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Abstract

Producing efficient solid oxide fuel cells (SOFC) without the use of harmful elements

is one of the current challenges. Increasing the safety of people and reducing production

costs is possible, among others, thanks to the use of iron doped strontium titanates as porous

oxygen electrodes. In this thesis, the results of research on iron doped strontium titanates as

potential oxygen electrodes for SOFC are presented. The research focused on:

Solid state reaction synthesis of iron doped strontium titanates with different amounts
of substituted iron (SrTiixFexOss, STFx) and materials with different
nonstoichiometry in the strontium sublattice (SrxTio.3Feo.703-5, STF-x). Electrical and
microstructural studies have proven that these materials can be an alternative to those
currently used not only at 800 °C but also at 700 °C.

Determining the electrochemical processes occurring in the STFx and STF-x
materials during the oxygen reduction reaction and distinguishing which process
limits the yield depending on the material used. Thanks to electrochemical
impedance spectroscopy, a distribution of relaxation times analysis and
microstructural studies, it was possible to identify the electrochemical processes
occurring in these porous cathodes and indicate which ones limit the efficiency of

the electrodes depending on the stoichiometry.

Keywords: oxygen electrode, iron doped strontium titanates, strontium non-stoichiometry, electrochemical

impedance spectroscopy, distribution of relaxation times, solid oxide cells.



Chapter 1

Introduction

One of the most important goals declared by the United Nations (UN) is to ensure
access to affordable, reliable, sustainable and modern energy services for all people (Goal
number 7) [1]. According to the UN, access to clean and affordable energy is key to the
continued development of industry. Therefore, significant effort is being put into research
into the conversion of energy from natural sources. For years, people have been looking for
an alternative to the relatively inefficient combustion of fossil fuels, due to the limited
amount of raw materials and increasing environmental pollution. One potential solution is
the expensive and complex nuclear energy technology. On the other hand, fuel cells,
including high-temperature electroceramic cells, e.g.: solid oxide fuel cells (SOFCs), show
good prospects [2]. Energy is obtained from SOFC as a result of an electrochemical reaction,
which is not limited by the Carnot efficiency. The most common reactants used in fuel cells
are hydrogen (fuel) and oxygen (oxidiser). As a result of the electrochemical reactions of
these two gases, we obtain the desired electrical energy through the electron flow in an
external circuit, as well as water (steam) and heat. Both by-products of the electrochemical
conversion are harmless and can be used for other needs, such as cogeneration systems and
irrigation of plants. The world’s currently existing solutions for industrial power plants based
on fuel cells are able to exceed the capacity of tens of MW with efficiencies above 60% (e.g.
28 MW in San Jose, California [4]). Figure 1 shows an example of a potential green energy

flow using SOFC.



Figure 1. Schematic of proposed thermally self-sustaining energy storage system [3].

SOFC ceramic cells typically require high operating temperatures, i.e. exceeding
800 °C [5]. The high catalytic activity of these materials is often associated with rapid
degradation due to enhanced interfacial reactions and corrosion of steel components [6,7].
Therefore, it becomes crucial to search for alternative, cheaper and more stable materials for
fuel cells that provide high performance at lower operating temperatures, namely between

600 °C and 800 °C — the so-called intermediate operating temperature range (IT-SOFC).

1.1. Background

In fuel cells, electrical energy can be obtained by oxidising the fuel (hydrogen). The
electrodes in fuel cells serve as catalysts for an electrochemical reaction without being a
reaction reagent themselves. The most common and simple fuel used for fuel cells is
hydrogen. When hydrogen and oxygen (either pure or in air) are used as the working gases,

the sum reaction at the electrodes is:

0, + 2H, — 2H,0 (Equation 1)

The sum reaction described by 0, + 2H, = 2H,0 (Equation 1
remains the same for most fuel cells utilising hydrogen and oxygen. However, some types
of fuel cells can also be alternatively fuelled by other fuels, including hydrocarbons

(e.g.: methane) or their derivatives (e.g.: methanol), as well as fuels of natural origin, such



as biogas. Figure 2 compares different types of fuel cells and their most important and
distinctive parameters. Hydrogen-only fuel cells include alkaline fuel cells (AFC) [8,9],
polymer electrolyte membrane fuel cells (PEMFC) [9-11] and phosphoric acid fuel cells
(PAFC) [9,12]. SOFCs and molten-carbonate fuel cells (MCFC), operating at elevated

temperatures, can be powered by more than one type of fuel [9,13,14].

Despite the relatively low operating temperature of PEMFC cells and the solid form
of the electrolyte (polymer), the need to use precious metals (Pt) and electrodes with a large
surface area hinders their widespread application. In this perspective, SOFCs based on
ceramic solid electrolytes, not requiring noble metals as electrocatalysts and capable of
converting various fuels, have become an interesting option. However, to use SOFCs on a
larger scale, it is necessary to lower the operating temperature (<800 °C), which will make
it possible to reduce the production costs, e.g.:through the use of low-cost steel
interconnectors. Nevertheless, due to the thermally activated ion transport in the electrolyte
and lowered electrocatalytic reaction rates at the electrodes, lower temperatures currently
limit the performance of the existing fuel cells. Typically, operating temperature above 600
°C allow the use of fuels other than pure hydrogen [15]. Although storing large amounts of
hydrogen in gaseous form is cumbersome, a combination of solar cells/windmills and solid
oxide electrolysers (SOEC) may provide a solution, making it possible to generate clean
“green” hydrogen during the day to be consumed by a SOFC at a later time. The same
electrodes are typically used in both types of solid oxide cell (SOC) — used in both the SOFC

and SOEC — resulting in a fully reversible SOC.



Figure 2. Fuel cell types, showing the general trend in the relationship between the operating temperature,
efficiency, system complexity, fabrication cost and materials cost of the FC technologies [2].

1.2. Working principle of SOFC

Figure 3 presents SOFC cells powered by oxygen (oxidant) and hydrogen (fuel),
typically made of two porous electrodes (cathode and anode, respectively) separated by an
electronically non-conductive but ionically conductive solid electrolyte. On each side of the

cell, the supplied gases take part in a different reaction.

Figure 3. Schematic diagram of a typical SOFC and the total reaction equation on both sides of the cell.



The performance of a SOFC is mainly influenced by the rate of the electrochemical
reactions at the electrodes. Typically, during fuel cell operating mode, an oxygen reduction
reaction (ORR) process occurs on the cathode side of the SOFC. As a result of the ORR
reaction, i.e. the formation of doubly negatively charged oxygen ions, the resulting oxygen
ions are transported through the purely ionically conducting electrolyte to the anode. The
oxygen anions delivered to the anode take part in the hydrogen oxidation reaction. The final
products of this process are steam, heat, and an external flow of electrons. The electrons
return to the cathode through the external circuit to again take part in the ORR and, on the
way, power the connected load. Water in the form of steam is discharged outside the system

with the excess hydrogen gas.

1.3. Construction of SOFC

Several configurations of SOFC cells can be prepared [16]. The first possibility is to
use the anode as a mechanical support of the cell (ASC). The second solution is preparing
cells supported on the electrolyte (ESC). ASC are characterised by a lower operating
temperature and higher performance thanks to their thin electrolyte and cathode [17]. In this
case, a thick, porous anode is limited by the diffusion resistance of the fuel gases, which
makes it difficult to precisely analyse the results of the development process of the SOFC
materials, such as the oxygen electrode. What is more, the porosity can make it difficult to
seal the mounted ASC cell well to ensure there is no leakage. In the case of electrolyte-
supported cells with a thin anode and cathode, the gas diffusion loses are smaller and there
should not be any leakage thanks to the thick, dense electrolyte. Unfortunately, the use of a
thick, dense electrolyte has its consequences in the form of much higher ohmic losses. The
typical electrolyte thickness of ASC cells is ~10 pm, whereat for ESC, it is >100 um. This
affects the achieved power density value and the need to use a higher operating temperature,

which intensifies the degradation process.
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An example of a state-of-the-art commercial SOFC (Elcogen, ASC 300 cell) is
presented in Figure 4. For many years, the anodes have been based on the composite of
nickel and yttria stabilised zirconia (Ni-YSZ). At the fabrication step, YSZ is mixed with
NiO (green colour), which is then reduced during the startup of the SOFC. Metallic nickel
provides high electronic conductivity and is a good hydrogen oxidation electrocatalyst,
whereas the YSZ is the ionically conductive phase. In the case of the electrolyte, pure yttria
stabilised zirconia (YSZ) is usually used [13]. As a result of the composite structure, the
hydrogen electrode provides overall a mixed ionic-electronic conductivity, necessary for
achieving high electrochemical performance. In the case of an oxygen electrode, the best
performance is currently obtained by wusing LasSr04Coo2Fe0s03s (LSCF) or
Lao.6S10.4C003.5 (LSC) [18]. These materials, though highly active, contain cobalt, which is
on the list of carcinogens and is listed as one of the critical raw materials that the EU plans
to limit to become more resource independent. In the case of direct contact between the YSZ
electrolyte and La/Sr-containing oxygen electrode materials, a reaction between Zr and
La/Sr occurs, which results in the formation of a parasitic layer with high resistance. To
solve this problem, a gadolinium doped ceria (CGO) barrier layer is introduced [19], as also

included in Figure 4.

Figure 4. Photo of one of the prepared samples before testing and a SEM picture of a commercially available cell.
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1.4. Cathode materials for SOFC

To make SOFC cells as efficient as possible, each layer of the electroceramic cell
should be characterised by a low polarisation area specific resistance (ASRpol) and series
resistance (Rs) at SOFC operating temperature. Historically, the main challenge in operating
SOCs at lowered temperatures has been the low performance of oxygen electrodes at
lowered temperatures [20-22]. Thus, a lot of attention has been directed to searching for

novel materials or electrode structures.

In the literature, much attention is devoted to the development of alternative materials
for oxygen electrodes [23]. The typical benchmark often used for stating the applicable
performance limits is based on the polarisation resistance of the individual electrode not
exceeding 100 mQ cm? at the designated operating temperature [24]. A large group of
materials that meet the requirements are compounds with Mixed Ionic and Electronic
Conductivity (MIEC), in which the electrochemical reaction could take place throughout

the entire volume of the material, in comparison to electronic conductors (Figure 5).

Figure 5. Schematic of possible elementary reaction steps during oxygen reduction reaction (ORR) and possible
pathways for two classes of cathode materials; (a) pure electronic conductor and (b) mixed ionic and electronic
conducting (MIEC) cathodes [25].

Among the MIEC materials for application as the oxygen electrode, materials
belonging to the perovskites group have been the most extensively studied [26-28]. The

typical chemical formula of perovskites is ABOs (see Figure 6), where A is large cation
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(based on rare earth metals) in 12-fold coordination by oxygen anions, and B is a relatively
smaller cation (based on transition metal oxides — TMO) in the centre of an oxygen-
coordinated octahedra (6-fold coordination). What’s more, sites A and B can be occupied by
more than one type of cation, which results in a strong chance of finding a material that could
present low enough ASR;,1, not only at 800 °C but also at lower temperatures, e.g.: 700 °C
or 600 °C. To increase the performance, the following properties of the electrode materials
can be considered and influenced: the microstructure of the electrode (porosity, tortuosity,
particle size) [29,30]; intrinsic oxygen activity (Chemical Oxygen Surface Exchange
Coefficient k*, Chemical Diffusion Coefficient of Oxygen D¥*) [31,32]; interface between
the electrode and electrolyte or the barrier layer [19,33]; matching coefficients of thermal
expansion (TEC) and the electronic transport properties. The search for new alternative
materials among perovskite materials is carried out in several ways, not only by changing
the elements in the A or B sublattices but also by changing their stoichiometry or creating

composite materials, i.e. chemical and/or microstructural modifications.

Figure 6. A typical perovskite structure [34].
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In addition to materials’ bulk modifications, surface modifications, such as infiltration
or exsolution, are also intensively studied. Unfortunately, low ASR;o values are obtained
mainly by MIEC compounds which contain a large amount of expensive elements such as
lanthanum or cobalt (e.g.: LSCF and LSC) [35-39], being also listed on the Critical Raw
Materials list (Co) [40]. In the case of state-of-the-art perovskite materials, it is believed that
they obtain their efficiency primarily due to the high total electrical conductivity (6tota1) with
high ionic transport properties (Gionic), Where o is in the order of 10+ 10° S cm™. An example
LSCF (Gtotal ~300 S cm™ at 800 °C, Gionic 2.6 10*S cm™! at 800 °C [41]) presents an ASRyol
of ~25 mQ cm? at 800 °C for the porous electrode (own result). However, the importance of
the individual partial conductivity levels (electronic/ionic) on the electrodes’ efficiency is
not well recognised, and is currently an active research topic [32,42,43]. In this respect,
materials with relatively low total conductivities (or materials with a relatively low
electronic-to-ionic conductivity ratio) and good oxygen catalyst properties are very

interesting for basic research.

One of the interesting MIEC materials for potential use in SOFC, which has been
previously briefly studied by our research group, is doped strontium titanates SrTi;«xFexO3-s
(STFx) [44]. STFx have high ionic conductivity (6ion = 3.5-102 S cm™! at 900 °C [45]) but
overall, the total conductivity is relatively low (o in the range of 10* + 10' S cm™ at 800 °C
[46]). In comparison, the state-of-the-art (Lao.6Sr0.4)0.95C002Fe0803.5 shows ionic
conductivity two orders of magnitude lower. Due to their structural versatility, STFx
materials have been considered as potential materials for fuel electrodes [47] or oxygen
electrodes [48]. However, this group of materials has not yet been well explored. Most of
the literature has focused on the properties of dense thin films used as well-defined model
MIEC materials [48,49], and the properties of porous electrodes have hardly been studied in

a systematic manner. One of the most interesting properties of STFx is the zero temperature
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coefficient of resistivity (zero-TCR) for STFx with Fe = 0.35 (6e1 ~10"" S cm™). Zero-TCR
is associated with the lack of a significant change in the electrical conductivity of the material
in a specific temperature range (700 °C — 900 °C) in the high oxygen partial pressures (pO2)
range, see Figure 7 (blue circle). Only the pO> changes influence c.. However, potential

changes in the electrochemical mechanisms are not widely studied.

Generally, by varying the iron content in STFx, the total electrical conductivity of

STFx can be varied over a large range, which seems interesting to study.

O

Figure 7. Total conductivity isotherms at different temperatures (750-1000 °C) as a function of oxygen partial
pressure (p(0Oz)) for STF compositions with 1 mol % (STF01), 35 mol % (STF35), and 100 mol % Fe (SrFeOs.y).

Experimental data points are represented by symbols, fitted curves by solid lines [46].

1.5. Electrochemical processes occurring at the cathode

As shown in O, + 2H, = 2H,0 (Equation 1, the working
principle of the SOFC is based on a simple overall reaction. However, this simple overall
reaction has several possible intermediate steps, where rate limitations can occur, so at the
molecular level, the electrode process is not so trivial and is still under wide investigation
[6,50]. One of the most frequently studied electrochemical processes in SOFC is the oxygen
reduction reaction [51]. Several models and mechanism have been reported in the literature

due to the overly large number of possible intermediate phases [52—57]. Nevertheless, the
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general description of the ORR reaction has not been concisely and unequivocally
formulated. It is known that MIEC materials enable electrochemical reactions not only at the
interface between the three phase boundaries — gas, electrolyte and electrode (TPB) — but
also beyond it, across the whole surface of the MIEC electrode. To take full advantage of
the good catalytic properties of MIEC materials, porous oxygen electrodes are used, which
makes it possible to increase the surface area actively involved in the ORR. Based on the
current understanding [57], the most common ORR pathway in MIEC materials consists of

the following elementary steps (Figure 8):

e incorporation of oxygen atoms into the crystal lattice (Fig. 8 a);

e adsorption and reduction of gaseous oxygen (O2) on the surface of the cathode
(Fig. 8 b);

e oxygen ion transport at the surface (Fig. 7 d) or in the volume of the cathode
(Fig. 8 ¢);

e oxygen ion exchange through the interface (Fig. 8 e—f);

e one or more of the above-mentioned mechanisms, occurring directly on the

electrolyte if it is active in the production and transport of electroactive oxygen

species (Fig. 8 g).

Figure 8. Possible elementary ORR mechanisms in SOFC cathodes. Phases a, B, and y refer to the electronic, gas,

and ionic phases, respectively [57].
Due to the fact that electrode processes are thermally activated, it is difficult to find

materials that would provide sufficient reaction efficiency at temperatures not exceeding
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600 °C. Moreover, the influence of the physicochemical properties of electrode materials on
the kinetic rate of the ORR are partially understood. It is known that, typically, the limitation
of MIEC materials is the surface exchange process [48,49,58], but the underlying processes,

especially as a function of temperature, are yet to be described in detail.

The most important characterisation and evaluation method of the electrochemical
performance is electrochemical impedance spectroscopy (EIS) [59,60]. Its proper use,
combined with detailed knowledge of the material, can provide a lot of valuable information.
Especially using the special case of symmetrical electrode cells, where both electrodes are
made of the same material and fed with the same gas, important information about the
processes taking place on the electrode can be obtained from the EIS (at OCV). Thus, it is

often used to study the effects of material changes on electrochemical processes.

1.6. Investigation of oxygen reduction reaction processes

Proper analysis and interpretation of EIS spectra is a challenge, but the limiting
electrochemical processes can be distinguished on its basis [61,62]. Deconvolution of EIS
spectra can be performed by physical modelling, electrical circuit modelling (ECM) using
non-linear square fitting (NNLS), and the distribution of relaxation time method (DRT) [63].
The first is time-consuming and difficult to implement. The second method is widely used,
however ECM is non-trivial, because it requires prior knowledge to select circuit elements
that can match the data, and numerous circuit elements can be found to fit the data equally.
Recently, DRT has become an increasingly important alternative method because it requires
limited prior knowledge during separation and its produces a timescale representation [63—

65]. Nevertheless, there are several challenges when interpreting the DRT spectrum.

To describe the electrochemical properties of the electrode materials, typically
multiple EIS measurements as a function of experimental conditions are carried out

(e.g.: operating temperature, oxygen partial pressure, etc.) and fitted to a proposed equivalent
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circuit including electrochemical processes [56,62,66]. The identification of electrochemical
processes is easier thanks to the DRT technique, because, as a result of the DRT analysis,
we obtain a representation of the spectra with timescales, where the processes with distinct
characteristic relaxation times can be differentiated. By combining the ECM and DRT
techniques, it is possible to distinguish both quantitatively and qualitatively the
electrochemical processes in the tested materials with high probability. It is advisable to use
DRT as an indicator in selecting the appropriate equivalent circuit, as in the example shown

in Figure 9.

Figure 9. Measured and simulated impedance spectra and DRTs of an anode-supported SOFC based on different
equivalent circuit models. Figures (a) and (b) are simulated with the established ECM with two RQ-elements —
ECM(Q2RQ). In (¢) and (d), the two RQ-elements are substituted by a physical parametrised TLM model —
ECM@2CTLM). The cathode processes are blue and the anode processes are red. The measurement was recorded

under OCV-conditions at 720 °C, with 20% humidified hydrogen as fuel and ambient air as oxidant [67].

DRT significantly increases the possibilities of separating the electrochemical
processes in the impedance spectra, but several issues must be considered. The quality of the
impedance analysis depends on the quality of the EIS spectra, i.e. the quality of the DRT and

impedance analysis is largely dependent on the quality of the EIS measurements (e.g.
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number of points per decade [68] and the existence of errors/noise [69]). As shown in Figure
10, when the EIS spectrum has too few points per decade (ppd), the DRT analysis is not able
to provide reliable information about the number of peaks and their location on a time scale.
Moreover, various types of EIS spectra errors can also negatively affect the number of peaks
detected and their distribution on the time scale (Figure 11). Therefore, all EIS measurements

should be performed with extreme caution.

Figure 10. Imaginary impedance of a series circuit consisting of two RQ elements for R; = 0.1 Qcm?, Q1 = 1 sec”/
Qcm?, ni = 0.8 and Rz = 0.1 Qem?, Q2 = 5 sec?/ Qcem?, n2 = 0.8 (a). Scatters in (a) represent the ideal impedance; Solid
line represents the reconstructed impedance by using the QP solution of DRT for the 10, 50 and 100 ppd of
frequency. (b) shows the analytical solution of DRT (black line with enclosed pattern), and the QP solutions of DRT
for the 10, 50 and 100 ppd of frequency (A = 1) of the series circuit element [70].

Figure 11. DRTs of a spectrum of two RC-elements (t1 = 2 12) with one erroneous data point at 50 Hz (= 10%).

Removing this data point from the spectrum removes the errors in the DRT [69].
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DRT should not be used as a standalone method as it sometimes cannot distinguish the
overlapping processes with a similar time constant, so it should be performed in conjunction

with another technique, such as ECM.

In the current work, the DRT technique has been used to distinguish the limiting
processes for specific STFx compounds for the first time. Section 3.4 describes the process

of DRT analysis in more detail.

