured cathode thickness of over 33um is more than the
required minimum for proper operation of the cell. Additionally, cross-section seen below in Figure 10
(c/d) confirms that cathode delamination did not occur during or after the cell test.
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Figure 10. SEM Images of BLC64 (a/b) surface, (c/d) cross-section
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3.3 PBCO

The first double perovskite compound to be tested was the PBCO. During the cell test it performed at
least on par, and slightly better in the low temperature range, compared to BLC64. All the gathered
data was plotted and the resulting IV IP curves can be seen in Figure 11. One can see that the maximum
power density values achieved by the cell were 1093, 510 and 165mW/cm? at 800, 700 and 600°C. The
peak power density value achieved by this compound at 600°C is the highest amongst all tested
compounds. The measured OCV was stable and reaching 1.1248V, 1.1378V and 1.1550V at 800, 700
and 600°C respectively, which would be slightly lower than the values achieved by BLC64.
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Figure 11. Voltages and power density vs current density plots for cell with PBCO cathode
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Current interruption test of the cathode, revealed that the measured IR drop values fit in the
theoretical trend and are linear, which can be seen in Figure 12. Both IR drop values and overpotential
values achieved in the measured current density range are lower than those registered in BLC64,
indicating better electrical conductivity and higher surface activity. However, the sloping of the
overpotential curves increases by a significant margin while lowering the temperature.
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Figure 12. IR drop and overpotential vs current density plots for PBCO cathode
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The surface and cross-section of PBCO cathode was analyzed using SEM, revealing that the cathode
particle size was between 2-5um, as seen in Figure 13 (a/b), which is on par with what Wang et al. was
able to achieve is his research [19]. Small particle size increases porosity and surface area, which is
beneficial for fast oxygen gas diffusion. The cathode cross section visible on images (c) and (d) show
that the cathode thickness is varying between 18-20um, and the particles appears to be well adhered
to the electrolyte surface.
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Figure 13. SEM images of PBCO (a/b) surface, (c/d) cross-section
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3.4 GBCO

The second double perovskite compound tested is GBCO, which incorporates the smallest lanthanide
ion in its lattice, compared to PBCO, where praseodymium is the largest. Data of the performance test
was plotted and the resulting IV IP curves can be seen in Figure 14. Testing revealed that the maximum
power density values were 960, 418 and 107mW/cm? at 800, 700 and 600°C respectively, which is
lower across the board, compared to PBCO. The measured OCV values were 1.1322V, 1.1419V and
1.1530V at 800, 700 and 600°C respectively. Even though the OCV value at 800°C is higher compared

to PBCO, the voltage drops faster, reaching value lower than those achieved by PBCO in the 600°C
region.
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Figure 14. Voltages and power density vs current density plots for cell with GBCO cathode
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Conducting the current interruption test on the GBCO cathode proved to be challenging, which can be
seen on the plots in Figure 15. Despite that it can be immediately seen that the overpotential values
achieved by GBCO are lower compared to PBCO, while the IR drop, which is higher at 800°C does not
rise as significantly while lowering the operating temperature. This indicates that GBCO and derivatives
of this compound might be better suited for lower temperature operating than PBCO.
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Figure 15. IR drop and overpotential vs current density plots for GBCO cathode
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The surface of GBCO cathode was analyzed using SEM, revealing that the cathode has small particles
with a size of between 2-5um, as seen in Figure 16 (a/b), which is on par with what J-H Kim et al. was
able to achieve is his research [20]. Some bigger particles of 10pum can be spotted in Figure 16 (c). Their
existence might be connected to the sintering temperature of 1100°C. It was reported that
temperatures above 1050°C start to promote grain size growth. The cathode cross section visible on
images (c) and (d) show that the cathode thickness is varying between 30-40um, and the dense
material appears to be well adhered to the electrolyte surface.
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Figure 16. SEM images of GBCO (a/b) surface, (c¢/d) cross-section