1.7. Doped strontium titanates
STFx materials are interesting due to several factors. They do not contain expensive,
carcinogenic or critical elements, thus can be a relatively cheap and safe group of MIEC
materials with strong potential for use as SOFC oxygen electrode. The example of the
crystallographic structure of STFx perovskite with x =0.35 is shown in Figure 12.
Depending on the iron content, the most important properties of the cathode material (e.g.
electronic conductivity (oe), oxygen surface exchange coefficient and oxygen diffusion
coefficient) can significantly change [46,71]. So far, it has not been clearly demonstrated
how changes in the properties of materials such as k*, D* or el can affect the ORR process.
Moreover, the use of STFx materials in porous form can significantly improve the results
reported earlier [48,49] by increasing the active surface area and number of TPB places.
Thanks to their high ionic conductivity, STFx compounds are well suited as membranes
for oxygen separation [72], and materials for resistive oxygen sensors [70]. The high Gion of
STFx is an advantage for SOFC applications, in contrast to the presented levels of electronic
conductivity, e.g.: for dense SrTigesFeo 3503, it is 0.3+1 S cm™! at 800 °C [49]. Despite the
not high o of the STFx with x=0.35, there are reports that it has the lowest degree of
structural distortion among all STFx, which makes it promising for technical applications
[73]. What is more, in STFx materials, ol can be increased by increasing the Fe/Ti ratio as

a result of reducing the band gap and the enthalpies caused by substitution of Ti*" by Fe**
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and also a higher oxygen vacancy concentration [49,70]. The impact of changes in the
properties of materials occurring when increasing the iron content on the limiting
electrochemical processes in this group of compounds is not known and needs to be
investigated. As shown in Figure 13 (and Figure 7), the conductivity of STFx materials is
sensitive to the pO». This feature can be useful for evaluating the individual contributions of
the electrochemical processes in ORR. The pO»> dependence can be described by the hole
concentration equation derived from the oxygen incorporation reaction and the law of mass
action [74] (Kroger-Vink notation):

1 1

_ K \2 " ‘
P= ([Vs’”) *p0; (Equation 2),
where: p denotes the concentration of electron holes, K denotes the chemical reaction

constant, [Vg,] is the concentration of strontium vacancies, and p0O, is the oxygen partial
pressure. As can be seen in Figure 13, at high pO>, STFx materials are p-type conductors, at
low pO», they are n-type conductors, and at intermediate pO>, they become ionic conductors
[46]. Therefore, it is advisable to further study these compounds to better understand ORR

processes in general.

Figure 13. Electrical conductivity (¢) isotherms, at
T =850 °C, as a function of oxygen partial pressure
Figure 12. Crystallographic structure of SrTio.csFeo3s035 (p(0,)) for different STF compositions with Fe
concentrations between 1 mol % (STF01) and 50 mol %

(STF50), as well as SrFeOs.y [46].
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As can be seen in (Equation 2, by altering the chemical
composition, i.e. altering the defects, the electrical conductivity can be increased and
indirectly, the electrochemical performance can be altered. The possible chemical
modifications can include changes to, e.g., the oxygen vacancy concentration or changes in
the A site stoichiometry. By removing Sr from the A sublattice, two possible charge
compensation mechanisms could arise, which might change the catalytic activity of the STFx
material. (Equation 3 and (Equation 4 show this mechanism on the example of STFx with
Fe = 0.70. The first option is when two “virtual” negative charges originated for each Sr**
vacancy are compensated by two “virtual” positive charges originated for each O vacancy

in the anionic substructure [46,75]:

, . . y :
STT10_3F60_703_5 -y Sro + Srl_y(VS!;' yTlO.3FeO.7(VO )03—5—}’ + 502 (Equatlon
3).
The second option is a situation where some Fe* ions are oxidised into Fe**:

SrTiosFeq703-5 = y STO + S11_, (V1) Tig3Feg -2y (Fere)2y0s-s (Equation 4).

In view of the above, it is reasonable to undertake research on SrxTio.3Feo.703.5 (STF-
X) materials and try to better understand the possible differences in material properties that

may result from the above equations.
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Chapter 2

Knowledge gaps, objectives and hypotheses
As described in the literature review, STFx materials constitute an interesting area for
research. Based on the performed review, several knowledge gaps have been identified and
served as a basis for the presented PhD work. This chapter presents the objectives,

hypothesis and strategy for the implementation of the thesis.

2.1. STF research gaps

Iron doped strontium titanates are perovskite materials with mixed ionic and electronic
conductivity, which, in the form of dense thin films, showed promising results applied to
SOFC [48,49]. Nevertheless, the materials should be evaluated more broadly in the porous
form, i.e. as a porous electrode, which should improve the electrochemical performance at,
e.g., 800 °C to be comparable to state-of-the-art materials such as LSCF. It has also been
concluded that altering the iron/titanium ratio and/or introducing non-stoichiometry in the A
sublattice of the tested materials should lead to a modified defect structure and possibly
produce a material with more favourable material properties, such as electrical conductivity,
surface exchange coefficient or oxygen diffusion coefficient, which may have a positive
effect on the electrochemical performance of SOFCs. These properties have not yet been

sufficiently explored and are the basis of the PhD study.

2.2. Objective of the thesis

The aim of the dissertation is to better understand STFx materials from the iron
doped strontium titanates family and to determine the limitations of the materials, which can
be further improved to make them a viable, Co-free alternative for SOFC oxygen electrode

applications even at 700 °C.
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To understand the materials behaviour in a structured process, the following research

questions have been postulated for the study:

e [s it possible to obtain satisfactory electrochemical electrode parameters (such as low
ASR and high power density) comparable to the state-of-the-art materials (e.g.: LSCF)
for the materials with low electronic conductivity?

e What electrochemical processes dominate the ORR process of porous SrTiixFexOss
electrodes?

e What is the influence of the A-site non-stoichiometry on the microstructural and
electrochemical properties of iron doped strontium titanate-based electrodes?

e Is it possible to apply the optimised STFx electrodes in a fuel cell with performance

comparable to the LSCF at an intermediate temperature (700 °C)?

2.3. Hypotheses

Based on the above information, the following hypotheses of the PhD thesis have
been formulated:

A) For SrTiix<FexO3.5 materials (STFx) with low electrical conductivity (below 1 S cm”
1, it is possible to obtain porous electrodes with polarisation resistance below
100 mQ cm? in the temperature range 700750 °C.

B) By using a combination of EIS, DRT and ECM techniques, it is possible to determine
quantitatively and qualitatively the electrochemical processes occurring in porous

electrodes based on SrTii.xFexOs.s materials.

2.4.Tasks to be performed
As part of the implementation of this dissertation, several research works were carried
out in order to prove the assumed hypotheses of the work. For this purpose, the following

tasks were performed:
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e Selection of materials for the studies based on an analysis of the available literature
reports;

e Synthesis of selected materials via the solid-state reaction method;

e Studies of the physicochemical properties of the bulk materials: electrical
conductivity, dilatometry studies, surface exchange coefficient, etc.;

e Studies of the electrochemical properties of symmetrical electrodes by the EIS and
DRT methods;

e Detailed DRT analysis of a subset of the tested materials under various test

conditions, as both symmetric and fuel cell samples.

A description of the experimental methods and the main research methods used to verify the
above-mentioned work hypotheses are presented in Chapter 3. The scientific publications
containing results confirming the hypotheses are presented in Chapter 4. Chapter 5 presents

a summary of the entire work and setting research directions for the future.
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Chapter 3

Experimental techniques and analysis methods
This chapter presents the relevant experimental techniques which were used
throughout the thesis work. The general block diagram of the tasks grouped according to the

order of actions undertaken is presented in Blad! Nie mozna odnalezé Zrédla odwolania..

3.1. Material and samples preparation

The experimental work performed within the PhD project can be divided into three
main parts:

e ceramic processing: preparation of materials: powders, bulk samples, electrode
layers for symmetrical and fuel cell measurements;

o clectrical/electrochemical measurements: determination of electrical conductivity
and electrode performance on symmetrical and in fuel cell studies;

e morphological and structural characterisation of materials: determination of the
crystallographic structure of the powders, analysis of the morphology of the
powders/layers, etc.

In this chapter, the first two parts are discussed due to their unique features, which are
not encountered in many cases. The third part deals with common ways of characterising the
basic properties of materials, so it has been omitted.

Powder synthesis

STFx and STF-x powders were obtained by a solid-state reaction method. The
substrates used for the synthesis of STFx and STF-x were titanium oxide (Ti0O2), strontium
carbonate (SrCOs) and iron oxide (Fe2Os3). The purity of the compounds and their
manufacturers varied between publications. In each of the articles, information about the
substrates was specifically indicated. The appropriate weight of the starting powders was

mixed in a planetary ball mill (Fritsch, Pulverisette 7); pressed into pellets; sintered twice at
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a high synthesis temperature (1200 °C or 1100 °C — clearly stated in the articles), with
crushing in a mortar between sintering. Finally, the synthesised materials were milled in a
ball mill and used for further work. The milling parameters were selected each time so the
obtained powders were characterised by a comparable particle size (<300 nm).

Paste preparation and screen printing of electrodes

The powders were prepared into pastes, which were deposited by screen-printing to make
symmetrical fuel cell electrodes.

Commercially available compounds from Electro-Science Laboratories (ESL403) and
Heraeus (V-006 A) were used as the paste vehicle. The amount of vehicle used required
careful selection. To optimise the paste, the STFx material powder was mixed with the
vehicle using an agate mortar in various weight ratios (Figure 14 A). The values were
selected to ensure the pastes spread well and do not delaminate in the sintering process. Due
to the high particle surface area of the milled STFx, to evenly cover the surface, it was found
that 60% (w/w) vehicle should be used regardless of the vehicle type. In the next step, it was
checked how thick one layer without cracks can be. The limit value of the weight of one wet
layer (with 0.5 cm? area) was found to be 3.5 mg (Figure 14 B). This weight value was not
exceeded during the application of all STFx and STF-x electrodes. In the case of the Article
I, the electrode was applied by brush painting, while, for subsequent works, screen printing
was used, with appropriate mesh parameters selected based on trials. This change was related
to the transition to the screen printing technique. The articles specifically indicated what

surface area the electrodes had in given cases.
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Figure 14. Selected examples of optimising the paste ratio (A) and one-layer thickness (B).

Since the electrodes should have a thickness in the range of 20 + 30 pm, and according
to calculations, a sintered electrode with an area equal to 0.5 cm? should weigh 3.2 mg, one
layer will not provide such thickness, therefore the material should be applied in several
stages. Slow drying at 50 °C and 130 °C was required between coats, regardless of the

application technique. Without this step, delamination was observed between the layers.

Figure 15 presents scanning electron microscope (SEM) images of a polished cross-
section of the SrTiossFeo35035 with different numbers of layers prepared using selected
parameters. All the tested electrodes made of the STFx and STF-x materials that were tested
had three or four layers. Each time, during the preparation of a series of samples, the

thickness of the electrodes was checked by SEM on a sacrificial sample.
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Figure 15. SEM images of a polished cross section of STF35 porous layers sintered at 800 °C with different
thicknesses (A—D) on an Al2Os substrate [76].

Figure 16 shows the schematics of the symmetrical samples and fuel cells prepared to
study the electrochemical properties of the synthesised STFx and STF-x materials. All the
tested symmetrical samples had a substrate made of Ceo.sGdo201.9 (CGO-20). Thanks to the
use of CGO-20 as a substrate for the symmetrical samples, we reproduced the interface seen
in fuel cells, where CGO-20 is most often used as a barrier layer. In the case of ASC cells,
the electrodes were placed on commercially available (Elcogen) half-cells made of
YSZ+NiO anode, YSZ electrolyte and CGO-20 barrier layer. Platinum and Lao.¢Sro4C00O3-5
were used on the surface of the cathode as current collectors of symmetrical samples and

ASC, respectively.

The electrode sintering temperature range used in the publications was selected, among
others, based on the pellet sinterability test (Figure 17). Since it was noticed that the material

starts to sinter at 800 °C, and a dense material is formed from the powder at 1100 °C +
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1200 °C (regardless of the stoichiometry), it was decided not to exceed the temperature of

1000 °C when sintering the porous electrodes.

Figure 16. Schematic diagram of symmetrical sample and ASC with SEM images of measured samples.

In contrast to the electrochemical tests of the porous electrodes, all electrical
measurements of the STFx and STF-x materials were carried out on dense pellets. In order
to obtain dense materials, the compressed powders were sintered at the synthesis temperature
for 2 h. Only in the case of the Sri.05Ti030Fe0.5003-5 material, the selected temperature was

not sufficient to achieve a dense pellet, as appropriately described in Article V.
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Figure 17. Example of one of the sinterability tests of STFx materials.

3.2. Four point resistance measurement — Van der Pauw technique

Four-point electrical conductivity measurements using the Van der Pauw method
(VdP) were performed for the STFx and STF-x compounds in the form of dense pellets. The
cell placed in a tube furnace had four platinum wires symmetrically connected to the edges
on the surface of the sample, as shown in the Figure 18. Silver paste was used each time to
ensure a good connection between the sample and the platinum wires. The paste was applied
pointwise to keep the contact surface as small as possible. Before mounting the sample, the
surface of the pellets was polished to remove any impurities. The samples always had an
even thickness. A typical thickness value was ~1 mm. The sample was always on a non-
conductive substrate made of Al>Os. A type K thermocouple was placed next to the sample,
which was used to determine the measurement temperature. Measures were always made in
the range of 900 °C — 200 °C with a step of 50 °C. Typically, the tests were performed at
20% oxygen content (synthetic air), but some of the VAP experiments were carried out at a
different oxygen partial pressure. A specially written program was used to collect the

measurement data.
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Figure 18. Schematic diagram and example of a mounted sample during VdP measurements.

According to the VdP measurement method, four measurements must be made in order
to calculate the conductivity of a sample under given measurement conditions. Voltage
measurements should be made in two different configurations (e.g.: perpendicular
directions) and by changing the sign of the forced current to reduce thermoelectric
phenomena. From both measured voltage values for the different current directions, we
calculate the average, and on its basis, we calculate the resistances R; and similarly for the
other configuration, calculate R; according to (Equation

5:

Uavg

R, = ;

(Equation 5),

where: R, — resistance of each configuration [Q], Uayg — average of measured voltage for

configuration n [V], and I — value of forced current [A].

For the measurements performed in our laboratories, the VAP measurements were also
performed for the other four configurations. Table 1 summarises all measured
configurations. From the obtained resistances, the average Ra was calculated from R; and

R4 and also the average Rp from R; and Ra.
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Table 1 All configurations in which the VAP measurement was performed

Casel | Case2 | Case3 | Case4 | Case5 | Case6 | Case7 | Case 8

Required configurations Additional configurations
Resistance Ry R> R3 R4
Current
A—B B—A B—C C-B A—D D—A C-D D—C
direction
Voltage
D—C C-D A—D D—A B—->C C-B B—A A—B
direction

Next, based on the designated Ra and Rg, vales of correlation function and

conductivity were calculated (see (Equation 6 and (Equation 7).

)= 1 - (st () (42 - 2) uaion

Rp Ra+Rp Rap+RpB

21In2

o= na(RA+RB)f(§—;)

(Equation 7),

where: f — correlation function [-], o — conductivity [S/cm]; and d — thickness of the

sample [cm].

3.3. Electrochemical characterisation

EIS measurements carried out as a function of temperature for various oxygen partial
pressures of symmetrical samples were the main source of information about electrode ORR
processes. The method of EIS measurement originally used by the research team (and Article
I) was performed in a symmetrical cell with gold wires glued to the platinum current
collector. There were two wires on each side of the symmetrical sample. This form of contact
introduced a lot of complications during the sample preparation process and, moreover, the
wires sometimes detached during the measurements. As part of the development of the
measurement methodology, it was decided to implement a compression cell for

measurements, similarly to commercial ASC measurement systems. Porous alumina oxide
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sintered in the form of pellets was milled to the size of the electrodes used (0.5 cm?), thanks
to which good contact with the entire electrode was ensured. After the measurements, the
electrodes were in good condition, as shown in Figure 19 A). Symmetrical measurements
were performed in the range of 800 °C — 400 °C with a step of 50 °C. Typically, the tests
were performed at 20% pO», but some of the experiments were carried out in different

oxygen partial pressures.

ASCs were tested in a commercial Fiaxell OpenFlanges V5 test setup (Figure 19 B),
as described in the articles. A nickel mesh was used on the anode side and a gold mesh on
the cathode side. The cells were heated slowly to a temperature of 750°C, at which the
reduction took place and the temperature was lowered to the measuring temperature of
700°C. In the case of fuel cells, the EIS and current-voltage (DC) measurements were
performed under different measuring conditions. The potential range during the

measurement was between the Open Circuit Voltage (OCV) and 0.5 V.

Figure 19. Measuring system for symmetrical samples for EIS tests and SOFC tests in a Fiaxell.
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For the purposes of the analyses, ASRpoi and Rs were calculated from the measured
symmetrical samples according to (Equation 8 and A

(Equation 9:

_ Rpor*A
2

ASRyq1

(Equation 8),
R, =Ropm * A (Equation 9),

where: ASRyo — polarisation area specific resistance [Qcm?], Ryol — polarisation
resistance [Q], A — surface area [cm?], Rs — series resistance [Qcm?], and Ronm — ohmic

resistance [Q].

To prepare the current-voltage and current-power characteristics, the relationship described

by (Equation 10 was used.
P=Ux*I (Equation 10),
where: P — power density [W/cm?], U — voltage [V], and I — current [A].

3.4. Deconvolution of EIS spectra — Distribution of Relaxation Times Analysis
In determining the processes occurring during the ORR, the DRT technique became

very helpful and important from the point of view of this doctoral dissertation. Based on the
results of the DRT analysis and the results of fundamental material studies, the ECM model
was proposed each time and reverse engineering was carried out for verification, which is a
much larger scope of verification than can be found in the literature. To analyse the EIS
spectra, it was necessary to develop a procedure which is described in more detail in Article
IV. It is summarised here with the problems that may arise indicated:

a) Determination and subtraction of series inductance;

b) Conversion per unit area;

¢) DRT execution in DRTtools [61,62];
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d) EIS spectrum fitting by the Elchemea software [77] with the use of equivalent circuit
elements proposed, among others, based on DRT;

e) Reverse engineering of selected cases — DRT of each equivalent circuit element and
comparison with the original DRT spectrum for selected measurement conditions;

f) Plotting the resistance values of individual elements as a function of the pO> and
measurement temperature. Determining the slope of the curve;

g) Based on the obtained slope of the curve, suggest the electrochemical process
associated with the exact equivalent circuit elements according to

(Equation 11:

Rie[ « (p0O,)" (Equation 11),

where: Re — resistance of equivalent circuit element [Qcm?], pO2 — oxygen partial

pressure, and n — slope of the curve.

Depending on the value of n, we can talk about a different process [78]:

e n =1 oxygen molecule diffusion in pores

e n=0.5 contribution of atomic oxygen

e n = 3/8 partial reduction of the atomic oxygen

e 1 =0.25 diffusion of adsorbed O™ ions on the surface of the cathode

e n=1/8 reduction of O to O*

e n = 0 diffusion of oxygen ions into the electrolyte

Even though the procedure seems simple, it requires a lot of work and experience in

working with both computer programs (DRTools, Elchemea). What is more, as previously
mentioned in section 1.6, correct analysis is possible only for high-quality EIS spectra and
with particular care when selecting the DRT parameters, which are of great importance for

solving (Equation 12:
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1
i2msC

[ce]

+ i2msLg + Ropm + [

ydno 4 logt (Equation 12),

0 14+i2msT

ZDRT(f) =

where: Zprt — DRT impedance, s— EIS sampling frequency, L, — inductance, Ry, —
ohmic resistance, y — DRT, T — time scale, and C — capacitance.

There are several computer programs offering to determine the value of y. One of the
widely used is DRTtools. It allows for arbitrary selection of the many parameters on which
the solution to the equation strongly depends. Such parameters include the discretisation
method and regularisation parameter A. It is also a challenge to correctly recognise the
number of peaks, where overlapping is possible. Therefore, the results from each single
sample should be approached individually. Below are brief descriptions of the above-
mentioned possible problems with the DRT analysis.

As can be seen in Figure 20, the selection of the discretisation method is a very
important issue to correctly determine the number of peaks with high probability. In this
case, for a symmetrical sample after infiltration, for which we assume few processes, it can
be concluded that Gaussian discretisation will produce an unreliable spectrum due to the
many artificial peaks. A much better solution is to use the other two methods (C* Matérn and
Inverse Quadratic). Each of the discretisation methods is based on a slightly different
formula, but, in general, it can be said that some discretisation methods are more sensitive

to certain EIS spectral errors that are not visible at first glance.
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Figure 20. Example of differences in DRT spectra using different discretisation methods.

Another issue affecting the quality of the DRT analysis is the parameter A. Figure 21
shows the results of the DRT spectra analysis for the measured EIS for four different button
cell fuel cells. All analyses presented in the graphs were performed using the C4 Matérn
discretisation method. The structure of the cells was very similar. All the cells were tested
with the same equipment (Fiaxell setup) and according to the same measurement procedure.
Even though the EIS measurement conditions were identical for all cells (700 °C, 3% H?O
and 20% pO2), we observed that the location and shape of the peaks for all the tested SOFCs
differed and strongly depended on the A parameter. The green arrows in Figure 20 indicate
for which lambda value the given DRT analysis seemed to be reliable. In the case of
A = 10, the obtained results were mostly reliable. However, with a type 2 fuel cell, false

peaks may occur.
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Figure 21. Influence of the regularisation parameter A on the shape and location of DRT peaks from four solid

oxide fuel cells.

Identifying and interpreting DRT peaks for complex systems such as SOFCs is a
difficult task, especially when peak overlap occurs (see Figure 22). Therefore, EIS
measurements should be performed over a wide range of measurement conditions to identify
as many peaks as possible. For example, the EIS and DRT spectra shown in Figure 22 A can
be matched with two ECM models (3x and 4x R-CPE). It seems that the three R-CPE
elements should fit well, but the parameters of the substitute elements of the system for 3xR-
CPE have values on the border of acceptability (in the range of 0.75 + 0.80) and raise doubts.
Fitting the EIS to 4xR-CPE is a much better solution from the point of view of ECM analysis,
but only after a long-term SOFC performance test — ageing (Figure 22 B) the DRT spectrum

confirms the assumptions of the ECM model.
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Figure 22. Exemplary problem with overlapping peaks for solid oxide fuel cell.

3.5. Designation of k* and D* — Electrical Conductivity Relaxation technique

To characterise materials properties critical to high electrochemical performance, it
was decided to determine the parameters of the chemical oxygen surface exchange
coefficient and chemical diffusion coefficient of oxygen. It was decided to use the technique
of electrical conductivity relaxation (ECR), the results of which are presented in Article V.
For these measurements, a special measuring cell was built, which is presented in the Figure
23. The assumption of the method is that the width and height dimensions must be much
smaller than the length. For properly selected dimensions of width and height, it is possible
to determine both k* and D*. After several trials, it was found that for the ECR studies,
dense pellets of STF-x should have the shape of prisms (12 x 1 mm x 2 mm). The samples
were cut with a precision tungsten wire saw and then gold wires were attached as in Figure
23 B. Since the main goal of the ECR study is to record the change in the conductivity of the
material as a result of a rapid change in the partial pressure of oxygen, a measuring cell with
the smallest possible volume was used for the study. The quartz tube had a volume of 64
cm’. The tests were carried out at the following temperatures: 800 °C, 750 °C, 700 °C,
650 °C and 600 °C. During these studies, the oxygen partial pressure was changed from 20%
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to 10% and reversed. Each time, during the pO2 changes, the four-point single frequency
electrochemical impedance spectroscopy (1 Hz) was measured. The impedance was logged
every 5 s until sample stabilisation. The recorded impedance-versus-time characteristics
were converted into conductivity using Ohm’s law, then normalised using

(Equation 13, and then analysed in the ECRTOOLS software.

_ o®)=-a(to) .
a(t) = Sl otte) (Equation 13),

where: o — normalised value [-]; t — a specific point in time; to — onset when the sample was
stable before the change in pO; and o« — point in time when the sample stabilised after the

pO2 change.

Figure 23. Measurement system for ECR measurement (A), sample prepared for experiment (B), mounted sample

in the cell (C).
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Chapter 4

List of publications included in the dissertation

4.1. Article 1
Title: Electrochemical properties of porous Sro.ssTio.csFeo3503 oxygen electrodes in
solid oxide cells: Impedance study of symmetrical electrodes

Authors: Aleksander Mrozinski, Sebastian Molin, Jakub Karczewski, Tadeusz

Miruszewski, Piotr Jasinski

Journal: International Journal of Hydrogen Energy (2019) vol 44, pages 18271838

DOI: 10.1016/j.ijhydene.2018.11.203

Impact Factor (2019): 4.939

The paper evaluates the SrogsTio.esFe03503-5 (STF35) material as a potential porous
oxygen electrode for SOFC. The EIS tests of porous electrodes were carried out on
symmetrical samples sintered at different temperatures (900 °C, 950 C, 1000 °C and
1050 °C). In order to determine the occurring electrochemical processes, a symmetrical
sample sintered at 1000 °C was tested as a function of different temperatures and different

pOa.

My original contribution to this publication was:

e Preparation of high-quality reproducible STF35 symmetrical electrodes.

e Detailed electrical and electrochemical characterisation of the symmetrical
electrodes and dense pellets.

e Determination of the electrochemical processes occurring at the electrodes with the
application of DRT and clarification of the rate-determining reaction of the porous
electrode.
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ABSTRACT

This work evaluates porous Srg gsTigesFeo 3503 (STF35) as a possible oxygen electrode ma-
terial for Solid Oxide Cells. The powder synthesis was performed by solid state method.
Characterization included DC electrical conductivity study of sintered bulk samples and
impedance spectroscopy study of symmetrical electrodes deposited on gadolinium doped
ceria substrates. Measurements were carried out in atmospheres with different pO, levels:
0.1%—20% O,. Detailed equivalent circuit analysis was carried out in order to clarify the
reaction pathway on porous electrode, which extends knowledge available for dense model
electrodes. At 800 °C in 21% O,, the DC electrical conductivity of STF35 pellet was 0.6 S cm ™ *
and the polarization resistance of the electrode in the symmetrical cell was ~100 mQ cm?
Detailed impedance spectroscopy studies revealed that the largest contribution (~80%)
towards the polarization resistance is due to oxygen adsorption, which is limiting the
oxygen reduction performance of the porous STF35 electrode. These results show the
applicability of advanced impedance analysis methods (e.g. Distribution of Relaxation
Times - DRT) for description of complex impedance electrode phenomena of porous
electrodes.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

are dominating the solid oxide cells oxygen electrode mate-
rials, where both high ionic and electronic (mixed ionic elec-
tronic conductors - MIECs) conductivities are required for

Solid oxide cells employ porous electrodes for reduction/
oxidation of gaseous species. For the hydrogen side electrode a
composite of nickel and yttria stabilized zirconia (Ni-YSZ) has
been used successfully for many years [1,2], but alternative
materials are also sought [3—5]. Electrochemical performance
of the cells is often described to be limited by a sluggish oxygen
reduction/oxidation reaction [6,7], thus research on the oxygen
electrode materials is very active [8—10]. Perovskite materials

* Corresponding author.

E-mail address: aleksander.mrozinski@pg.edu.pl (A. Mrozinski).

https://doi.org/10.1016/j.ijhydene.2018.11.203

highly performing electrodes. Among the perovskites, doped
strontium titanates are very versatile materials, which can find
use both for the hydrogen and oxygen electrodes in high
temperature fuel cells [11-15]. Among the possible Ti sub-
stitutions, iron has been studied extensively, especially in the
field of resistive oxygen gas sensors [16] and as a model MIEC
perovskite. Perovskites with a general formula SrTi; (Fe,Os
(STFx) have been studied as model oxygen conductors by group

0360-3199/© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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of Tuller [17—20] and Ellen-Tiffee [21,22]. STF has high oxygen
ion conductivity, even higher than reported for the typical
oxygen electrode materials [19]. At 800 °C, oxygen ion con-
ductivity of STF35 is ~0.035 S cm™?, whereas for the state-of-
the-art La0.6Sr0.4C00.2Fe0.803 (LSCF) reported ionic conduc-
tivity is 0.008 S cm ™! [19]. Material with Fe = 0.35 exhibits an
interesting property of a zero temperature coefficient of re-
sistivity (zero-TCR). Namely, in a specific temperature range
(700 °C-900 °C), electrical conductivity of the material does not
depend on the temperature, only on the pO,, which makes it a
very interesting for practical applications for example in lean
burn engines exhaust sensors [23,24].

STF has been also evaluated as a possible hydrogen elec-
trode by Nenning et al. [25]. Recently, STF also found use as a
mixed-conductor in oxygen permeation membranes [26—28].
Important feature of STF materials is the abundance of the
forming elements (Sr, Ti, Fe), thus low price and wide avail-
ability. In comparison to other good ionic conductors con-
taining e.g. Co, Ni, it does not contain harmful/carcinogenic
elements, which is also considered an important factor [29,30].

Detailed description of the electronic structure of SrTi;.
xFexO3 has been given by Rothschild et al. [21]. At high partial
pressures of oxygen it is a p-type conductor, at intermediate
pO, anionic conductor and at low pO, an electronic conductor.
The levels of electronic conductivity increase with an
increasing Fe/Ti ratio. The results were consistent with the
reduced band gap and reduction enthalpies caused by substi-
tution of Ti*" by Fe*". For 1 at.% Fe doped SrTiOs, total con-
ductivity at 900°Cin airisbelow 10~2S cm ™, whereas for dense
STF35itis ~1S cm™* and for pure SrFeO; > 10 S cm™* [18,31].

One of the possible large disadvantages of using STF35 in
fuel cells is its relatively low electronic conductivity. Reported
values are between 0.3 and 1 S cm™! at 800 °C, much lower
than for LSCF (>300 S cm™%). Thus the practical applicability of
STF is questionable, but its physicochemical properties and
their influence on electrocatalytic performance are of basic
interest [17—19,32,33]. It is still not elucidated to what extent
the ionic and electronic conductivities influence the electro-
catalytic properties of oxygen electrodes [33]. Yoo and
Bouwmeeter evaluated oxygen surface kinetics of STF and
concluded, that the ionic conductivity controls the rate of
oxygen exchange [34]. Argirusis et al. have evaluated oxygen
surface exchange and diffusion of STF, they found that at
temperatures below 800 °C the slow oxygen surface exchange
was hindering the electrochemical performance [22]. The
same conclusion was made by Jung and Tuller [18,19]. Surface
exchange limitation is typical for most mixed-ionic electronic
conductors, but the underlying processes are yet to be
described in details. Most of the basic studies dealt with model
dense electrodes, where the contact area was carefully
tailored. No studies have analyzed the STF as a possible
porous electrode in details, describing what are the effects of
the surface exchange limitation on their performance.

STF35 has been studied as a possible cathode material for
Solid Oxide Fuel Cells (SOFCs) by our group before [35]. In this
case a reasonably good performance of 120 mQ cm? has been
achieved on yttria stabilized zirconia (YSZ) electrolyte at
800 °C. The result was reached despite a chemical reaction of
STF with YSZ. Formation of a SrZrO; phase between Sr and Zr
containing materials is a well known phenomena [36,37], that

leads to reduction in electrochemical performance of the
electrodes. This can be mitigated by using doped ceria based
electrolytes or application of ceria barrier layers on YSZ elec-
trolytes [38]. Therefore it has been decided to study the elec-
trochemical properties of STF35 on ceria based electrolyte in
this work.

Oxygen reduction reaction (ORR) on solid state electrodes is
an often studied reaction [39]. Though several decades of
research have passed, still no clear and concise general
description is available. Due to the large number of possible
intermediate species several mechanisms and models have
been postulated. Analysis of model compounds like STF35 can
deliver new insight into the mechanisms, thus this material
has been extensively studied, especially in the form of dense,
thin electrodes with well-defined geometrical dimensions
[40,41]. A typical general oxygen reduction pathway starts
with gaseous oxygen (O,) that has to be adsorbed on the sur-
face, dissociate into oxygen atoms and then it has to be
incorporated into the crystal lattice through the surface. The
details of the adsorbate (charge level) and incorporation
mechanisms are still subjected to discussions [20,42].

In this work electrochemical properties of porous STF35
electrodes are studied based on CGO electrolyte substrates.
Our group has previously studied STF35 electrode on YSZ
electrolyte, where chemical reaction between Sr and Zr
occured. Itis therefore interesting to evaluate the properties of
STF35 on CGO, where no reactions take place. In this work, the
effect of the sintering temperature on the polarization resis-
tance of symmetrical STF/CGO/STF electrodes is studied.
Factors limiting electrochemical performance are evaluated
by performing impedance spectroscopy measurements in at-
mospheres with different oxygen content and at different
temperatures. Advanced impedance analyses methods are
employed in order to propose physically relevant electrical
equivalent circuit. Results obtained in this work are an
extension of results obtained on model thin dense electrodes
and further clarify the current understanding of the limiting
processes.

Materials and methods
Material synthesis

S1o g6 Ti0.esFe0.3503.5 (STF35) powder was prepared by a con-
ventional high temperature solid state reaction method.
Strontium carbonate (SrCOs), iron (III) oxide (Fe,Os) and tita-
nium dioxide (TiO,) were used as the starting reagents (purity
>99%, all from Sigma-Aldrich, USA). The weighed powders
were mixed in a planetary ball mill (Fritsch Pulverisette 7,
using 80 ml zirconia container with 5 mm alumina balls) in
ethanol for 12 h with rotational speed of 200 rpm. Dried, mixed
powders were uniaxially pressed (90 MPa) into pellets, which
were sintered at 1200 °C for 15 h (with cooling/heating rate
3°-min~%). Next, the pellets were re-ground and again pressed
for the second sintering step at the same temperature condi-
tions. Finally, the fabricated powder was re-ground and ball
milled in two stages using 3 mm YSZ balls. The first milling
was conducted with rotational speed of 400 rpm and the
second milling with rotational speed of 600 rpm each for 8 h.
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Such obtained powder was used throughout the study to
prepare the samples for further characterization.

Samples preparation

For the electrical conductivity measurements, STF35 powder
was uniaxially pressed into 16 mm diameter pellets under a
pressure of 70 MPa. The pellets were sintered at 1200 °C for2h
(with cooling/heating rate 3°-min~?). The obtained pellets had
a diameter of 12 mm with 94% of theoretical density
(measured by Archimedes method).

Symmetrical electrodes for impedance analysis were pre-
pared on gadolinium doped ceria (CGO) substrates. CGO pel-
lets were made from a commercial powder (GDC-20K, DKKK
Japan), which was compacted under a pressure of 70 MPa and
sintered at 1400 °C for 8 h. After the sintering, CGO substrates
had diameters of 13 mm and 98% of the theoretical density.
The obtained pellets were grinded to approximately 0.6 mm
thickness and polished to obtain a smooth surface and
remove any contaminants.

STF35 paste for painting of the symmetrical electrodes was
made from the fabricated STF35 powder mixed with a paste
vehicle system ESL403 (Electro-Science Laboratories, USA).
Paste consisted of 65 wt% of powder and 35 wt% of the vehicle
mixed in a mortar. Circular STF35 electrodes were brush-
painted on both sides of the polished CGO pellets. The thick-
ness of the electrodes was 30 um with a diameter of 7 mm.
Painted electrodes were slowly dried at room temperature and
at 60 °C and at 130 °C. Finally, electrodes were sintered for 2 h
at 900/950/1000/1050 °C in air with an intermediate dwell step
at 600 °C for 1 h to remove the binder (with heating rate
1.5°-min~" to 600 °C and in the following steps heating/cooling
rates 2°-min ™). Surface of the sintered electrodes were coated
with platinum current collector (about 5 pm thick) by brush
painting Pt paste (ESL 5542, Electro-Science Laboratories,
USA). Platinum electrodes were fired at 900 °C for 10 min with

heating/cooling rate 3°-min .

Compositional and microstructural analysis

The phase composition of the investigated STF35 powder was
analyzed by X-ray diffractometry (XRD) at room temperature.
XRD spectra of the powder was collected using Philips X'Pert
Pro MPD diffractometer with Cu K, (1.542 A) radiation in a
standard 26 Bragg-Brentano geometry. The diffraction pat-
terns were analysed with the Rietveld refinement method
using the HighScore Plus software package [43]. The Pseudo —
Voigt peak shape function was used during the refinement.
Crystallographic structure of STF35 has been drawn using
Vesta software package [44].

Cross sectional images of the symmetric cells samples were
obtained using a FEI Quanta FEG 250 Scanning Electron Micro-
scope (SEM) with an accelerating voltage of 10 kV in a high
vacuum mode. SEM was operated with a backscattered electron
(BSE) detector. Chemical composition of samples was deter-
mined using the energy-dispersive X-ray (EDX) spectroscopy
using the EDAX Genesis APEX 2i with Apollo X SDD spectrom-
eter at 20 kV.

For SEM imaging of the cross sections of symmetrical cells
were embedded in the epoxy resin (EpoFix, Struers, Denmark).

The epoxy was polished down to 1 pm diamond suspension
finish (Struers, Denmark) and rinsed with isopropanol. The sur-
face of polished epoxy was coated with carbon before imaging.

Electrical and electrochemical performance analysis

DC electrical conductivity measurements were performed on
STF35 pellets (~12 mm diameter, ~1 mm thick) by the Van der
Pauw method. Prior to measurements, surfaces of the STF35
pellets were slightly polished and silver point contacts
(DuPont 4922 N, USA) were painted at the edges. The resis-
tance measurements were performed using Keithley 2400
SourceMeter with custom software (working in the potentio-
static mode at 50 mV). Measurement temperature range was
between 900 °C and 200 °C. Studies were performed at
different oxygen partial pressures (20%, 1% and 0.1%) under
humidified (~4 vol%) gas flow rate of 50 ml min .

Area Specific Resistance (ASR) of the prepared symmetrical
cells was measured by electrochemical impedance spectros-
copy (EIS) using Novocontrol Alpha-A with an excitation
amplitude of 25 mV in the frequency range of 1 MHz—50 mHz.
Firstly, the evaluation of the effects of the sintering temper-
ature on the resulting ASR was carried out. The measurement
temperature range was between 800 °C and 500 °C in sta-
tionary air. This temperature range is a typical operating
temperature of intermediate-temperature SOFCs. Based on
the EIS results, a more detailed analysis of the impedance of
symmetrical cells with oxygen electrode sintered at 1000 °C
were carried out. Measurements were performed in different
oxygen partial pressures (20%, 10%, 5%, 1%, 0.1% and 0.01%) in
the temperature range 800 °C - 600 °C. For this purpose
Solartron 1287/1260 system was used. Applied measurement
conditions were the same as in the previous measurement
using Novocontrol. EIS data analysis was performed using
Elchemea Analytical (www.elchemea.dk, Technical Univer-
sity of Denmark) software [45]. Distribution of Relaxation
Times analysis has been performed by using DRTools Matlab
GUI [46—48].

Results and discussion
Analysis O_f Sfo.ggTio.55Feo.35O3.5 powder

The fabricated STF35 powder was analyzed by XRD in order to
confirm the formation of the cubic perovskite oxide phase.
The XRD pattern of the STF35 powder, measured at room
temperature, is shown in Fig. 1 A.

All the diffraction peaks, except a small one at 26 = 25.6° (¥),
can be identified as strontium titanate, with a cubic crystal
structure (Pm3m) (Inorganic Crystal Structure Database
#186710). The small detected peak (at 26 = 25.6°) is related to
titanium dioxide TiO, in the anatase form (tetragonal, I41/amd
space group), called also as Magnéli phase. The presence of
this phase in the structure is strongly related to the non-
stoichiometry of strontium (Sr/Ti < 1 in SrTiOs), what was
previously reported in the literature [49—51]. This result in-
dicates the presence of strontium vacancies Vg, in the sample.
XRD pattern was subjected to a Rietveld refinement based on
the Pm3m cubic space group. Calculated average lattice
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Fig. 1 — X-ray diffractometry of the fabricated powder (A), crystallographic structure of STF35 (B) and energy dispersive x-ray
spectra of the sintered pellet used for electrical conductivity study (C).

constant is a = 3.90882(1) A, with Goodness of Fit parameter
(GoF) = 1.37. Crystal structure of STF35 perovskite is shown in
Fig. 1 B. Mixed valence Fe cations partially substitute Ti** ions
in the center of oxygen octahedra. For comparison lattice
constant of pure SrFeO; and SrTiOs is occur a = 3.851 A and
a = 3.905 A respectively [52,53]. Thus, addition of Fe into
SrTiO; structure caused the lattice should decrease its size. In
this work, the obtained lattice parameter slightly deviates
from the reported ones and seems to be higher. The observed
higher value of average lattice constant than reported for a
pure and undoped SrTiOs is probably caused by appearance of
strontium vacancies Vg, in the structure.

Chemical composition of the bulk STF35 pellet is presented
in Fig. 1 C. EDX analysis shows the elements present (Sr, Fe, Ti
and O). The averaged atomic percentage of the sintered STF35
pelletis 20% Sr, 15% Ti, 8% Fe and 57% O. Ratio of atoms in the
B sublattice (Fe and Ti) is in good agreement with the calcu-
lation for STF35. Detected deficiency of Sr atoms in the A
sublattice is 0.86. It does not seem to have an effect on the
structure, as the perovskite cubic phase is preserved.

The effects of nonstoichiometry on the A-site in the STF35
structure were studied by group of Kharton [54—56]. By using
Sr deficient materials, their physicochemical properties seem
to be improved: tolerance to CO,, increased oxygen non-
stoichiometry and ionic conductivity with no loss of electronic
conductivity. Kharton et al. [55] have shown that the total
conductivity of SrTip,FeqgOs5 (STF80) practically does not
depend on the presence of a Sr vacancy in the A site between
800 °C and 600 °C. The detected non-stoichiometry of the
compound can potentially be responsible for the unit cell size
different than reported previously for the stoichiometric
compounds, as also noticed by Kharton et al. [55].

The non-stoichiometry on the A-site is an interesting
feature in the case of its influence on the oxygen reduction
reaction, thus the causes and possible effects of Sr deficiency
will be studied separately in our future works.

Electrical conductivity measurements
Electrical conductivity measurement results of sintered pel-

lets are presented in Fig. 2 as a function of temperature (from
900 °C to 200 °C) and in different of pO,. The conductivity of

STF35 decreases with decreasing the oxygen partial pressure,
similarly with previous reports [57,58] and the expected p-type
conductivity. The highest conductivity (0.59 S cm™*) was ob-
tained at 900 °C in 20% O, and is comparable with literature
(~1S cm™) [18]. As expected, the conductivity is only slightly
dependent on temperature between 900 °C and 700 °C. The
calculated activation energy (E,) for this temperature range is
8 kJ mol~*. Below 700 °C, the total conductivity decreases with
decreasing temperature and activation energy increases
considerably (E, = 38.5 kJ mol ) which probably is connected
with localization of atomic levels and bandwidth changes [54].
Steinsvik et al. [S9] and Rothschild et al. [21] have extensively
studied electrical and defect properties of SrTi; yFe;Os3.4. The
electrical conductivity behavior is a complex interplay be-
tween the acceptor role of the iron substitution causing a
decrease of the band gap and decreased activation energy for
oxygen vacancy migration. Interestingly, the electronic
transport seems to have a band-like behavior, with decreasing
mobilities at high temperatures, rather than the small polaron
transport model.