29



3.5LNO214

The first Ruddlesden-Popper phase compound tested was LNO214, which incorporates only one
perovskite layer sandwiched by rock salt layer. The data gathered during performance test was plotted
and the resulting IV IP curves can be seen in Figure 17. It can clearly be seen, the performance of this
compound is significantly worse, compared to its single and double layer predecessors. The maximum
power density values achieved were 216, 91 and 22mW/cm? at 800, 700 and 600°C respectively, which
is more than 5 times lower compared to barium incorporating single and double perovskites. The
registered OCV was 1.1201V, 1.1235V and 1.1065V at 800, 700 and 600°C respectively, which again is
lower compared to previously mentioned compounds.
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Figure 17. Voltages and power density vs current density plots for cell with LNO214 cathode
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Current interruption test of the LNO214 cathode revealed very high values of IR drop and overpotential
values, indicating low conductivity and low surface activity. Unfortunately, because of very low
performance of the material, the current interruption tests were very short and the collected data is
limited. All collected data has been plotted, and can be seen in Figure 18.
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Figure 18. IR drop and overpotential vs current density plots for LNO214 cathode
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SEM analysis of the LNO214 cathode surface, which can be seen in Figure 19 (a/b), revealed that the
particle size of analyzed compound is not uniform, and it ranges from 1 to almost 20um. Such uneven
particle size might have affected the performance of this cathode, since there was a reduced surface
area. However, to verify this statement, additional test must be conducted. The cathode cross-section
visible in Figure 19 (c) and (d) show that the cathode thickness is at least 18um, and the material
appears to be well adhered to the electrolyte surface.
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Figure 19. SEM images of LNO214 (a/b) surface, (c/d) cross-section
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3.6 LNO327
The second Ruddlesden-Popper compound tested was LNO327, which incorporates two perovskite
layers sandwiched between a layer of rock salt. The maximum power density values achieved were
433, 177 and 43mW/cm? at 800, 700 and 600°C respectively, which is roughly double of what LNO214
could achieve. The registered OCV was 1.1266V, 1.1370V and 1.1393V at 800, 700 and 600°C
respectively, which is a slight improvement over LNO214. All the data gathered in the performance
test of LNO327 was plotted and the resulting IV IP curves can be seen in Figure 20 below.
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Figure 20. Voltages and power density vs current density plots for cell with LNO327 cathode
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LNO327 was also analyzed using current interruption method, revealing that both IR drop and
activation overpotential values were half of those reached by LNO214 at the same current densities.
This would imply that the increased number of perovskite layers not only increases the cathode
conductivity but also has beneficial impact on the ORR reaction kinetics.

Plots seen in Figure 21 reveal that both IR drop and overpotential are significantly lower compared to
LNO214, the achieved IR drop and activation overpotential values are not nearly as low as in single and
double perovskites.
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Figure 21. IR drop and overpotential vs current density plots for LNO327 cathode
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SEM analysis of LNO327 cathode surface seen in Figure 22 (a/b) shows that the particle size is rather
uniform and small, around 1-3um. Small particle size combined with high porosity should result in good
oxygen gas diffusion. Cell cross-sections seen in Figure 22 (c/d) reveal that the cathode thickness is
greater than 22um, which allows for proper functioning. The cathode also appears well adhered to the
LSGM surface.

414 pym  3.66e-4 Pa 10 ps

Figure 22. SEM images of LNO327 (a/b) surface, (c) cross-section tilted, (d) cross-section
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3.7 LNO4310

The last tested compound, LNO4310, is the third in the Ruddlesden-Popper phase cathode tested, and
itincorporates three perovskite layers sandwiched between rock salt layer. During power density tests,
it achieved peak power density values of 452, 159 and 37mW/cm? at 800, 700 and 600°C respectively,
which is roughly on par with previous LNO327. The lack of increase of power density results are not
consistent with what other researchers were able to achieve [21]. The increase in layers (n=1,2,3) is
supposed to result in increased conductivity, which was observed for LNO327 compared to LNO214,
where the power density almost doubled, but not for LNO4310. For verification purposes the
experiment with LNO4310 was repeated using a new batch of LSGM electrolytes, in case a defective
electrolyte was the culprit of this aberration, but the obtained results were identical. Due to time
constraints, further investigation was not possible and this result will have to be examined in a future
research. OCV values were slightly lower compared to LNO327 reaching 1.1225V, 1.1232V and 1.1324V
at 800, 700 and 600°C respectively.

1,2 500
4 450
1,0
4 400
4 350
0,8 ——\Voltage 800
—A— Voltage 700 4 300 %I
(@]
S —&— Voltage 600 %
=< 06 | —B— Power density 800 1 230 =
8 -
S —A— Power density 700 =3
— >
g —&— Power density 600 200 o
0,4 2
4 150 DO_
4 100
0,2
4 50
0,0 £ ' 0
0 500 1000 1500 2000

Current Density [mA/cm2]

Figure 23. Voltages and power density vs current density plots for cell with LNO4310 cathode
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Current interruption test of LNO4310 cathode data was gathered and plotted, and the IR drop and
overpotential curves can be seen in Figure 24. Overpotential values achieved by LNO4310 are higher
than those reached by LNO327 or LNO214 and are the highest recorded in this work. This might suggest
very poor kinetics of the ORR reaction on the surface of this compound. IR drop values however are
on the same level compared to LNO327.
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Figure 24. IR drop and overpotential vs current density plots for LNO4310 cathode
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SEM analysis of the LNO4310 cathode surface reveals that the particle size seen in Figure 25 (a/b) is
rather uniform and small, around 1-3um, and the cathode is rather porous. This small particle size and
high porosity should result in good gas diffusion characteristics and good kinetics. However those are
not reflected in the previously analyzed current interruption test data. The cathode thickness, as seen
in (c) is greater than 19um, which allows for proper functioning and it also appears well adhered to the
LSGM surface.