Fig. 2 — Electrical conductivity plots of sintered STF35 pellet
in 21%, 1% and 0.1% O.
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Electrochemical characterization of symmetrical cells

Effects of the electrode sintering temperature on the electro-
chemical performance were evaluated by impedance spec-
troscopy of symmetrical electrode samples. Measurements
were carried out in air in the temperature range 800 °C-500 °C
which is typical for operating temperature of intermediate-
temperature SOFCs. Spectra measured at 800 °C are pre-
sented in Fig. 3. The lowest sintering temperature (900 °C)
resulted in the highest ohmic resistance. Increasing sintering
temperature leads to lowering of the ohmic resistance. Inter-
estingly, the polarization resistance seems unaffected by the
sintering temperature (Rpo ~100 mQ cm?). For the sintering
temperature of 1050 °C severe cracking of the electrode
occurred, caused by electrode shrinkage due to sintering. ASR
value is comparable with literature reports for STF with higher
amount of Fe (0.85) which seems appealing [60].
Temperature dependence of the ohmic contribution of
differently sintered samples is shown in Fig. 4 A. Electrodes
with different sintering temperature show different conduc-
tivity values (for fixed temperature), as was the case at 800 °C,
but have similar activation energy ~65 kJ mol~*. For the sin-
tering temperature of 1000 °C, at 800 °C a resistance of

0.65 Q cm? was obtained and at 500 °C a resistance of 10 Q cm?
was measured. Activation energy and the level of resistance
are in line with the values reported for doped ceria com-
pounds [61]. Ohmic contribution can be thus ascribed to the
series connection of the resistance of the ceria pellet and the
resistance of the porous electrode, through which the current
is flowing.

Polarization resistance of the STF35 electrode plotted as a
function of temperature is shown in Fig. 4 B. Polarization
resistance is very similar for all sintering temperatures at all
studied temperatures. The activation energy of the polariza-
tion resistance is ~136 kJ mol™*. It is much higher than the
activation polarization of the electrical conductivity of the
bulk material. The obtained value is typical for oxygen elec-
trodes [35,62,63].

Post-mortem SEM

Post-mortem SEM images of cross section of symmetric cells
with STF35 electrodes measured by EIS method are presented in
Fig. 5 A-C. Representative images of electrodes sintered at
950 °C, 1000 °C and 1050 °C are included for comparison. There
isnovisible difference in the microstructures of the porous-part

Fig. 3 — Impedance spectra of symmetrical STF35 electrodes sintered at different temperatures measured at 800 °C in air.

Fig. 4 — Series (A) and polarization (B) resistance of the symmetrical STF35 electrodes sintered at different temperatures as a

function of temperature in air.
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Fig. 5 — SEM images of cross sections of porous STF35 electrodes sintered at 950 °C (A), 1000 °C (B) and 1050 °C (C).

of the STF35 electrode sintered at different temperatures.
However the CGO-STF35 interface appears to be considerably
influenced by the sintering temperature. A dense interface
layer with thickness ~500 nm is formed for electrodes sintered
>1000 °C. This layer improves the electrical contact as the
ohmic resistance was decreased for these samples (visible in
Fig. 3). EDX analysis of the chemical composition (not shown
here) of the interface layer did not show any segregation of el-
ements, its chemical composition is similar to the chemical
composition of the porous electrode. As we have previously
reported, there is no negative reaction (phase forming) between
STF35 and CGO [64], thus the interface layer is not expected to
negatively influence the electrochemical performance of the
porous electrode. As shown in Fig. 3, shrinkage caused by sin-
tering of the electrode above 1000 °C leads to its visible cracking,
prohibiting from practical use in real cells. Good electro-
chemical response of the cracked electrode might be partially
due to platinum current collector coverage, filling the cracks
and the dense interfacial layer, facilitating oxygen reduction/
oxidation reaction at the interface.

Oxygen reduction mechanism

In order to describe electrode properties in more details, a
thorough electrochemical evaluation of the electrode sintered

at 1000 °C was performed. In order to describe the possible
governing physico-chemical processes, measurements were
carried out in atmospheres with different oxygen content
(20%, 10%, 5%, 1%, 0.1%, 0.01%) in the temperature range
800 °C-600 °C.

Studying electrode resistances as a function of the gas
oxygen content can be a powerful tool for determining
possible electrode mechanisms. As has been described in the
literature [65,66], chemical and electrochemical processes can
be distinguished based on their dependency on the pO,. By
plotting polarization resistance contributions as a function of
pO.in alog-log plot, the slope “n” will be representative for the
possible mechanism (1/R~(pO,)"). For n = 1, gas diffusion of
molecular oxygen process is expected, n = 0.5 implies the
contribution of atomic oxygen. For n = 0.25 a charge transfer/
adsorption process is the likely contribution. Thus by careful
examination of the impedance data, differentiation between
the occurring processes can be made.

For description of the obtained results, first a physically
sound equivalent circuit had to be determined. By examina-
tion of the spectra it was assumed that it consisted of atleast 3
resistive-capacitive elements. For validation of the assump-
tion, a distribution of relaxation times method was used. All
measured spectra were analyzed with DRTools script. In Fig. 6
selected, representative DRT spectra are shown. Fig. 6 A

Fig. 6 — Exemplary distribution of relaxation times plots of impedance of a symmetrical STF35 electrodes as a function of the
oxygen partial pressure at 800 °C (A) and as a function of temperature at 0.1% O, (B).
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shows oxygen content dependence of DRT spectra at 800 °C.
Atlowering of pO, a new contribution at low frequency clearly
occurs. At mid-frequency pO, dependent element is also
visible. At high frequencies a relatively smaller contribution
can be found. It seems to have a non-symmetrical shape,
typically ascribed to Gerischer type elements [67]. Fig. 6 B
presents temperature dependence of DRT spectra obtained at
0.1% oxygen content, so that the low frequency contribution is
visible. Low- and mid-frequency contributions are clearly
present, with a possible Gerischer type element at high fre-
quency (visible at 700 °C). Based on careful DRT analysis at
different conditions, an equivalent circuit consisting of Rs-G-
(RmidCPEm;iq)-(RiowCPElow) Was proposed (Rs — series resis-
tance, G — Gerischer element, CPE — Constant Phase Element).
At 700 °C in 0.1% O, the characteristic frequencies (contribu-
tions peak — frequency at highest Z” values) of the contribu-
tions are ~17 Hz, ~1 Hz and ~0.2 Hz, as also visible in DRT plots.
The obtained fitting had very high quality. Representative
impedance spectra (measured at 700 °C and 800 °C at 0.1%
oxygen) are shown in Fig. 7 together with the results of the
fitting. It should be noted, that also other possible equivalent
circuits were initially analyzed and evaluated, e.g. a triple
(RCPE) connection, it resulted in visibly worse fitting and
higher chi-squared values. For the proposed equivalent circuit
chi-squared parameter was mostly <10~°, representing a good
fit. For some measurement conditions, the contributions
became negligibly small, so the parameters were either locked
or removed from the analysis. The same equivalent circuit as
presented here has been also used by the group of Boukamp
[68,69] for analysis of LSCF electrodes. The series resistance
typically can be ascribed to the ohmic resistance of the elec-
trolyte substrate, Gerischer element to some surface/solid
state diffusion limited phenomena and the two R-CPE ele-
ments to possible other phenomena, including for example
adsorption, gas diffusion and others, to be determined from
detailed impedance measurements.

Based on the measured spectra (as a function of tempera-
ture and pO,) and the selected equivalent circuit, all data was
fitted and the results are presented in the following figures.
Moreover, all values of the equivalent circuit elements for
measurement at 700 °C at different oxygen partial pressures
are given in Table 1.

Fig. 8 presents the dependence of the series resistance on
the oxygen partial pressure. Temperature dependence was
presented in Fig. 4A. Only slight dependence of the resistance
on pO, is visible, as expected for the ohmic contribution.
Electrical conductivity of STF35 depends on the pO,, thus at-
mosphere changes will also influence the ohmic contribution
of the porous electrodes. Lowering the pO, results in increased
resistance, in line with the electrical conductivity results
presented in Fig. 2.

Dependencies of the Gerischer element on temperature
and oxygen content are presented in Fig. 9 A-D. The rate
constant parameter “k” is strongly dependent on the tem-
perature with activation energy ~1.55 eV, whereas the
admittance parameter “Y” shows only a slight dependence on
the temperature (activation energies around ~0.07 eV). In the
case of oxygen partial pressure dependence, rate constant
parameter increases with an increase of the oxygen content
with a ~1/6 slope, whereas the admittance parameter seems
not dependent on the oxygen partial pressure. The magnitude
of the Gerischer element resistance is roughly ~15 mQ cm? at
800 °C, and it is independent of the oxygen partial pressure.
Gerischer type elements are often used in modelling of porous
SOFC electrodes — the popular Adler model is based on this
element [70,71], often used for modelling of LSCF electrodes.
In case of the limiting electrode processes being the chemical
surface exchange and/or solid state oxygen diffusion in the
bulk, it will be represented as a Gerischer element in the
impedance spectra. Hildenbrand and Boukamp used a similar
equivalent circuit for description of porous LSCF electrodes
[68,69].

Fig. 7 — Exemplary impedance spectra of a symmetrical STF35 electrode measured at 800 °C (A) and 700 °C (B) in 0.1% O,
shown with an equivalent circuit and individual contributions of the respective fitting elements.

Table 1 — Calculated parameters for 700 °C in different oxygen partial pressures.

2 Gerischer k parameter Gerischer Y parameter Rmid Equivalent Cpiq Riow Equivalent Cjoy
(@ cm?) s (S 8% (@ cm?) (Fcm™? (@ cm?) (Fcm ™
20% O, 0.59 147.7 1.37 0.37 0.055 0.0055 6.86
10% O, 0.60 116.7 1.20 0.43 0.061 0.0100 5.26
5% O, 0.60 103.1 1.09 0.51 0.066 0.0170 3.92
1% O, 0.63 62.9 0.89 0.92 0.088 0.0750 2.71
0.1% O, 0.69 59.2 0.89 1.67 0.106 0.7381 1.33
0.01% O, 0.76 40.2 1.28 3.39 0.165 4.9330 1.00
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Fig. 8 — pO, and temperature dependence of series
resistance of symmetrical STF35 electrodes on CGO
substrate.

Following the Gerischer element are the two R-CPE ele-
ments. The dependencies of their resistance on temperature
and oxygen gas content are presented in Fig. 10. Medium
frequency resistance is a thermally activated process with

Ea~1.45 eV with oxygen dependence of ~0.3. According to
theoretical considerations, such pO, dependence happens
possibly due to adsorption of oxygen and surface exchange
(dependence of 0.25). In the case of dissociative adsorption
(involvement of atomic oxygen), the expected oxygen depen-
dence is ~0.5. Therefore it seems that the non-dissociative
adsorption of oxygen contributes the most to the polariza-
tion resistance of the STF35 electrode. At 800 °C in 20% oxygen
the resistance of the medium frequency contribution is
~80 mQ cm?, which is ~80% of the total polarization resistance
at this temperature. Adsorption might be limited by different
factors, e.g. slow removal of adsorbed oxygen atoms from the
surface caused by slow incorporation into the lattice. Activa-
tion energy of the Gerischer rate constant parameter is close
to the measured activation energy of the medium frequency
contribution, so both elements seem connected together, the
rate limiting adsorption determines the bulk diffusion.
Equivalent capacitance of this contribution is presented in
Fig. 11. With increasing pO,, capacitance decreases, measured
values are between 50 and 100 mF cm 2. Similar capacitances
of the medium frequency contributions have been measured
by Hildenbrand et al. [69] and Dailly et al. [72]. Values in the
range of ~mF cm 2 appear typical for adsorption processes
[40,73]. Argirusis et al. have measured oxygen incorporation

Fig. 9 — Plots of the calculated rate constant k and admittance Y parameters of the high frequency Gerischer element as a
function of temperature (A and B respectively for k and Y parameters) and pO2 (C and D respectively for k and Y parameters).
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Fig. 10 — Plots of the calculated resistances of the medium and low frequency contributions as a function of temperature (A
and B respectively for Rj,;q and Ry,w) and pO2 (C and D respectively for Ry,iq and Rjow).

and diffusion in STF35 ceramics [22]. They described that at
temperatures <750 °C oxygen surface transfer becomes slow.
The activation energy of the oxygen surface exchange coeffi-
cient k* was determined to be ~1.66 eV, whereas the activation

Fig. 11 — Plots of the calculated equivalent capacitances of
the medium (open symbols) and low (closed symbols)
frequency contributions at different temperatures as a
function of the pO,.

energy of the diffusion coefficient D* was ~0.92 eV. The acti-
vation energy of the medium frequency contribution found in
this work is thus quite similar to the surface exchange acti-
vation energy.

The low frequency R-CPE contribution does not show tem-
perature dependence and shows strong oxygen partial pressure
dependence, 1/R ~ pO,. These characteristics and measured
values are typical for gas diffusion resistance in porous elec-
trodes. This is further evidenced by very high chemical capaci-
tance, as shown in Fig. 11, from 0.4 F cm ™2 to ~8 F cm 2, similarly
to values reported by Hildenbrand [69] and Santos-Gomez et al.
[74]. Gas diffusion contribution constitute only a very small
contribution to total polarization resistance, R~10 mQ cm? at
800 °C in 20% O,. If required, gas diffusion resistance can be
further minimized by modification of electrode microstructure.

The equivalent circuit presented in Fig. 7 appears to
represent all data very well. Physicochemical description of all
components seems well justified and comparable with the
available literature data. Hypothetically, if the adsorption
would be very fast, with only a negligible contribution, and not
including gas diffusion resistance, the polarization resistance
of the porous STF35 electrode would be only ~15 mQ cm? at
800 °C in 20% O,, which can be considered very low, similar to
polarization resistance of LSCF.

Fig. 12 presents the possible oxygen reduction pathways and
rate limiting reactions, as has been determined in this study.
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Fig. 12 — Schematic pathways for oxygen reduction reaction.

Performance of porous STF35 electrodes is limited by adsorp-
tion of oxygen species, possibly hindered by slow incorporation
of oxygen into the lattice. Rate determining reactions are
marked with a green circle. Same limiting mechanisms have
been determined for STF35 model dense electrodes [18,22].
Future studies will therefore be directed towards use of surface
catalysts and studies of their effect on adsorption and surface
exchange of the STF35, which has already shown some
remarkable possibilities [22]. STF35 electrode, with its clearly
defined adsorption limitation seems a very good material to
determine possible role of surface modifications/catalysts.

Conclusions

STF35 mixed ionic-electronic conductor perovskite has been
fabricated and evaluated for its high temperature electro-
chemical properties as possible oxygen electrode in solid oxide
cells. Studies were performed on symmetrical porous STF35
electrodes, whereas the studies performed so far were focused
mainly on dense model electrodes. Detailed impedance spec-
troscopy study, performed at different temperatures and at
different oxygen partial pressures revealed that the perfor-
mance of the electrode is limited by oxygen adsorption, as has
been previously reported for dense STF35 films. Results show
that with the use of advanced analysis and appropriate mea-
surement conditions, it is possible to use porous electrodes to
study basic physico-chemical properties of materials, typically
performed on dense materials fabricated by more advanced
processes. It has been shown, that bulk properties of the STF
materials are comparable to the state of the art LSCF cathodes.
Other processes that were recognized by impedance analysis
include a Gerisher type element, possibly connected to gas
adsorption and solid state diffusion and gas diffusion resis-
tance. STF35 is a very interesting model material to measure
the oxygen reduction processes and its limiting factors.
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In this paper, studies of SrTii«xFexO3.5 (STFx) compounds with different iron contents
(x =0.35, 0.50, 0.70) were carried out. The basic material tests, such as four point resistance
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of STFx materials produced by the solid state reaction were measured in the form of dense
pellets and for porous layers of STF50, it was measured as a function of the electrode

thickness (1, 2, 3, 4 screen printed layers).
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e Preparation of high-quality reproducible STFx material for electrodes.

e Detailed electrical characterisation of STFx material and its chemical composition.
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Solid Oxide Fuel Cells (SOFC) are based on electrolytes and
mixed ionic and electronic conductivity (MIEC) materials. The
need to reduce costs causes an increase in interest of new
compounds suitable for operating temperatures between 600 °C
and 800 °C. The SrTiixFexOs (STF) perovskite material is a
perspective material that could be used for the oxygen electrodes.
In this work STF materials with different content of iron (x = 0.35,
0.5 and 0.7) have been evaluated. The paper presents synthesis,
sintering properties, paste and layer preparation with preliminary
electrical measurements. The results show that the electrical
conductivity increases with the addition of iron, whereas the
activation energy decreases. Based on these results, the
applicability of STF as a potential oxygen electrode was discussed.

Introduction

Presently the materials with mixed ionic and electronic conductivity (MIEC) are widely
used in different electrochemical systems for energy conversion, e.g. Solid Oxide Fuel
Cells (SOFC). Typical operating temperature of the efficient SOFC is above 800 °C and
it is caused by the sluggish oxygen reaction rate (ORR) of the cathode material (1).
Therefore, high performance new materials for the oxygen electrodes operating at the
temperatures range between 600 °C and 800 °C are sought. Most of the investigated
MIEC cathodes belongs to the perovskites group including a perspective SrTiixFexOs-s
(STF) (2). Pure undoped SrTiOs; (STO) is a model MIEC material (3) with a low
electronic and high oxygen ionic conductivity (4). The defect chemistry of the STO oxide
shows that by an iron doping it is possible to increase the electronic conductivity at a cost
of ionic conductivity, without changing an oxygen surface exchange mechanism (5,6).
Unfortunately pure SrFeOs (SFO) is not compatible material for SOFC, because of phase
transition at about 830 °C. Therefore STF compounds with different amount of iron
dopant are gaining more and more interest for evaluation as material for SOFC (7).

One of a common and cheap techniques to synthesize STF frequently utilized in
literature is a solid state reaction (SSR) method. The prepared powder can be used in
different ways e.g. as an electrode, oxygen sensor or oxygen membrane (8,9). Another
possibility to fabricate STF electrode is Pulsed Laser Deposition (PLD). For PLD
technique there is needed for a laser beam and pre synthesized target of a metals oxides.
By using pulsed laser, metals/metal oxides from target are deposited onto substrates
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(10,11). Alternative method for PLD are spin-coating or spray pyrolysis. For these
methods nitrates solutions of metals are used as a precursors. From nitrates a STF powder
can be prepared as well (12—-14). Comparing all this techniques, the traditional SSR
method is the easiest and the cheapest one with high repeatability.

This work focuses on the STF compounds with different content of iron dopant
(x=10.35; 0.5; 0.7) made by SSR method. In this study material characterization of the
prepared STF and preliminary results of DC electrical conductivity of a dense STF
materials and porous STF layers deposited by screen printing method onto AlO3
substrates are shown.

Experimental

Samples fabrication

In this study, the STF material with three different levels of iron (x = 0.35; 0.5 and
0.7) were prepared. The compounds were fabricated by conventional high temperature
SSR method. The analytical reagents used for the reaction were strontium carbonate
(SrCO:s3), titanium dioxide (TiO2) and iron (III) oxide (Fe2O3). The first two were
purchased from the EuroChem (PL) and third from the Chempur (PL). Syntheses of the
STF materials were described in more details in our previous work (2). The obtained
SrTioesFe035035 (STF35), SrTiosFeosOss (STF50) and SrTiosFeo7035 (STF70)
materials, after re-grounding in a mortar were ball milled (Fritsch Pulverisette 7) in
ethanol (99.9% purity) with rotational speed of 600 rpm for 15 h using the 5 mm YSZ
balls.

The DC electrical conductivity measurements were made on the STF materials in
two different forms: pellets and layers. The STF pellets were prepared as shown in our
previous work (2). After sintering pellets had diameter of 12 mm and 94% of theoretical
density, as measured by Archimedes method. Porous STF layers were fabricated on the
aluminum oxide (ALO3) substrates (Rubalit®708 S, CeramTec, DE) using the screen
printing method. Before use, Al2O3 plates were washed in an acetone by an ultrasound
cleaning bath. Screen printing pastes of the STF compounds for were prepared by mixing
in ball mill (with 200 rpm) the STF powder and the commercial vehicle system ESL.403
(Electro-Science Laboratories, USA). Mass ratio of the powder and the vehicle was
40:60. In order to prevent forming cracks of the layers during paste drying, milled STF
powder were thermally processed at 600 °C (with cooling/heating rate 3° min™') before
mixing with vehicle. After screen printing of each layer, pastes were slowly dried at
60 °C and at 130 °C. At the end samples with different number of layers (from n =1 to
n= 4) were sintered at 800 °C in air as shown in previous work (2). The achieved
electrodes have diameter of 0.4 cm?.

Measurements

The X-ray diffractometry (XRD) characterization of STF powders were made at
room temperature in air using Bruker D2 PHASER with XE-T detector.
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Linear Thermal Expansion measurements were made in air using Netzsch DIL402.
The STF compounds were heat up to 1100 °C with heating rate 5° min’!, dwelled for
15 min and then cooled with rate of 3°C min™.

FEI Quanta FEG 250 Scanning Electron Microscope (SEM) were used for imaging
of the STF samples. For imaging of the STF powder SEM were operated with secondary
electron (SE) detector, while for polished cross sections with backscattered electron
(BSE) detector. An applied accelerating voltage was 20 kV in a high vacuum for all
cases.

DC electrical conductivity measurements of the STF pellets and layers were
performed as shown in previous work (2) using a Van der Pauw technique.
Results and Discussion

Material characterization

To confirm fabrication of a perovskite cubic oxide phase of STF powders used for
screen printing method, XRD analysis was made. The XRD patterns of the STF35,
STF50 and STF70 powders measured at room temperature in air are shown in Fig. 1.

Identification of all diffraction peaks for STF50 and STF70 confirm that fabricated
compounds has a cubic crystal structure (Pm3m ) (Inorganic Crystal Structure Database
#186710) typical for strontium titanate. In case of STF35, beside cubic crystal structure
peaks, there is additional one peak at 20 = 25.6° (*). It was found, that it is related to
Magnéli phase (TiO2). As we reported earlier, this phase is connected with strontium
nonstoichiometry (St/Ti < 1 in SrTiO3) and does not affect the electronic conductivity of
the STF compounds (2).

Figure 1. The XRD patterns of the fabricated STF powders for screen printing.
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Dilatometry results obtained during heating up to 1100 °C (in air) of the STF
powders used for screen printing are shown at Fig. 2A. The shrinkage of 0.36%, 0.38%
and 0.45% of the initial length was recorded at 800 °C for STF35, STF50 and STF70,
respectively. Figure 2B presents linear thermal expansion during cooling of the STF
powders. The calculated thermal expansion coefficient (TEC) in the range from 1000 °C
to 20 °C is 16.7 ppm K™, 17.9 ppm K*! and 23.0 ppm K! for iron dopant of 0.35, 0.5 and
0.7, respectively. Based on surface morphology of sintered layers (data not shown) at
different temperatures (800 °C, 900 °C and 1000 °C), it was found that rate of shrinkage
obtained at 800 °C is acceptable for preparing layers without cracks for all evaluated STF
compounds, despite of so high TEC value.

Figure 2. Temperature dependence of relative linear thermal expansion during heating
(A) and cooling (B) of the fabricated STF powders.

Figure 3 shows SEM images of the STF powder used for screen printing method. It
can be observed that particles of all STF powders look similar. It has been found that
diameter of particles is in range from 16 nm to 140 nm. What is more, range of particle
size is same as before thermal processing (data not shown), which was made to prevent
cracking during drying of the STF paste.

Figure 3. The SEM images of the fabricated STF powder for screen printing.

Results of DC electrical conductivity measurements of the STF dense pellets sintered
at 1200 °C, are shown in Fig. 4 as a function of temperature (from 900 °C to 200 °C).
The electrical conductivity investigation was conducted in synthetic air (20% O).
The conductivity of the STF compounds increase with an iron dopant as expected (10).
Maximum measured conductivity for STF35, STF50 and STF70 of 0.83Scm™,
2.74 Scm! and 19.8 S cm™ was obtained, respectively. With increasing of iron dopant
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there is observed decrease of the temperature at which maximum of conductivity appears.
Namely, 850 °C, 650 ° and 600 °C was recorded for iron dopant of 0.35, 0.50 and 0.70,
respectively. For the STF35 and STF50 between 900 °C and 700 °C the conductivity only
slightly depend on temperature in contrast to STF70 which conductivity increase with
decreasing temperature in this temperature range. The calculated activation energy at low
temperatures range (between 400 °C and 200 °C) for STF35 and STF50 are similar
(Ea=33.8 kJ mol! and 32.7 kJ mol’!, respectively) but for STF70 the value is much
lower (Ea = 22.6 kJ mol™).

Figure 4. The DC conductivity of the dense STF pellets in function of temperature
measured in 20% Oo.

Figure 5A presents post mortem SEM image of polished cross section of dense
STF50 pellet used for DC electrical conductivity measurements. The other two STF
compounds (STF35 and STF70) looked similarly (data not shown). Using the
Archimedes method it was determined that this STF pellets had 94% of theoretical
density. Figure 5B shows EDX spectrum of this bulk STF pellets used for conductivity
measurements. EDX analysis confirmed chemical composition of investigated materials.
Atomic percentage of all presented elements (Sr, Ti, Fe and O), are listed in the Table 1.
All STF materials have detected deficiency of Sr atoms in the A sublattice equal 0.93.

1303



ECS Transactions, 91 (1) 1299-1307 (2019)

Figure 5. The SEM image of the polished cross section of the dense STF50 pellet (A)
and EDX spectra of dense STF pellets used for DC conductivity measurements (B).

TABLE 1. Chemical composition (in at.%) of dense STF pellets used for DC electrical conductivity
measurements.

Sr Ti Fe (0] Sr/Ti
STF35 20.4 14.4 7.5 57.7 1.42
STF50 20.9 11.3 11.1 56.7 1.85
STE70 21.3 6.8 15.8 56.1 3.13

Porous layers

In order to determine influence of the STF porous electrode thickness on electrical
conductivity due to chemical reaction or roughness, a DC electrical conductivity study of the
electrode with different thicknesses was performed. Figure 6A shows results of DC electrical
conductivity measurements of porous STF50 material in the form of layers with different
thicknesses. Layers of STF50 were sintered at 800 °C that can provide little shrinkage
(<1%) and at which no cracks are obtained and layers have sufficient mechanical
strength. The electrical conductivity was investigated as a function of temperature (from
800 °C to 200 °C) and was conducted in synthetic air (20% O2). Maximum electronic
conductivity for all porous STF50 samples was recorded at 700 °C. The highest value of
conductivity was obtained for porous STF50 with four layers and it is 0.11 S cm™. Up to
400 °C conductivity is slightly increasing with the number of layers (Ac = 0.002 S cm™ n°
1. A significant change (Ac = 0.01 S cm™) in conductivity at 700 °C is visible between
samples with two and three layers. The calculated activation energy between 400 °C and
200 °C is comparable for all thicknesses and it equal E, =22.3 k] mol™. At Fig. 6B is
presented comparison of DC electrical conductivity of STF pellet and porous STF50
layer (n = 4). The maximum conductivity occurs almost at the same temperature
(between 650 °C and 700 °C) despite of different forms of material and temperatures of
calcination. Twenty times higher conductivity for dense STF50 pellet and higher
activation energy than for porous layer is probably a consequence of different calcination
temperature and porosity.
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Figure 6. The STF50 DC conductivity of the samples with different number of the layers
(A) and comparison with the pellet (B) measured at 21% O,.

Post mortem SEM images of polished cross sections of porous STF35 layers with
different thicknesses (n from 1 to 4) deposited on to AlbO3 substrates are shown at Fig. 7.
All samples prepared by screen printing method and sintered at 800 °C, look similar. It
has been calculated that one layer of screen printed STF compound had ~5.5 pm of
thickness after sintering. As presented, sintering at 800 °C reveals porous layer without
cracks and with good adhesion to the substrate. It is a good perspective for typical SOFC
electrolytes like YSZ, CGO because of smaller TEC mismatch. Namely, the used Al>O;3
has TEC of 4.6 ppm K'! , while YSZ and CGO have of 10.8 ppm K! and 12.3 ppm K'!,
respectively.

Figure 7. The SEM images of the polished cross section of the sintered at 800 °C STF35
porous layers with different thickness (A-B) on the Al,O;3 substrate.
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Conclusions

For better understanding the role of the iron substitution on the performance of the
SrTiixFexOs electrode, STF35, STF50 and STF70 were fabricated in a form of pellet and
film and evaluated. All fabricated compounds had regular cubic structure and had no
significant differences in size of powder particles or layers morphology (sintered at
800 °C) were observed. It was presented that despite of very high TEC differences of
STF and the support, the films without cracks can be obtained.

Preliminary results of DC electrical conductivity measurements show that with
increase of iron dopant there is an increase in conductivity and decrease of the activation
energy. It was also found that porous layers had lower electronic conductivity than dense
material and had lower activation energy. These preliminary results show that STF
compounds with different iron dopant requires further electrochemical performance
study.
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Article number III extends the knowledge from Article II with EIS tests, a SEM
analysis and qualitative assessment of differences in the electrochemical processes. The
performance of symmetrical samples with porous STFx electrodes sintered at different

temperatures was evaluated.

My original contribution to this publication was:

Preparation of high-quality reproducible STFx symmetrical electrodes.

e Detailed electrochemical characterisation of the symmetrical electrodes.

e Evaluation of chemical composition of STFx material in dense pellets and porous
electrodes.

e Determination of the electrochemical processes occurring at the porous electrodes

with the application of DRT.
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Abstract

This work evaluates the effects of the sintering temperature (800 °C, 900 °C, 1000 °C) of SrTi;_Fe, O35 (x=0.35, 0.5, 0.7)
porous electrodes on their electrochemical performance as potential oxygen electrode materials of solid oxide cells. The materials
were prepared by a solid-state reaction method and revealed the expected cubic perovskite structure. After milling, the powders
were characterised by a sub-micrometre particle size with high sinter-activity. It was shown that the lowest area specific resistance
was achieved after sintering SrTig ¢sFeg 3505 electrodes at 1000 °C, and SrTi, sFey 503 and SrTig 30Fe( 7005 electrodes at 800 °C,
which can be considered to be a relatively low temperature. In general, EIS measurements showed that increasing the Fe content
results in lowered electrode polarisation and a decrease of the series resistance. Even though the studied materials have much
lower total conductivities than state-of-the-art electrode materials (e.g. (La,Sr)(Co,Fe)Os), the polarisation resistances obtained in

this work can be considered low.

Keywords Strontium titanate - Solid oxide cell - Oxygen electrode - Perovskite - Polarisation resistance

Introduction

Mixed ionic and electronic conducting materials (MIECs) are
the main group of materials used for high temperature solid
oxide cell (SOC) electrodes [1]. There are several features of
porous MIEC materials that have an impact on the perfor-
mance of the electrode. The microstructure of the electrode
(porosity, tortuosity, particle size) [2, 3], intrinsic oxygen ac-
tivity (surface exchange, oxygen diffusion) [4, 5], interface
between the electrode and electrolyte or the barrier layer [6],
and the electronic transport properties are all very important.
The most studied group of MIEC oxygen electrode materials
are the perovskites [7-9]. They are given by the general ABO;
formula, with A being a large cation in 12-fold coordination
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by oxygen anions, and B a relatively smaller cation in the
centre of an oxygen-coordinated octahedra (6-fold coordina-
tion). Typically, the A cation is one of the alkaline earth cat-
ions, whereas B is a transition metal cation, e.g. CaTiOs—the
archetypical perovskite mineral. In general, the A and B sites
can be occupied by more than one cation type, thus providing
enormous possibilities to develop new materials. For applica-
tions in SOCs, (La,Sr)(Co,Fe)O5;, LSCF, and (La,Sr)CoOs,
LSC, are the most studied ones [10—14]. Also, other materials
groups have been studied: double perovskites, Ruddlesden-
Popper-type phases [15], and others [16-21]. Typical elec-
trode materials have high ionic and electronic conductivity
levels, with total conductivities exceeding 100 S cm™'; how-
ever, the exact role of the influence of the individual partial
conductivity levels on the resulting electrode performance is
yet to be established, and is currently an active research topic
[5, 22, 23]. In this respect, materials with relatively low total
conductivities (or materials with a low electronic-to-ionic con-
ductivity ratio) and good oxygen catalyst properties are very
interesting for research. Among the interesting materials with
relatively low total conductivities (< 10 S cm ! at 800 °C) and
high ionic conductivities (comparable with yttria stabilised
zirconia or ceria-based materials) are iron doped strontium
titanates (SrTi;_Fe,Os.5 (STFx)) [24-27]. Because of their
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high ionic conductivity (~107> S cm™" at 800 °C) [28], they
have found application as oxygen separation membranes [29,
30], catalysts for water electrolysis reactions [31], resistive
sensors of oxygen [32] and ethanol [33], and also in solid
oxide fuel cell (SOFC) systems as electrodes [34-36] or the
functional layer [37]. STFx-based materials show low
polarisation resistance and good long term stability, including
limited Sr surface segregation [38, 39], which is problematic
for LSC/LSCF compounds.

Most studies have focussed on the properties of thin and
dense STFx films used as model electrodes [24, 28], whereas
the properties of porous electrodes have practically not been
studied. Our previous work showed good performance of po-
rous STF35 (SrTig e5Fep35053) electrodes [40, 41], which has
also been confirmed by other authors [38]. The obtained
polarisation resistance results were comparable with the
well-known LSCF electrode materials. An area specific resis-
tance (ASR) of 0.020 2 cm? at 650 °C [42] has been reported
for LSCF, whereas for SrTij FegoO; (STF90), an ASR of
0.067 © cm? at 650 °C has been reported [43]. Some reports
show that STFx material with x=0.35 has the lowest degree
of structural distortions, which makes it promising for techni-
cal applications [44] despite its relatively low electronic con-
ductivity (~2 S cm V) and higher ASR values (~0.1 Q cm? at
800 °C [40]). In general, there is only a limited number of
publications related to STFx performance, and the materials
require more studies.

The current work studies the effects of electrode sintering
temperature on the electrochemical properties of porous SrTi;.
Fe 055 (x=0.35, 0.5, 0.7) electrodes based on symmetrical
cells. This work is a continuation of our previous initial study
of an STF35 electrode [41].

Materials and methods
Material and samples preparation

SrTi;_Fe, Os_s (STFx) materials with different Fe substitution
levels (x=0.35, 0.5, 0.7) were synthesised from analytical
grade (>99% purity) reagents—strontium carbonate
(EuroChem, PL), titanium dioxide (EuroChem, PL), and iron
(IIT) oxide (Chempur, PL)—Dby the solid-state reaction meth-
od, as described in our earlier work [41]. Briefly, stoichiomet-
ric amounts of the reagents were re-ground in an agate mortar
and were subsequently ball milled (Fritsch Pulverisette 7,
ZrO, milling container) in absolute ethanol (99.9% purity)
with a rotational speed of 600 rpm for 15 h using 5 mm
YSZ balls. The obtained STFx powders were further annealed
at 600 °C (with a cooling/heating rate of 3 °C min'). The
particle sizes of the prepared STFx powders were similar to
what was shown earlier, and all powders had particles in the
sub-micron range [45].
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Gadolinium doped ceria (CGO) substrates, used for the
preparation of the symmetrical cells, were made from a com-
mercial powder (GDC-20 K, DKKK Japan), as presented in
our previous work [41]. The surfaces of the sintered CGO
substrates were ground and polished to obtain a smooth sur-
face and remove any contaminants. After preparation, the pel-
lets had a thickness of approximately 0.5 mm. Before the
deposition of the STFx electrodes, the substrates were cleaned
in acetone in an ultrasound cleaning bath.

Porous STFx electrodes were deposited on both sides of the
polished CGO substrates using screen printing (DEK 65, UK).
For the preparation of the pastes, an ESL403 commercial ve-
hicle system (Electro-Science Laboratories, USA) was mixed
with the prepared STFx powders in a ball mill at a mass ratio
of 60:40. The mixing of the electrode pastes was carried out
with a rotational speed of 200 rpm. The deposited pastes were
slowly dried at 60 °C and at 130 °C. To obtain final electrodes
with different microstructures, the electrodes were sintered in
air at three different temperatures: 800 °C, 900 °C, and
1000 °C in a box furnace (Carbolite RHF1600, UK). Each
dried electrode was heated up to 600 °C (for 1 h with a ramp
of 1.5 °C min ") in order to fire the binder, and then dwelled
for 2 h at the appropriate temperature, with heating and
cooling ramps of 3 °C min '. The prepared electrodes had
an active area of 0.4 cm>. For electrical contact, the electrodes
were brush-painted with Pt paste (ESL 5542, Electro-Science
Laboratories, USA), dried, and pre-sintered at 600 °C.

Microstructure and performance analysis

The X-ray diffractometry (XRD) technique was used to deter-
mine the phase composition of the fabricated STFx powders.
Measurements were performed at room temperature in the air
using a Bruker D2 Phaser with an XE-T detector.

The investigation of the linear thermal expansion was car-
ried out using a Netzsch DIL402 dilatometer. The STFx pow-
ders were formed into cylinders and heat up to 1100 °C with a
heating rate of 5 °C minfl, dwelled for 15 min, and then
cooled at a rate of 3 °C min '. The procedure was carried
out in 21% O,.

A Phenom XL (Thermo Fisher Scientific, the Netherlands)
scanning electron microscope (SEM) was used for imaging of
the polished cross sections of the symmetrical cells. All SEM
images were made using a backscattered electron (BSE) de-
tector with an applied accelerating voltage of 10 kVina 0.1 Pa
vacuum. The chemical compositions of the investigated elec-
trodes were determined via energy-dispersive X-ray (EDX)
spectroscopy using an integrated analyser (Thermo Fisher
Scientific, 25 mm? Silicon Drift Detector) with an accelerating
voltage of 20 kV.

Electrochemical impedance spectroscopy (EIS) studies
were carried out using a Novocontrol Alpha-A mainframe
with a 4-wire ZG4 interface. In order to study, the impact of
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the sintering temperature on the ASR, the STFx symmetrical
samples were measured in a spring-based compression cell in
flowing air. For electrical contact, gold meshes were used for
contacting the samples. The measurement parameters were
used as described in our previous work [41].

The DRTTools Matlab GUI, available from prof. Ciucci’s
group, was used for the analysis of the distribution of relaxa-
tion times [46, 47].

Results and discussion
Materials characterisation

The phase composition of the powders prepared by the solid-
state reaction method was studied using X-ray diffractometry.
The XRD of the prepared powders showed the formation of

the expected cubic perovskite phase (Pm3m ), in agreement
with the crystallographic database (Inorganic Crystal
Structure Database #18-6710). The inset of Fig. 1a) shows
the change in peak position for powders with different iron
contents. With an increasing Fe content, the peaks shift to-
wards higher 26 angles, indicating the decrease of the unit cell
size. The ionic radii (for coordination number 6) of Fe** was
0.55 A (in the low spin state), whereas for the Ti**, it was
0.605 A.

The general microstructure of an exemplary symmetrical
sample (STF50) is presented in Fig. 1b. The low magnifica-
tion image shows a uniform electrode thickness of ~25—
30 um over the electrolyte surface. On top of the porous elec-
trode, a painted Pt current collector has a thickness of ~
10 um. The CGO substrate has a thickness of ~500 pm,
which varies between 450 and 600 pm for all studied samples.

The sintering and thermal expansion properties of STFx
materials were evaluated by dilatometry. Figure lc presents
the results of the sintering part of the measurement, whereas
the inset shows the thermal expansion part (after the sintering).
Upon heating, high thermal expansion of the STF70

compound is visible. The sintering behaviour of the samples
is strongly dependent on the iron content. A higher iron con-
tent results in lower onset temperature of sintering and higher
shrinkage during the dwelling stage (at 1100 °C). The
sintering onset temperatures for the STF35 and STF50 were
~690 °C and for the STF70 ~ 680 °C. The total shrinkages of
the pellets after the dilatometry study was 17%, 21%, and ~
25% for STF35, STF50, and STF70, respectively.

Thermal expansion coefficients (TEC) were determined
based on the cooling stage of dilatometry. For STF35,
STF50, and STF70, values of ~16, ~18, and ~
23 x 107 K™ were obtained (in the temperature range
1000 °C-RT), respectively. The addition of iron increases
the TEC considerably (possibly including the contribution of
chemical expansion), which can make practical application of
iron-rich samples troublesome. For example, the TEC of the
CGO substrate is ~12-13 x 10°® K™ [48]; therefore, large
stresses will be generated between the TEC-dissimilar
materials.

The porosities of the cylindrical samples sintered at
1100 °C were measured by the Archimedes method.
Porosities of 29%, 23%, and 5% were obtained for STF35,
STF50, and STF70, respectively. The dilatometry and poros-
ity measurement results show that increasing the iron content
results in improved sinterability, but also results in an in-
creased TEC.

Electrochemical characterisation

For the evaluation of the electrochemical performance to-
wards the oxygen reduction/oxidation reaction (ORR/OER)
of'the STFx materials, electrochemical impedance spectrosco-
py (EIS) measurements were carried out. Samples with sym-
metrical electrodes were prepared on ionic conducting CGO
and were sintered at either 800 °C, 900 °C, or 1000 °C. The
symmetrical electrodes were measured by EIS in the air in the
temperature range of 800 °C to 500 °C with 50 °C decrements.
The EIS data were standardised for a specific surface of the
electrodes by wusing the formulas: R;=R,,,*A and

Fig. 1 a X-ray diffractometry of the fabricated powders, b SEM images of polished cross sections of an exemplary symmetrical cell with porous
electrodes, and ¢ sintering/thermal expansion curves of STF35, STF50, and STF70
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ASR = M, where R, is the series resistance, Ry, 1S the
measured ohmic resistance, Ry, is the polarisation resistance,
and A is the area of the electrodes (0.4 cm?).

The electrode responses, given by the ASR values, are
directly comparable and represent the electrochemical perfor-
mance of the electrodes, influenced by the sintering and
physico-chemical material properties. In the case of compari-
son of the Ry values, the values are also influenced by the
CGO thickness, which varies between the samples.