7 HV mag BB HFW [e— L R— f dwell WD
1:48:12 PM_ 30.00kV | 3500  59.2 ym 3 a | 10 ps 9.5 mm

Figure 25. SEM images of LNO4310 (a/b) surface, (c/d) cross-section
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3.8 Cathode comparison
For the ease of comparison of the tested cathode materials, all the IR drop and overpotential data is
gathered below in Figure 26 to 32.
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Figure 26. IR drop of perovskite related materials at 800°C
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Figure 28. IR drop of perovskite related materials at 600°C

As seen in the figures, both double perovskites PBCO and GBCO, perform very well, and the IR drop is
not as significant as compared to other materials. SSC has the lowest IR drop across all temperatures,
but it's power production capabilities are not as good compared to the double perovskites.
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Figure 29. Overpotential of perovskite related metal oxides at 800°C
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Figure 30. Overpotential of perovskite related metal oxides at 700°C
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Figure 31. Overpotential of perovskite related metal oxides at 600°C

Comparing the materials by overpotential, both perovskite and double perovskite materials achieve
better results, compared to the Ruddlesden-Popper phase based materials. However, at 600°C the
GBCO achieved lowest overpotential of all tested materials.

In order to compare the activity of the tested cathodic materials, and determine the activation energy
values needed for the ORR, the overpotential values for each material at all three temperatures were
gathered and appropriate Arrhenius plots were made. These plots were compiled in Figure 32.
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Figure 32. Arrhenius plots of overpotentials measured at different temperatures

As mentioned in chapter 1.3 Eq.5, the slope values for each plot are directly proportional to activation

energies for the materials. Both slope and E, values were gathered in Table 3.

Table 3. Energy activation values for the cathodic materials

SSC BLC64 PBCO GBCO LNO214 LNO327 LNO4310
slope 5307,0 5179,5 7641,1 3739,7 2749,7 3030,4 2587,8
Ea [eV] 0,46 0,45 0,66 0,32 0,24 0,26 0,22

Looking at the Table 3, the Ruddlesden-Popper phase related metal oxide have much lower ORR
activation energies than all tested single and double perovskite related oxides. Their low power
production ability might be a result of insufficient TPB (triple phase boundary) at which the reaction
could occur and higher electrical resistance compared to other tested substances. Out of all well
performing materials, GBCO stands out as having the lowest activation energy of 0.32eV. On the other
hand, the well performing PBCO has a very high activation energy, of 0.66eV, which would suggest that

the surface activity of PBCO is not high.

43



4. Conclusions

Based on the acquired data, it was found that the double perovskites metal oxides, especially cobaltites
are highly active materials for use as cathodes in IT-SOFCs. Porous films with sufficient surface area
can be screen printed on LSGM films and adhere well to the electrolyte. GBCO, while not offering the
highest achieved peak power densities during the conducted tests, reached the lowest overpotential
values at 600°C out of all tested compound and it is also reflected in the lowest activation energy out
of all tested single and double layer perovskites. This suggests that incorporating smaller lanthanide
ions into the perovskite lattice might have a positive effect on cathode performance.

Ruddlesden-Popper phase lanthanum nickelates that were tested, while not delivering as much power
density as the perovskite related compounds, had lowest activation energies out of all tested
compounds, which suggests that they possess very high surface activity. This low ORR activation energy
makes this group of compounds very interesting and deserve further research and development.

This study revealed that double layer perovskites, especially GBCO and its derivatives, might be
promising cathodes in IT-SOFC systems. It is highly recommended to further expand the knowledge of
this compounds and test them at lower temperatures, which should be possible if anode supported
cells with PLD deposited highly dense electrolyte and cathode films are utilized.
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Appendix 1

XRD analysis of synthesized compounds
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Figure 33. Nickel-Iron anode XRD
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Figure 34. Smg.55rp.503.s bulk powder XRD
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Figure 35. PrBaCo,0¢.5 bulk powder XRD
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Figure 36. GdBaCo,0¢.5 bulk powder XRD
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Figure 38. LNO327 bulk powder XRD
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Figure 39. LNO4310 bulk powder XRD
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Appendix 2

Post cell test XRD analysis results
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Figure 41. XRD analysis of BLC64 material before and after cell test
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Figure 42. XRD analysis of PBCO material before and after the cell test
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Figure 43. XRD analysis of GBCO material before and after the cell test

52



CPS

CPS

—— After

—— Before
¢ LNO214
& LSGM

& &
* o N ol o oy 4® ¢ e 40

20/°

Figure 44. XRD analysis of LNO214 material before and after the cell test
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Figure 45. XRD analysis of LNO327 material before and after the cell test
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Figure 46. XRD analysis of LNO4310 material before and after the cell test
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