It is worth noting that the R; and ASR values were stable
during the few hours of measurement, i.e. no degradation nor
activation of the electrodes was noted in the few hours of
isothermal holds.

Figure 2 presents the impedance spectra of the differently
sintered electrodes measured at 700 °C. A similar plot for the
measurement temperature of 800 °C can be found in the
Supplementary materials (Fig. S1). Also, Fig. S2 in the
Supplementary materials provides the impedance spectra of
STFx materials sintered at 800 °C measured at different tem-
peratures (700 °C, 750 °C, and 800 °C). For comparison of the
impedance values, the scaling of the axes is the same. The
values of R, and ASR depend on the sintering temperature
to different extents, depending on the sample composition.
Clearly, there is a visible effect of the sintering temperature
on the electrochemical performance of the electrodes. Based
on the measured impedance spectra, the values of R and ASR
were plotted collectively on an Arrhenius scale. The results
presented in Fig. 3 are as follows: Ry of STF35, STF50, and
STF70 in Fig. 2a—c and ASR in Fig. 3d-f, respectively.

By analysing the R values obtained for the three studied
materials as a function of the temperature, differences can be
observed, which are in-line with the impedance spectra shown
in Fig. 2. For STF35 and STF50, increasing the sintering
temperature decreases R. This effect is strong for the STF35
sample and still noticeable for the STF50. For STF70, a slight
increase of Ry is observed. These results might be connected to

the electronic conductivity of the materials, and possible cur-
rent restriction at the interface or ohmic resistance of the po-
rous electrodes. STE70 has the highest total conductivity, so
the possible current restriction will be the lowest. A rough
calculation of the ohmic contribution of the porous electrodes
based on the electrical conductivity of CGO results in relative-
ly low R, values of STFx, i.e. for the least conductive porous
STF35 at 800 °C, the series resistance addition would be only
~10 m© cm?. For comparison, the ohmic resistance intro-
duced by a 550 um thick CGO substrate is estimated to be
~400 mS cm? (based on the Cey sGdg,05.5 conductivity val-
ue 0f0.140 S cm ™" at 800 °C [49, 50]). The activation energy
of series resistance for all STFx symmetric samples is ~
0.67 eV, which is in line with values for doped ceria com-
pounds [51].

Interestingly, the ASR values of the STF35 electrode are
practically independent of the sintering temperature and have
values of ~70 mQ cm? at 800 °C. The same effect was ob-
served in our previous study [41]. For STF50 and STF70, the
ASR values are dependent on the sintering temperature,
reaching the lowest values for electrodes sintered at 800 °C.
Especially for STF70, the increase of the sintering temperature
leads to a large increase of the ASR. For STF50 and STF70
electrodes processed and measured at 800 °C, the ASR values
are ~ 30 mQ cm?” and ~ 22 mQ) cm?, respectively. The obtained
values can be considered very low and are comparable with
the best performing mixed conducting oxygen electrodes,
such as LSC, LSCF, and others. The very best reported elec-
trodes outperform the STFx electrodes studied in this work,
but it is still interesting that electrodes with relatively low total
conductivity have such good performance. The activation en-
ergy of polarisation resistance is very similar for all STFx
materials (~1.29—-1.24 eV) with a small tendency to decrease
with increasing the Fe content.

The polarisation resistances obtained for Co-free cathodes
were summarised by Hashim et al. [52]. The lowest reported

Fig. 2 Impedance spectra of STFx materials sintered at different temperatures (800 °C/900 °C/1000 °C), measured at 700 °C in 21% O,
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Fig. 3 Series (a—c) and polarisation (d—f) resistances of the symmetrical STF35, STF50, and STF70 electrodes, respectively, sintered at different
temperatures (800 °C/900 °C/1000 °C) as a function of temperature in 21% O,

polarisation resistance values were obtained for
PrBag o;Fe,0s , ; and were as low as 0.019 Q cm?. The results
obtained in this work for STFx lie within the range of the best
materials reported. Furthermore, STFx materials can be easily
modified to enhance their electrocatalytic activity, e.g. by par-
tial Co substitution [25].

To further evaluate the influence of the sintering tempera-
ture on the electrode performances, distribution of relaxation
times (DRT) analyses of their spectra were performed. DRT
analysis is a powerful tool to investigate electrochemical pro-
cesses [53—56]. The results of the DRT analysis of the spectra
shown in Fig. 2 are presented in Fig. 4. Additionally, the
results of the DRT analysis of samples sintered at 800 °C
and measured at three different temperatures (700 °C,
750 °C, and 800 °C) are provided in Fig. S3 in the
Supplementary materials. These analyses are mostly used to
support the selection of the proper sintering temperature of the
STFx electrodes and do not fully explain the occurring elec-
trode processes, which will be the aim of our future work.

For all electrodes, increasing the sintering temperature re-
sults in a shift of the characteristic frequencies towards lower
values. To begin with, all spectra show a distinct high frequen-
cy contribution (f;r~1000 Hz). For STF35, it decreases with
increased sintering temperature, also shifting towards lower
frequencies. STF50 shows quite similar behaviour, but to a

smaller extent. For STF70, the contributions do not change
much and have a constant characteristic frequency.

Besides the high frequency contribution, which is well sep-
arated in the DRT spectra, there are at least two lower frequen-
cy contributions that can be analysed. For STF35, the elec-
trode resistance (given the area under the DRT plot) is similar
for all temperatures, with a slightly lower value after sintering
at 1000 °C. The main difference between the low and high
temperature sintered STF35 materials is the medium frequen-
cy contribution (fyrsoo °cy~500 Hz), which has the highest
resistance for the electrode sintered at 800 °C. Nevertheless,
the lower frequency process (fLrsoo °cy~50 Hz) dominates
over the entire spectrum. For STF50 and STF70 electrodes,
the spectra are very similar for all sintering temperatures, but
the magnitude changes. An increase of the sintering tempera-
ture results in decreased electrode performance. All electrode
processes seem to increase their resistance. For STF50, the
dominating contribution is the low frequency process at all
temperatures (fLF(g()() OC)NSO Hz, fLF(lOOO OC)NZO HZ) STF70
shows different behaviour. For electrode sintered at 800 °C,
the dominating process is the medium frequency process
(fmr00 °cy~150 Hz), whereas for higher sintering tempera-
tures, the low frequency process dominates
(fmrc1000 °cy~10 Hz). For STF70 electrodes sintered at
900 °C and 1000 °C, an additional contribution at even lower
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Fig. 4 Exemplary distribution of relaxation times plots of impedance of symmetrical STF35 (a), STF50 (b), and STF70 (c) electrodes measured at
700 °C at 21% O,, as a function of sintering temperature (800 °C/900 °C/1000 °C)

frequencies becomes apparent. As the electrode microstruc-
ture densifies, the porosity becomes lower and the gas diffu-
sion impedance becomes measurable, which agrees well with
the characteristic frequency of 1-4 Hz.

The electrochemical processes occurring at the electrodes/
interfaces, which have been assigned qualitatively to the peaks
from the DRT spectra (based on our previous study and the
specific frequencies/capacitances of the processes) are
summarised as follows:

P1—(~ 1000 Hz) STFx-CGO interface contribution;
P2—(80-200 Hz) potential Gerischer element: oxygen
diffusion in the bulk of the particles;

P3—(10-30 Hz) non-dissociative adsorption/charge
transfer;

P4—(~1 Hz) gas diffusion.

The provided description is only a general overview of the
possible processes. A more detailed discussion, including
studies of the pO,/temperature dependence of the contribu-
tions, will be given in the future. For example, Zhang et al.
[38] recently studied STFx materials and used an equivalent
circuit consisting of two components. Thus further studies are

Fig. 5 Post-mortem SEM images of the polished cross section of the
symmetrical cells with the STF35 (a), STF50 (b), and STF70 (¢)
porous electrodes sintered at 800 °C. Regions marked by the dashed

@ Springer

required to clarify the underlying mechanisms, which are
needed to understand the behaviour of mixed ionic-
electronic conductors.

In general, the oxygen reduction/oxidation performance
increases with increasing iron content. When titanium (Ti*)
is substituted for iron, it can either have a + 3 or + 4 oxidation
state. The specific ratio of the cations will depend on the
atmosphere and overpotentials. In the case of the formation
of Fe**, charge compensation occurs by the generation of
electron holes in the valence bands or, predominantly, by the
formation of oxygen vacancies [57]. Either way, both effects
should be positive for the performance of mixed ionic-
electronic conductors. For Fe-rich compositions, the effective
band gap is drastically reduced, the materials become “elec-
tron-rich”, and the resulting availability of electrons for oxy-
gen reduction is much higher. The surface exchange coeffi-
cient for STF70 is orders of magnitude higher than for pure or
slightly Fe-doped SrTiO3 [57-59].

As previously reported by Jung and Tuller [28], based
on a thin film study, STFx (for x between 0.05 and 0.80)
most probably have a common limiting process. The au-
thors describe it as a surface oxygen exchange, occurring at
the surface of the electrode materials. This explanation was

squares were analysed by EDS to determine their chemical
compositions (results are included in Table 1)
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Table 1 EDX results for the STF35, STF50, and STF70 cathodes
sintered at 800 °C expressed at percentage of atomic mass

St/% Ti/% Fe/% O/% Ti:Fe Sr: (Ti+ Fe)

Area STF35 177 11.7 6.2 644 1.89 0.99
Area STF50 187 9.6 9.2 625 1.04 0.99
Area STF70 188 5.9 133 621 044 0.98
Point 1 151 7.1 6.9 71 1.02 1.08
Point 2 165 85 83 66.7 1.03 0.99
STF35 powder 17.1 11.7 5.7 655 205 0.98
STF50 powder 173 9.6 8.1 649 1.19 0.98
STF70 powder 149 5.1 1.1 689 046 0.92

further confirmed by subsequent works. Metlenko et al.
[60] have studied the oxygen diffusion and surface ex-
change of STFx materials. They concluded that oxygen
diffusion occurs via vacancy migration and that the oxygen
diffusivity increases continuously as a function of iron
concentration. In addition, the authors support the claim
that the oxygen surface exchange occurs by one single
mechanism for electron-poor and electron-rich materials.
The authors proposed that the energy levels of oxygen
adsorbates at the oxide surface, relative to the energy of
the conduction-band edge, play a key role in the process.

Comparing the performance of the STFx materials studied
in this work with other materials reveals good performance,
especially for the Fe-rich compound. The polarisation level
achieved for this electrode (~20 m§ ¢cm? at 800 °C, ~
0.41 Q cm? at 600 °C) is comparable with the performance
of LSCF (~12 mQ cm? at 800 °C); see Fig. S4 in
Supplementary materials. State-of-the art LSC electrodes
show initial performance at a level of ~100 mQ c¢cm? at
600 °C [61, 62], but the results vary greatly. Molin et al. stud-
ied STF35 and STF50 deposited on YSZ and reported ASR
values of ~120 mQ cm? at 800 °C [40]. Zhang et al. have
shown high performance and stability of STF70 electrodes of
30 m€2 cm” at 800 °C and ~ 0.4 2 cm” at 600 °C. Our results,
especially for STF70 sintered at 800 °C, thus show very high
performance.

Based on the literature findings, it would be interesting to
study whether it is possible to further improve the perfor-
mance of STFx, e.g. by the introduction of surface catalysts
(either primarily electronic/ionic, or mixed conducting), for
example by an infiltration technique (and to what extent)
[63, 64]. This work establishes the selection of sintering con-
ditions and baseline measurements for future work, including
infiltration and chemical modification of the compositions.

Microstructure analysis

Post-mortem SEM images of the porous STF35/50/70 elec-
trodes sintered at 800 °C are presented in Fig. 5. A microstruc-
ture comparison of the STFx samples sintered at 800 °C,
900 °C, and 1000 °C is provided in Fig. S5 in the
Supplementary materials. For each of the electrodes, the
chemical composition was analysed using EDS analysis of
the centre part of the electrodes (regions marked by dashed
squares). The EDX results are presented in Table 1 and are in
good agreement with the desired stoichiometries.

As can be seen in Fig. 6, the electrodes have uniform thick-
nesses between 20 and 30 um. No cracks or other defects were
detected. The morphology of the electrodes is similar: small
grains of the synthesised STFx materials result in small pores
and a large surface area available for the electrochemical re-
action. The prepared Pt contact layer has a thickness of ~5—
10 um and serves the role of the current collector. The use of
the current collector is required due to the relatively low elec-
tronic conductivity of STF35, for which the results have been
observed to depend on the contact area of the current collector,
indicating current constriction effects. For 20-30 um thick
STFx electrodes, the catalytic activity of the Pt contact layer
is negligible; it only serves as a metallic-conducting contact
layer.

For the STF50 sample sintered at 800 °C, a linear scan
elemental analysis was performed across the Pt/porous elec-
trode/CGO substrate layers. Line scan results, including Pt, Sr,
Ti, Fe, Ce, and Gd, are shown in Fig. 6. The strontium profile
shows a small but noticeable gradient, with less strontium at

Fig. 6 SEM images of polished cross section of the porous STF50 electrode (a) investigated by EDS analysis: line (b), point and mapping (c)
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the CGO/STF50 interface and more at the Pt/STF50 interface.
Titanium is distributed uniformly throughout the thickness of
the porous electrode; however, at the CGO/STF50 interface, a
marked increase of Ti content is detected. The profile of iron
shows an opposite trend to strontium; the amount of Fe in-
creases towards the CGO/STF50 interface. Even though the
processing and measurement temperature did not exceed a
relatively low temperature of 800 °C, there is some visible
cation diffusion already causing visible differences in the
chemical composition.

Throughout the electrode material, some elongated parti-
cles can be seen, especially in the STF50 and STF70 samples.
These platelet/rod-like particles were analysed by SEM/EDS
in more detail, as presented in Fig. 6¢ and Fig. S6 in the
Supplementary materials. The surrounding regular particles
have very small particle sizes, well below 1 pm, whereas the
length of this particular elongated particle reaches 10 um. The
chemical composition of the particles was analysed by EDS.
Elemental maps (Fig. 6¢) did not reveal any noticeable chem-
ical composition difference, confirmed further by point anal-
yses (points 1 and 2 in Fig. 6¢), shown in Table 1. A slight
increase in Sr in relation to Ti/Fe is the only difference be-
tween the particles, but it is possible that this deviation is
rather small. The presence of these particles might originate
from the mechanical milling step. They were not detected in
the as-synthesised powders. Reports exist of STFx powder
synthesis by mechanical alloying methods, suggesting their
potential for reactions/deformation under mechanical loads.
Nonetheless, due to the similar chemical composition, the
elongated particles are not supposed to be harmful for the
electrode performance.

Conclusions

Three different compositions of SrTi;_Fe O35 (x=0.35, 0.5,
0.7) were fabricated by solid-state reaction method and were
analysed for their electrochemical performance depending on
the sintering temperature. EIS measurements were analysed in
terms of series (ohmic) and polarisation (ASR) contributions.
For the three studied electrodes, the lowest ASR values were
obtained for STF35 sintered at 1000 °C and for STF50 and
STF70 when sintered at only 800 °C. The results show that
iron has a strong effect on the electrode performance: the iron-
rich sample showed high sinter-activity and low ASR ~
20 m§2 cm? at 800 °C (obtained only for the electrode sintered
at 800 °C). DRT analysis of the processes showed that STF70
differs from STF35 and STF50 in terms of the low frequency
contribution, attributed to the adsorption of oxygen on the
catalyst surface.

This work establishes the optimised sintering conditions of
the studied powders. The studies will be further extended with

@ Springer

a detailed EIS-DRT analysis, and the effects of surface mod-
ifications on the performance will be studied.
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Iron doped strontium titanates (SrTijxFexOs-5) are an interesting mixed ionic-electronic conductor
model used to study basic oxygen reduction/oxidation reactions. In this work, we performed an
impedance spectroscopy study on symmetrical porous SrTig3oFep7003-5 (STF70) electrodes on a ceria-
based electrolyte. The sample was measured in varying oxygen concentration: from 0.3% to 100% in
800 °C—500 °C temperature range. Low polarisation resistance (e.g. <125 mQ cm? at 600 °C in the air)
values were obtained, showing an overall high performance of the STF70 electrode. Impedance data
analysis was assisted by the distribution of relaxation times method, which allowed an equivalent
electrical circuit to be proposed comprising of two resistance/constant phase element sub-circuits
connected in series. The medium frequency contribution, with a characteristic frequency of
~2000 Hz at 800 °C in air, originates most probably from possible surface diffusion followed by charge
transfer reaction limitation, whereas the lower frequency contribution (characteristic frequency <10 Hz)
is due to gas-phase diffusion.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Electrochemical impedance spectroscopy (EIS) is a powerful
method for the determination of the electrochemical properties of
materials in an almost unlimited number of applications. For
example, EIS is used extensively to determine the performance of
electrodes in solid oxide cells (SOCs) [1—3], in biosensors [4—6], in
oxygen sensors [7], in pH sensors [8,9] or determining properties of
conductive polymers like polypyrrole [10,11]. In the case of SOCs,
the polarisation resistance of the electrodes is usually measured as
a function of the materials preparation methodology (e.g. sintering
temperature, particle size, resulting porosity), measurement tem-
perature, and oxygen partial pressure. Often, the frequency
response (impedance spectra) of the electrodes shows quite a
complex result, not easily fitted with simple circuits. Over the years,
useful tools have been developed to help in the analysis of these
complex phenomena. The method that has been growing in
popularity in recent years is the distribution of relaxation times

* Corresponding author.
E-mail address: aleksander.mrozinski@pg.edu.pl (A. Mrozinski).

https://doi.org/10.1016/j.electacta.2020.136285

(DRT) analysis [12—18]. It became popular due to the availability of
a free software tool developed by the prof. Ciucci group — DRTTools
[19—23]. The software offers simple control over the most impor-
tant parameters required to successfully and reliably use the DRT
method.

DRT offers the possibility of differentiation of the measured
spectra of several electrochemical processes when characteristic
frequencies overlap. Quite a few research groups have used this tool
to analyse the electrodes of SOCs. Both the oxygen and fuel elec-
trodes were studied to devise their mechanisms.

Ptonczak et al. used DRT to determine the electrochemical
processes on thin-film dense (La,Sr)Mn0Qs3_; electrodes. DRT allowed
the number of contributing processes to be resolved. For a
description of the symmetrical electrode system, three R-CPE ele-
ments connected in series were used (with characteristic fre-
quencies at 900 °C of ~1 kHz, ~30 Hz, and 1500 Hz). Clematis et al.
analysed Bag 5Srg5C0g gFeg203_5 oxygen electrodes. DRT was used
to determine the effects of electrode polarisation in a 3-electrode
cell, allowing the polarisation influenced processes to be seen. In
addition to the oxygen electrode, fuel electrodes were also studied
[15,24—26]. DRT can also be used to study full fuel cells, where

0013-4686/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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there are many simultaneous electrochemical reactions. Chrzan
et al. studied a solid oxide cell with infiltrated electrodes and the
effects of ageing. As many as 5 different processes were determined
[27]. Tong et al. studied large-area cells with LaggSrg4C003_5 elec-
trodes. A full cell model with 5 contributing processes was also
devised based on DRT analysis [28]. Also, full polymer electrolyte
cells were studied using DRT. The analysis revealed as many as 7
contributions. Moreover, DRT can be used in batteries and other
systems [29,30].

Oxygen electrode reactions, including oxygen reduction and
oxidation reactions, are one of the most important chemical/elec-
trochemical reactions studied. Even though these processes have
been studied for many years, there is still no specific and universal
model for the reactions at high temperatures. Due to the complex
nature of the process, it is highly dependent on the conditions
(temperature, oxygen concentration), as well as on the material and
its preparation (defects, particle size, etc). Developing reliable tools
for the determination of the electrochemical processes is an
important and challenging task.

A reversible oxygen electrode reaction is a complex process
consisting of several elementary steps. One possible pathway for
the reaction is presented below (according to Kroger-Vink notation)
[31,32]:

Step 1) Mass transfer of O, molecules in the gas phase and
adsorption on the electrode surface: Oy(g) < Op(ads);

Step 2) Dissociation of the adsorbed molecules: Op(ads) <
20(ads);

Step 3) Charge transfer to
Ocads) + 27 + Vi « 0%;

Step 4) Mass transfer of oxide ions in the bulk of the electrode/
electrolyte: Viyelectrode) <> Vo(electrolyte);

oxide ion electrolyte:

To determine the rate-limiting step of the oxygen electrode
reaction, the electrode resistance can be studied as a function of
both temperature and oxygen partial pressure (pOz) [33]. The
following generalised relation can be used to describe the electrode
resistance (Re]):

L (p02)" [Equation 1]
Rel

Different n-values indicate the type of oxygen species involved
in the electrochemical reaction [33—35]. An inverse proportionality
relation (n = 1) indicates the molecular oxygen involved (0O,), a
(p02)% dependence indicates the contribution of atomic oxygen
(0). The value of n = 3/8 is possibly related to the partial reduction
of the atomic oxygen (Oags) + € — O™ a4s). For n = 1/4, the charge
transfer reaction has been described as the limiting factor. The
studies of electrode polarisation as a function of both the temper-
ature and oxygen concentration are thus a powerful tool to deter-
mine the rate-determining reactions. These are however generally
complex measurements which can be affected by many factors
[36,37], thus the results should be treated with caution.

Iron substituted strontium titanates, with a general formula of
SrTiq.xFexO3_5 are model materials used for studies of mixed ionic-
electronic conductors [36,38—40]. Depending on the iron content,
the properties of the materials (electrical conductivity, surface ex-
change, and diffusion coefficient) can be altered and their effects
studied [41,42]. These materials have been shown to offer prom-
ising performance as catalysts for a number of reactions [43,44], as
oxygen electrodes for solid oxide cells [45,46], and found use in
resistive oxygen gas sensors [47,48]. Our previous study of the
electrochemical processes on porous SrTiggsFep3503.5 (STF35)
electrodes revealed three different contributions. For a description

of the high-frequency contribution (characteristic frequency of
~200 Hz at 800 °C in air), a diffusion related Gerischer equivalent
element was used. It was ascribed to the diffusion of the oxygen ion
in the STF35. Based on this work, it is interesting to study the in-
dividual contributions for higher Fe-substituted materials, which
have higher total electrical conductivities, lower band gaps and
higher oxygen vacancy concentrations [36,42,49].

In this work, we study SrTig 30Feq.7003-5 perovskite for its oxygen
electrode reaction processes based on porous symmetrical elec-
trode configurations. STF70 is an interesting electrode material
with high ionic conductivity, catalytic activity, and moderate elec-
tronic conductivity. By application of electrochemical impedance
spectroscopy coupled with the distribution of relaxation times
analysis, we determine the equivalent circuit and then obtain the
individual contributions and follow their temperature and oxygen
concentration dependent behaviour. This allows for the determi-
nation of the rate-limiting processes and opens the possibilities to
improve the materials in the future.

2. Experimental

StTig30Fe07003-5 (STF70) powders were fabricated by a solid
state reaction method, according to the details in Ref. [46,50].
Stoichiometric amounts of reagent grade SrCOs, TiO, (EuroChem,
Poland), and Fe;03 powders (Chempur, Poland) were weighed and
mixed in a planetary ball mill (Fritsch Pulverisette7). The mixed
powders were pressed into a large pellet (diameter of ~3 cm,
thickness ~1.5 cm), calcined at 1200 °C for 15 h, followed by
crushing, pressing of a new pellet and calcining again at 1200 °C to
form the single phase material. To measure the electrical conduc-
tivity of the bulk STF70, a pellet was prepared by compacting a
powder and sintering at 1200 °C for 2 h. To obtain fine-grained
powder for paste preparation, it was milled in a planetary mill
with ZrO, balls for 12 h and thermally treated at 600 °C. From the
powder, the electrode paste was prepared. The powder was mixed
with a commercial paste vehicle (403, ESL, USA) in a weight ratio of
2:3. The paste was mixed in a planetary ball mill with zirconia balls.

For symmetrical electrode substrates, CeyggGdg 2019 (CGO) pel-
lets were prepared. Commercial CGO powder (DKKG, Japan) was
pressed into cylindrical pellets of ~1 mm thickness and 16 mm
diameter. No additives were used for pressing. The green pellets
were sintered at 1400 °C for 8 h. The porosity of the pellets after the
sintering was <4% measured by Archimedes method. After the
sintering, the planar surfaces of the CGO pellets were polished
using diamond suspensions (particle size ~3 pum). After the pol-
ishing step, the individual pellets had a thickness of ~600 pm.

Electrical conductivity measurements of the bulk CGO and
STF70 pellets were performed using the van der Pauw method.
Platinum wires were fixed to the sample outer edges by silver paste
(DuPont 4922 N, USA). The measurement was performed using
Keithley 2400 and an automated data logging system in the tem-
perature range of 900—450 °C in 100% O, 20% O, and 1% O, for the
STF70 and CGO.

Using the pre-prepared paste and the CGO pellets, symmetrical
electrode samples were produced. The electrodes were screen-
printed (DEK 65, UK) on the two sides and sintered at 800 °C for
2 h. The resulting electrode area was 0.4 cm?. For current collection,
the surfaces of the electrodes were painted with Pt paste (ESL 5542,
USA), dried and fired at 600 °C. The surface roughness of the
electrodes was measured using a Keyence laser scanning
microscope.

The impedance measurements were performed in a 4-wire
compression cell with Au meshes pressed against the STF70/Pt
electrodes. The measurement cell was placed inside a sealed quartz
tube in order to control the atmosphere. A Novocontrol Alpha-A
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with a ZG-4 interface was used for measurement of the impedance
spectra. Analyses were carried out at 25 mV amplitude in the fre-
quency range of 3 MHz to 0.05 Hz. The temperatures were 800 °C,
700 °C, 600 °C, and 500 °C. A controlled oxygen concentration
(100%, 80%, 50%, 30%, 20%, 15%, 10%, 5%, 2.5%, 1%, 0.3%) was obtained
by mixing high precision reference gas mixtures (oxygen in argon):
100%, 20%, 1%, and 0.01% (100 ppm) using mass flow meters (Aal-
borg, USA).

For plotting and analysis of the impedance data, the obtained
impedance spectra were re-calculated for the electrode area
(0.4 cm?). In the case of polarisation resistance, the value was
further divided by a factor of 2 to accommodate the two identical,
symmetrical interfaces.

Impedance spectra were fitted using the Elchemea Analytical
web-tool developed by the Technical University of Denmark (www.
elchemea.com, DTU Energy).

The collected impedance spectra were analysed by the distri-
bution of relaxation times method. For this purpose, the freely
available DRTTool from the prof. Ciucci group was utilised. Prior to
use, the spectra were corrected for the inductance of the rig.
Different parameters for the DRT were used to evaluate the spectra,
as described in the results section.

The microstructural characterisation of the electrodes was per-
formed by scanning electron microscopy (SEM) using a Thermo
Fischer Phenom XL microscope with an integrated energy disper-
sive x-ray spectrometer. For analysis of the cross-sections, the
samples were vacuum embedded (CitoVac, Struers) in epoxy
(EpoFix, Struers) and polished down to a 1 um finish.

3. Results and discussion
3.1. Sample general properties

The microstructure of the symmetrical STF70 electrodes on the
CGO electrolyte is shown in Fig. 1A and B. Screen-printing of the
electrodes results in a macroscopically uniform microstructure of
the electrodes. Higher magnification images reveal the thickness of
the electrodes to be ~20 pum, with a porosity of ~35%. The particles
visible in the electrodes have sub-micrometre sizes. The surface
roughness parameter value, S; = 0.41 pm, confirms a smooth sur-
face. The remnants of the painted Pt current collector are still
visible. The thickness of the CGO pellet is ~600 um, which was also
measured with micro-caliper. The sample shown had already un-
dergone the measurement procedure, which included several
thermal cycles and many oxygen concentration changes. The
microstructure shows no sign of cracks or delamination, which
indicates good compatibility of the STF70 with the CGO substrate,
even though a mismatch of thermal expansion coefficient (TEC)
exists. The previously measured TEC of the bulk STF70 is
~23 x 10~® K [50], whereas the TEC of the CGO is ~13 x 1076 K.

The difference in TEC values is high (~10 x 10~8 K1), but some other
electrode materials with such a large TEC mismatch are successfully
used (e.g. ]_,3.0,651'0.2C00.2F60.803_5, LHQ.GSFO.4COO3_5 with TECs >18
[51,52]).

The total electrical conductivities of the bulk CGO and STF70
materials were measured on sintered pellets by the van der Pauw
method, and the results are presented in Fig. 2A. The electrical
conductivity of ceria, representing purely ionic 0>~ conduction, is
much lower than the conductivity of the iron substituted strontium
titanate, which is a mixed ionic-electronic conductor. At 800 °C, the
jonic conductivity of ceria is ~100 mS cm~', and decreases to
~5mS cm~! at 500 °C, with an activation energy of 0.69 eV. These
are typical values for doped ceria electrolytes [53]. The measured
total conductivity of STF70 in air is ~16 S cm~! in air at 800 °C. For
STF70, the exact ionic and electronic conductivity contributions are
not specifically reported. Based on the results of a series of iron
substituted strontium titanates, the electronic transference number
is ~0.98, with the ionic conductivity at the level of ~40 mS cm™! at
800 °C [54]. As presented in Fig. 2A, the electrical conductivity of
CGO, in this oxygen partial pressure range (0.3%—100% 0;), due to
the ionic regime of operation, is not dependent on the oxygen
concentration [53]. STF70 is a typical p-type conductor, with its
electronic conductivity increasing with increasing oxygen content
(in the high pO; range). According to Ref. [42], in the temperature
range 750 °C—1000 °C, based on the defect chemistry description,
the total electrical conductivity follows the conductivity ~ (p0O3)'/4
behaviour, which indicates that the oxygen vacancy concentration
is independent of the partial pressure. Thus the mobility/concen-
tration changes of the majority carriers (p-type) dominate the total
conduction of STF70 in the studied oxygen concentration range.

Fig. 2B and C summarise the results obtained from the imped-
ance measurements on the symmetrical electrodes. The data is
divided into the ohmic - Ry (Fig. 2B) and polarisation - Ry (Fig. 2C)
contributions, shown for three oxygen levels (100%, 20%, and 1%).
The spectra and underlying electrochemical processes will be
analysed in detail in the following sections. From Fig. 2B and C, it is
evident that the oxygen concentration change has a negligible in-
fluence on the ohmic part, and a large influence on the polarisation
contribution.

3.2. Impedance spectra and distribution of relaxation times analysis

For assistance in the determination of the electrochemical
processes occurring on the STF70 electrodes, the DRT method was
used for impedance spectra analysis. At the first step, we tried to
vary the analysis parameters in order to obtain satisfactory results.
A representative spectrum, used as a model example here,
measured at 800 °C in 1% O, is presented in Fig. 3A. The DRT of the
presented spectra is shown in Fig. 3B. Different A parameters (A —
regularisation parameter) were used for qualitative analysis. A

Fig.1. A) SEM polished cross-section image of the symmetrical STF70 electrodes on CGO electrolyte, B) surface morphology of the STF70 electrode including SEM surface image and

laser microscope profilometry.
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Fig. 2. A) Electrical conductivity of CGO and STF70, B) ohmic, and C) polarisation resistances of the symmetrical STF70 electrodes.

Fig. 3. A) Exemplary impedance spectra measured at 1% O, at 800 °C used as a model result, B) the effect of different A-values on the resulting DRT spectra, C) spectra with fitted
two R-CPE elements with D) corresponding DRT analysis, E) spectra with fitted three R-CPE elements with F) corresponding DRT analysis.

change of A results in the number of “peaks” visible at higher fre-
quencies, and in the lowering and widening of the lower frequency
contribution. For A = 1 x 1074, there are at least three peaks visible
around ~300 Hz. Increasing the lambda parameter to 5 x 10~% and
1 x 1073 results in a change of shape of the DRT spectra. The process
at higher frequencies now seems to have a shoulder at the higher
frequencies only. Analysing simulated simple R-CPE elements (not
shown here), this broadening of the DRT peaks does not come from
another R-CPE contribution, but is just a result of the fitting of a
single R-CPE element. For A = 5 x 10>, only a single broader peak
can be found around ~300 Hz. Based on this simple analysis, the
selection of A can have a profound effect on the number of peaks
determined by DRT. On the basis of the performed analyses, it was
chosen to further study an equivalent circuit consisting of two R-
CPE elements connected in series and perform a DRT with
A=1x10"3

Unfortunately, hardly any publications are reporting the specific
parameters used for the DRT analysis. For example, Weif3 et al. used
avalue of A =1 x 107>, and they obtained and analysed 7 different
peaks for a polymer electrolyte cell. For comparison, Heinzmann
et al. showed the influence of A on the resulting DRT spectra for
polymer electrolyte membrane cells [55]. They used a value of
A =1 x 1073, which provided “a compromise between selectivity,
low residuals, and oscillation avoidance”. For lower A values, more
peaks appeared that were believed to be not true.

Fig. 3C shows the same spectra as Fig. 3A, with added individual

contributions calculated according to the developed equivalent
circuit consisting of two R-CPE elements. A very good fit is obtained,
which is also confirmed by the back-calculation of the DRT based on
the fitted R-CPE parameters, as presented in Fig. 3D. To obtain in-
dividual R-CPE equivalent circuit values, the complex non-linear
least-squares fitting (NLLS) Elchemea software was used. So the
DRT was only used to determine the number of equivalent circuit
elements. In principle, the DRT can also be used to calculate the
contribution resistances (given by the peak area), but this approach
is not well proven. As we will briefly show (Fig. 3 and its discus-
sion), DRT transforms the data and can alter it considerably
depending on the used parameters, which will influence the fitting
procedure results. It would be also problematic for non-trivial el-
ements, for example the Gerischer element, which in DRT is hard to
resolve, but is usually well treated by dedicated impedance soft-
ware. Use of the well-developed impedance fitting tools seems
more convenient and much more established at this stage in the
authors’ opinion. For additional analysis, the spectrum from Fig. 3A
was also fitted with three R-CPE elements, as presented in Fig. 3E.
The obtained fit is also very good in the Nyquist plot, but the back-
calculated DRT spectra, presented in Fig. 3F, shows a clear deviation
from the DRT of the measured spectra. A new contribution with a
peak frequency of ~1.5 Hz can be noticed between the low and
higher frequency peaks. Thus the DRT can also be used as an
important validation tool for the fitting procedure, and can assist in
selecting the proper equivalent circuits.
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Based on the data presented in Fig. 3, we selected the following
parameters for the DRT analysis of all of the spectra: regularisation
parameter A = 1 x 103, C* Matérn discretisation method, and the
regularisation derivative: 2nd-order. In our experience, for this set
of data, these are the most reproducible and dependable parame-
ters, which can also be confirmed by the equivalent circuit fitting
and back-calculation of the DRT, and the similarity of the original
and back-calculated DRT results.

Below, we show the spectra and their respective DRT analyses
for varying oxygen concentrations (5%, 20%, and 100%) at 700 °C
(Fig. 4) and for varying temperatures (800 °C, 700 °C, and 600 °C)
measured in 15% O, (Fig. 5). The separate peaks, corresponding to
the two R-CPE equivalent processes, have been deconvoluted and
inserted in the spectra figures.

The oxygen content has a clear influence on the lower frequency
contribution. This contribution is clearly visible for 5% O, still
noticeable for 20% O,, and seems to disappear in pure O;. Also, the
ohmic resistance and the higher frequency contribution seem to
change with oxygen concentration, but to a lesser extent. The DRT
analysis of the presented spectra shows good agreement between
the measured and fitted spectra. The characteristic (peak) fre-
quencies for the processes are ~120 Hz and ~1 Hz for the higher and
lower frequency contributions, respectively.

The exponents for the CPE elements (denoted here as y-values)

were relatively constant for the two contributions. For the higher
frequency contribution, which is an apparently depressed semi-
circle, the y-value was ~0.70—0.80, whereas, for the lower fre-
quency contribution, the y-value was between 0.90 and 1.00. As a
general comment, we would like to note that the measured
polarisation resistance values are quite low, i.e. only ~10 mQ cm? in
100% O, at 800 °C (measured resistance of ~50 mQ cm?).

The influence of temperature on the impedance spectra is pre-
sented in Fig. 5. Strong temperature activation is visible, the resis-
tance of the higher frequency contribution (R1-CPE1) changes from
~15 mQ cm? at 800 °C to >250 mQ cm? at 600 °C. The lower fre-
quency contribution seems constant, so its relative magnitude vs.
R;-CPE1 changes. At high temperatures, even at a relatively high
oxygen concentration of 15%, the resistance of the first and second
elements are comparable.

Together with an ohmic resistance (Rs), the proposed equivalent
circuit, consisting of two R-CPE sub-circuits connected in series, fit
well to all of the measured spectra (see Fig. 3C). The full equivalent
circuit of the symmetrical porous electrode cell is thus (according to
Boukamp’s notation [56]): Rg(R;-CPE1)(R,-CPE2). The sum of Ri-
CPE1 and R,-CPE2 corresponds to the Ryl The obtained values of
the parameters of each equivalent circuit element were calculated
(resistances and capacitances) and analysed individually in details
as a function of oxygen concentration (0.3%—100% O;) and

Fig. 4. Impedance spectra measured at 700 °C in different oxygen concentrations and their corresponding DRT plots: A,B) 5% O,, C,D) 20% O, E,F) 100% O,.

Fig. 5. Impedance spectra measured in 15% O, at different temperatures, and their corresponding DRT plots: A,B) 800 °C, C,D) 700 °C, E,F) 600 °C.
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temperature (800 °C—500 °C).
3.3. Analysis of ohmic resistance

The ohmic (non-frequency dependent) contribution in the
impedance spectra can be the result of several factors. Mainly, it
includes the contributions stemming from the electrical conduc-
tivity of the thick CGO electrolyte, and of the relatively thin
electrodes.

Fig. 6 presents ohmic resistance contribution of the equivalent
circuit vs. the oxygen concentration and the temperature. The
ohmic resistance changes slightly with the changing oxygen con-
centration, with a lowering of the resistance at increasing oxygen
concentration. This indicates a possible p-type conduction mech-
anism. The CGO electrolyte, at this pO; range, is a pure ionic
conductor, so its conductivity can be assumed to be oxygen con-
centration independent. The electrical conductivity of the STF70
electrode is influenced by the oxygen concentration change, as
presented in Fig. 2A. Rothschild et al. showed that the resistivity of
STF70 follows the relationship: R ~ p03%2° [42]. Linear fitting of the
data shown in Fig. 6 results in slopes in the range —0.03 to —0.05, so
much lower than reported for bulk STF70, but it is measured on top
of the ceria pellet, which constitutes most of the resistance. Thus
the oxygen concentration has a relatively low, but measurable in-
fluence on the ohmic resistance of the samples.

The temperature dependence of the conductivity, presented as
an Arrhenius plot in Fig. 6B, shows Arrhenius-type temperature-
activated behaviour, with activation energy equal to ~0.55 eV. This
value is a bit smaller than what was obtained using the van der
Pauw method, because the STF70 electrode slightly influences the
overall conductivity of the layered structure. This is, however,

generally in line with the electrical conductivity activation of ceria-
based materials [53,57]. The STF70 has a much lower activation
energy and higher conductivity level, and thus the total resistivity is
dominated by the CGO.

The ohmic resistance of the CGO at 800 °C, based on the thick-
ness and measured conductivity value (data from Fig. 2A), is
~0.6 Q cm?, whereas the ohmic contribution of the STF70 electrodes
is only a few mQ cm? at maximum, due to the much higher con-
ductivity and lower thickness. The sum value of ~0.6 Q cm? is very
close to the Rs value determined from impedance spectroscopy,
which means that no large current constriction/current collection
effects take place. The ohmic resistance of the porous electrodes,
even in the case of relatively low electric conductivity (assuming a
safe, low value of only 10 S cm~! at 800 °C) is very low, below a mQ
cm?, which represents a negligible value compared to the polar-
isation resistance, which will dominate the electrode response.

3.4. Analysis of polarisation resistance contributions

Based on the DRT analysis and initial fitting tests, the overall
polarisation resistance can be well described by two R-CPE ele-
ments for most of oxygen concentrations. For high oxygen content
(over 30% O3), R,-CPE2 contribution becomes negligible. The rela-
tive magnitude of R1-CPE1 to R,-CPE2 is very high and fitting by
two R-CPE is not possible. In the equivalent circuit used, the higher
frequency process, fit to R{-CPE1, and lower frequency process fit to
R,-CPE2. The determined electrical properties of these elements,
determined as a function of oxygen concentration and temperature,
are presented in Figs. 7 and 8, respectively.

The higher frequency resistance contribution (R1) is presented
as a function of oxygen concentration in Fig. 7A (see also data in

Fig. 6. Ohmic resistance (R;) of the symmetrical electrodes on CGO as a function of A) oxygen concentration, and B) temperature.

Fig. 7. R, resistance values of the symmetrical electrodes on CGO as a function of A) oxygen concentration, and B) temperature.
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Fig. 8. R, resistance values of the symmetrical electrodes on CGO as a function of A) oxygen concentration, and B) temperature.

Table S1). Increasing the oxygen concentration results in decreasing
resistance, with the slopes varying in the range nsgg -.c = —0.23 to
ngpo -.c = —0.38. The dependence on oxygen content can be thus
described as moderate. In the lower temperature range (500 °C and
600 °C), the slope values are close to 0.25, which indicates that
charge transfer is the rate-determining process (theoretical n = 1/
4). For higher temperatures (700 °C and 800 °C), the exponent in-
creases to 0.32—0.38. It is close to a theoretical value of n = 3/8
(0.375) which has been reported to be connected to a reaction
controlled by the atomic oxygen diffusion process followed by a
charge transfer [58], so a form of intermediate between processes
described by n = 1/2 and n = 1/4. The relative change of the limiting
processes might be due to different activation energies of the
possible contributions (surface diffusion, charge transfer).

Temperature activation of the process described by R; is pre-
sented in Fig. 7B (see also data in Table S1). The resistance values
are dependent on the temperature with an activation energy of
~1.1 eV, slightly dependent on the oxygen concentration. Lowering
the oxygen concentration results in lowering the activation energy,
from 1.18 eV obtained in 100% O, to 0.98 eV in 0.3% O,.

The obtained data for the R contribution can be compared with
our previous results obtained for STF35 [46]. The oxygen depen-
dence slopes were very similar. The resistance magnitude was
however higher for the STF35 sample, almost by an order of
magnitude. At 800 °C in 20% O, the STF35 resistance was
~85 mQ cm? whereas, for the STF70, the resistance was
~14 mQ cm?. The lower value of the resistance is due to the faster
kinetics of adsorption of oxygen for the iron-richer compound. The
temperature effect on the resistance was also stronger for the
STF35, for which activation energies ~1.4 eV were reported,
considerably higher than the value of 1.1 eV reported here.

The resistance parameters of the second equivalent circuit
component, Ry-CPE2, are shown as a function of oxygen concen-
tration in Fig. 8A, and as a function of temperature in Fig. 8B. All
results (values of the equivalent circuit parameters) also are
collected in Table S1. This is the lowest frequency contribution
(characteristic frequency of <5 Hz), clearly noticeable for oxygen
concentration < 20%. The strong effect of the oxygen content on the
Ry is visible. The Ry resistance is directly inversely proportional to
the oxygen content. The slope, in the double logarithmic plot,
shows inversely proportional behaviour (n = —1). This slope is
characteristic for the description of the gas diffusion process in the
electrodes. It is thus strongly affected by the oxygen content, but
not so much by the temperature, which is evident in Fig. 8B. Due to
the relatively low frequency of the process, the fitting at 500 °C can
have a relatively large error, thus for the fitting of the activation
energy, the three highest temperatures were used. The “activation
energy” is negative and has a small magnitude. The values vary
between —0.08 and —0.13 eV. If the points at 500 °C were included
in the calculation, then the values would be ~0 eV. The low negative
temperature effect is also a characteristic feature of the gas diffu-
sion process: in simple theoretical considerations, based on the
Nernst equation and gas diffusion laws, Masuda et al. derived a
small negative dependence of T~ on the gas diffusion overvoltage
[59], which is supported experimentally by our results.

To supplement the resistance values, specific pseudo-
capacitances and characteristic frequencies of the medium-
frequency and low-frequency contributions were calculated, and
are presented in Fig. 9A and B, respectively (see also data in
Table S2).

For the medium frequency contribution, R1-CPE1, the specific
capacitance (C;) is in the range 5—144 mF cm™2. Specifically, at

Fig. 9. A) Capacitance, and B) characteristic frequency values calculated from CPE1 and CPE2 contributions.
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800 °C, the capacitance varies between 5 and 14 mF cm™2

depending on oxygen concentration. The characteristic frequency is
strongly affected by the temperature, and also by oxygen concen-
tration. At 800 °C, the characteristic frequency is ~2000 Hz in 20%
0,. Based on the literature, this process can be ascribed to oxygen
atom diffusion followed by a charge transfer reaction [58].

For the low-frequency contribution, R,-CPE2, the specific
capacitance shows quite high values. For example, at 500 °C, C;
varies between ~1.5 F cm 2 at 1% Oy, to ~6 F cm 2 at 30% O,. These
high capacitance values have a chemical, not electrochemical
origin, and are typical for a gas diffusion process. The characteristic
frequency of the gas diffusion process is relatively low, ranging
from 5 to 0.5 Hz.

Based on the results presented in Figs. 3—9, the values obtained
from fitting an equivalent circuit consisting of two R-CPE elements
(R1-CPE1 and Ry-CPE2), corresponding to two possible electro-
chemical processes, seems valid and well substantiated. The ob-
tained values fit very well with the available literature data
reported for mixed ionic electronic conductors.

The porous STF70 electrode shows good electrochemical per-
formance, applicable for practical electrodes for solid oxide cells
operating at or above 700 °C, where the polarisation resistance Ry
is < 100 mQ cm?. This level of polarisation resistance is acceptable
for high performance cells, where a polarisation resistance limit of
~150 mQ cm? is often quoted [60]. STF70 is also a Co-free electrode
material, which is beneficial from a processing and cost point of
view. Also, it has been reported that STF70 has limited Sr surface
segregation, so its long-term performance can be favourable [61].

Comparing the obtained results with our previous study of
porous STF35 electrodes [46], STF70 shows much higher perfor-
mance, mostly due to its higher electronic and ionic conductivity,
higher surface exchange coefficient (k*) and diffusion coefficient
(D*) [36,42]. For STF35, the impedance analysis revealed contri-
butions from the ionic transport in the material (at ~200 Hz) and
adsorption (~20 Hz). For STF70, the higher frequency contribution
(~2000 Hz at 800 °C) is visible, and the overall polarisation is lower.
According to Merkle and Maier, the rate-determining step for Fe-
doped SrTiOs is the dissociation of oxygen, diffusion, and charge
transfer, whereas the incorporation into the lattice is a fast process
[36]. Clematis et al. analysed the impedance spectra of BagsSrg 5.
CoggFep203.5 in a 3-electrode setup. The authors describe that at
700 °C, the losses are dominated by ionic conduction and charge
transfer at the electrode/electrolyte interface. Oxygen adsorption
and bulk diffusion had a minor contribution. The authors did not
study the effects of oxygen concentration, but only analysed the
polarisation effects. Hjalmarsson and Mogensen analysed sym-
metrical porous (LaggSrg4)o99C0035 at different oxygen concen-
tration (2%—100%) [34]. The authors proposed an equivalent circuit
consisting of two R-CPE elements in series. The higher frequency
contribution (summit frequency of 0.5—5 kHz) showed thermal
activation (~1.1 eV), capacitance of ~0.25 mF cm~2, and pO,
dependence of n = 0.35. The lower frequency contribution was
strongly dependent on oxygen concentration and had capacitance
values of ~50 mF cm~2, which were ascribed to mass transport
limitations (gas diffusion). The origin of a relatively low value of
capacitance was unclear. Typically, values of this magnitude are
ascribed to molecular adsorption. Wang et al. studied PrBaCo;0s, x
and showed that the major contributions show a charge transfer
limitation (n close to 0.25 was obtained) with the characteristic
frequency of ~1000 Hz. The polarisation resistance level was quite
similar to our work (<125 mQ cm? at 600 °C).

The characteristic frequency value and specific capacitances
obtained in this work for the R;-CPE1 elements differ a bit from the
level reported by Escudero et al. [58], but this may be due to much
higher performance of the STF70 electrodes, thus shifting the

frequency and capacitance values. The activation energy is the
same (1.16 eV in the air), and the oxygen concentration dependence
is similar.

Our results show that the rate-determining reaction step, at
700 °C and 800 °C is most probably the surface oxygen diffusion
process followed by charge transfer. At lower temperatures, i.e. 500
°C and 600 °C, the limiting step is the charge transfer reaction.

4. Conclusions

We studied the electrochemical performance of symmetrical
porous SrTig3gFeg7003.5 electrodes on a ceria-based electrolyte.
Overall, STF70 showed high electrochemical performance (Rpo
<125 mQ cm? at 600 °C), comparable to state-of-the art materials.
We studied a possible electrochemical reaction rate-limiting pro-
cess by performing impedance measurements as a function of ox-
ygen concentration and temperature. For data analysis, we used the
distribution of relaxation times method. The DRT proved to be a
useful tool in assisting the selection of a proper equivalent circuit
model. Importantly, DRT can also be a very good tool to validate the
proposed model by back-calculating the fitted spectra and
comparing it with the DRT of the measured one. Based on the an-
alyses, an equivalent circuit composed of two R-CPE elements was
selected and fitted to all spectra. The higher frequency process (fpeak
~2000 Hz in air at 800 °C), denoted as R;-CPE1, based on the ob-
tained oxygen concentration dependence of R ~ p02~%3% was
ascribed to originate from surface diffusion of the oxygen species
and possible following charge transfer (reduction) reaction. The
lower frequency process (Rp-CPE2, fpeak ~5 Hz in air at 800 °C)
originates from gas diffusion (R, ~ pOz").

STF70 is a highly performing oxygen electrode material for solid
oxide cells, which might find also extensive use in oxygen separa-
tion membranes, catalysis, sensors and others. Understanding of
the underlying electrochemical processes can lead to further
improvement of the material.

This study and the obtained results show that electrochemical
impedance spectroscopy, assisted with the distribution of relaxa-
tion times data analysis method and extensive temperature and
oxygen concentration measurements offer an important insight
into the electrochemical processes.
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In this publication, a detailed material analysis and an electrical and electrochemical
evaluation of the properties of SrixTio30Fe0.7003-5 (STF-x) materials are presented in order
to find the optimal stoichiometry of the STF70 material presenting the best performance.
The work focused on the study of both symmetrical samples and full cells. A detailed
analysis of the electrochemical processes depending on strontium stoichiometry was also

carried out.

My original contribution to this publication was:

e Preparation of high-quality reproducible STF-x material for application as porous
electrodes on symmetrical samples and SOFC.

e Electrical characterisation of the STF-x materials with determination of the k* and
D* constants and indication of the changes to k* and D* with strontium content
changes in STF-x materials.

e Detailed electrochemical characterisation of symmetrical samples and fuel cells.
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e Determination of the electrochemical processes occurring at the electrodes with the
application of DRT and clarification of the rate-determining reaction of the porous

electrode.
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e Knowledge about the influence of
A site non-stoichiometry in STF
has been extended.

e The electrochemical characterisa-
tion was performed on symmetri-
cal and full cells.

e The DRT technique allowed to
distinguish the dominant electro-
chemical process.

e The non-stoichiometric STF shows

improved electrochemical

properties.
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electrochemical impedance spectroscopy (EIS) studies of symmetrical, CGO-electrolyte
based, porous electrodes. Finally, fuel cell tests with the non-stoichiometric electrodes
were evaluated. To elucidate the electrochemical reaction pathways for oxygen reduction/
evolution reaction, EIS measurements were carried out in different pO, and were analysed
via the distribution of relaxation times method. The results showed a dependence of
materials’ properties on the A-site non-stoichiometry, which can be used to fine-tune their

properties, e.g. increase the surface exchange rate or decrease the thermal expansion

coefficient.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Solid Oxide Cells (SOCs) are energy conversion devices that
can be used for energy generation (SOFCs — Solid Oxide Fuel
Cells) and storage (by utilising SOECs — Solid Oxide Electrol-
ysis Cells) [1]. Unfortunately, the performance of SOCs is
limited by the electrochemical reactions at the electrodes
[2—4], including the oxygen reduction/evolution reaction rate
at intermediate temperatures (<700 °C) [5—7]. Therefore,
improved and new electrode materials are sought [8—14].
Perovskite oxides (general formula ABOs) with mixed ionic
and electronic conductivity (MIEC) are perspective materials
for SOFC electrodes [15—21], which allow for a wide range of
compositional tailoring and fine-tuning of their structural and
chemical properties. Historically, the most active oxygen
electrodes contain Co, which providies high electrochemical
activity due to its mixed valence [22—27]. Recent years have
however highlighted Co as a problematic material due to its
cost and unsustainable mining. Doped strontium titanates
seem an interesting Co-free alternative material [28—30].
Doped strontium titanates have been used as oxygen mem-
branes [31,32], resistive random access memory [33], oxygen
sensors [34,35], coatings for porous stainless steel [36], fast
electronic devices [37,38], quantum devises [39], and elec-
trodes in SOFCs [40—43].

Previous research on the oxygen reduction reaction (ORR)
on doped SrTiO3; has focussed on materials with substitution
at the A or/and B sublattices [44—49]. For example, Zhang et al.
reported excellent electrochemical properties at 700 °C
(polarisation resistance 0.043 Q cm?) for SrTiO; substituted at
both sublattices, despite much lower electrical conductivity
than the conductivity of LagSro.4C002Fe05035 (~20 S cm ™!
and ~300 S cm™?, respectively) [43,50].

One of the options for improving perovskite materials is
increasing the oxygen vacancies by introducing a non-
stoichiometry at the A or B site [S1-54]. Several works
studying the influence of A-site or B-site deficiency on the
properties of doped strontium titanate oxygen electrodes have
been published. Ni et al. [5556] investigated Sr;.
xTio3FeoeNip 105 (x = 0, 0.02, 0.05) as an oxygen electrode at
750 °C. They have indicated that Sr deficiency promotes better
electrochemical properties because of a higher amount of
oxygen vacancies and a smaller thermal expansion coefficient
(TEC). The best results in terms of electrochemical perfor-
mance were obtained for the material with x = 0.05 despite a

slight decrease of conductivity. Further research was carried
out by Ni et al. [17], who improved the electrochemical prop-
erties of Srp.95Tip 3FepsNig 103 by exsolution of (Ni,Fe)O nano-
particles. Zhu et al. proved that the exsoluted
S10.95(Tio.3Fe0.63Nig07)03.5 anode has better electrochemical
performance than stoichiometric material in the range
700 °C—850 °C. Shan and Guo's [57] research on a (Yo.08Sr0.92)1-
«Tip eFep403.4 mixed conductor showed a decrease in con-
ductivity when the A-site deficiency increased. Similar
behaviour of conductivity was reported for Sr;.yFepgTip205.
s by Kharton et al. [58] and for SryFeq ;Tip 3035 by Yang et al.
[59]. Opposite behaviour of conductivity was observed by Li
et al. for Sr(TipeFeo4)1-x03-s Where B-site deficiency was
implemented [60]. Despite the above-mentioned literature
reports on non-stoichiometric doped strontium titanates, the
influence of the physical and chemical properties of non-
stoichiometric materials on the electrochemical perfor-
mance and electrochemical processes has not been shown.

In our previous work we have identified SrFeq;Tio 3035 as
an active catalyst [61]. Therefore, in this work, we study of
SryFeo 7Tip.303-5 (STF-x) with x = 0.90; 0.95; 1.00; 1.05. We report
the fundamental material analysis including X-ray diffraction
(XRD), particle size distribution (PSD), powder specific surface
area (SSA), thermogravimetric analysis (TGA), linear thermal
expansion, X-ray photoelectron spectroscopy (XPS), H,-Ther-
mally Programmed Reduction/Desorption (H,-TPR/TPD) of
STF-x powder and the results of total electrical conductivity
and conductivity relaxation of STF-x pellets. Finally, an elec-
trochemical impedance spectroscopy (EIS) study, including a
distribution of relaxation times (DRT) analysis, of symmetrical
cells under SOC operating conditions and different oxygen
partial pressures are demonstrated.

Experimental
Materials synthesis

Stoichiometric  Srj0Tig3Feo 055 (STF-100) and
stoichiometric SrggoTipsFe0703-5 (STF-90), SrgosTipsFeq70s.
5 (STF-95), and SrosTiosFer703.5 (STF-105) powders were
synthesised using the conventional solid state reaction
method. Starting reagents: SrCO; (EuroChem, Poland), TiO,
(EuroChem, Poland) and Fe,O3 (Chempur, Poland) were mixed
in a planetary ball mill (Fritsch, Pulverisette 7) for 12 h. All
starting powders were >99.9% pure. The mixed reagent

non-
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powders of STF-100 and STF-105 (in the form of pellets) were
sintered two times at 1200 °C (for 15 h each time) with an in-
termediate grinding step between the sinterings. Due to the
higher sinterability of strontium-deficient compounds, the
synthesis temperature was decreased to 1100 °C for the STF-90
and STF-95. After sintering, STF-x pellets were reground in a
mortar and milled in two stages in a planetary ball mill. Firstly,
using 3 mm YSZ balls and a rotational speed of 1000 rpm for
1h and next using 1 mm ZrO, balls and 1100 rpm, also for 1 h.
Finally, the milled STF-x powders were thermally relaxed at
600 °C as described earlier [62].

Sample preparations

For the electrical conductivity and electrical conductivity
relaxation measurements, the synthesised STF-x powders
were uniaxially pressed and sintered for 2 h at the same
temperature as during synthesis. The achieved pellets were
~1mm in thickness and ~12 mm in diameter. For the electrical
conductivity relaxation studies, pellets were also cut into the
shapes of a prisms (12 x 1 mm x 2 mm) using a precision
tungsten wire saw.

Porous STF-x electrodes for electrochemical impedance
spectroscopy of symmetrical cells were applied on a dense
gadolinium-doped ceria (CGO-20, CesGdo202.5) substrate.
Commercially available CGO-20 (DKK, Japan) powders were
pressed into pellets and sintered at 1400 °C for 8 h. The sin-
tered disks had a diameter of 13 mm and 98% theoretical
density. The CGO-20 pellets were polished down to a 3 um
finish and a thickness of 0.6 mm + 10%. For the application of
the STF-x materials on the CGO-20 substrates, the synthesised
powders were mixed with a commercial vehicle (Heraeus, V-
006 A) at a weight ratio of 2:3 using a planetary ball mill. The
STF-x pastes were screen-printed on two sides of the CGO-20.
Each side received two layers with a drying step at 130 °C after
each application. Symmetrical samples were sintered at
800 °C, 900 °C and 1000 °C for 2 h under an air atmosphere. The
produced electrodes had an active surface area equal to
0.5 cm? and ~20 ym thickness. As in our previous work, plat-
inum was used as a current collector [61].

For application tests in a SOFC system, selected STF-x
(x = 0.95 and 1.05) materials were also screen printed on
commercial Elcogen button half cells (ACS-400B) and sintered
at 800 °C and 1000 °C, respectively. Finally, for comparison, a
reference SOFC with commercially available, state-of-the-art
LSCF cathode material (ESL Europe) was sintered at 1050 °C
(for 2 h).

Material characterisations

The phase composition of the STF-x powders was charac-
terised by the X-ray diffraction (XRD) technique. Measure-
ments were carried out at room temperature in air using a
Bruker D2 Phaser with an XE-T detector equipped with a Cu X-
ray anode.

X-ray Photoelectron Spectroscopy analysis (XPS) was
performed wusing an Omicron NanoTechnology X-ray
photoelectron spectrometer with a 128-channel collector.
The XPS measurements were performed under ultra-high
vacuum conditions. Photoelectrons were excited by an Mg-

Ko X-ray source with an X-ray anode operated at 15 keV and
300 W. The spectra were deconvoluted using the XPSPEAK
software.

The H,-TPR (temperature programmed reduction) was
performed using an apparatus equipped with a TCD detector
(Buck Scientific, USA), cold trap, and heated gas transfer line.
100 mg of sample powder was placed in a quartz reactor with
an internal measurements of the bed temperature. The STF-x
powders were degassed at 200 °C for 20 min in a stream of He
prior to the measurements. The samples were reduced under
the flow of a 40 ml min~* 5% H,/Ar gas mixture. The tests
were performed up to 900 °C with a heating rate of 10 °C
min .

0,-TPD (temperature programmed desorption) was per-
formed using 250 mg of prepared powdered sample with the
preparation step as described for the H,-TPR experiment.
After the degassing step and cooling down to 50 °C, the quartz
reactor was flushed with pure 4N5 O, (40 ml min~?) for 1 h.
After that, the gas was switched back to He for 1 h in order to
equilibrate. The O,-TPD was performed up to 900 °C with a
heating rate of 10 °C min~". The profiles were collected using
the PeakSimple software with a resolution of 1 Hz.

The specific surface area (SSA) was measured and calcu-
lated according to the BET isotherm model using a NovaTouch
LX1 physisorption apparatus (Quantachrome, USA). The
powder samples were degassed at 300 °C for 3 h under a
vacuum prior to the measurement.

The particle size distributions of the powders were ob-
tained using a Zetasizer Nano dynamic light scattering ana-
lyser (Malvern Panalytica). Measurements of the STF-x
solution in ethanol using backscattering mode (detection
angle was 173°) were performed at room temperature after a
20 min ultrasound bath.

The kinetics of the thermal decomposition of the STF-x
powders were evaluated using thermogravimetric analysis
(TGA). The TGA experiments were carried out using a micro-
balance (CI Precision MKS5) in the temperature range between
900 °C and 200 °C. During the whole measurement procedure,
air was fed to the furnace chamber at a flow rate of
40 ml min~*. No baseline correction was made for the change
in atmosphere density during heating.

Linear thermal expansion results for the STF-x powders
were obtained with a Netzsch DIL 402. Pressed powers in form
of cylinder were placed in measuring chamber. The samples
were heated up to 1100 °C at a heating rate of 5 °C min™?, and
after 15 min of dwelling, were cooled down to room temper-
ature at the rate of 3 °C min~* (all in Synthetic Air).

Electrical and electrochemical performance analysis

DC electrical conductivity measurements of the STF-x pellets
between 900 °C and 200 °C, were performed using the van der
Pauw technique, as described in previous work [61]. The pel-
lets were ~12 mm in diameter and ~1 mm thick. The con-
ductivity was measured in 20% O,, 5% O, and 1% O,. Synthetic
air was used as the base gas, which was further diluted with
5 N Ar using Brooks thermal mass flow controllers to obtain
lower pO,.

To specify the chemical oxygen surface exchange coeffi-
cient (k*) and chemical diffusion coefficient of oxygen (D*), the
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electrical conductivity relaxation (ECR) technique was used
[63]. Studies were performed in a small tube furnace (internal
diameter ~20 mm) with 64 cm?® gas volume. The applied
temperatures were 800 °C, 750 °C, 700 °C, 650 °C, and 600 °C.
During the four-point single frequency electrochemical
impedance spectroscopy measurement (1 Hz), the oxygen
partial pressures were changed from 20% O, to 10% O, and the
reverse. The impedance was logged every 5 s until sample
stabilisation. The gas flow was constant during the measure-
ment (80 ml min ). After converting the recorded impedance
to conductivity (o), the results were analysed using the ECR-
TOOLS software [64].

For electrochemical impedance spectroscopy (EIS) mea-
surements, a Novocontrol Alpha-A with a ZG-4 interface was
used. Symmetrical cells were tested in a 4-wire compression
cell placed inside a sealed quartz tube. All measurements
were at 25 mV amplitude with a frequency range varying
from 3 MHz to 0.05 Hz. In the case of the STF-x electrodes
sintered at different temperatures evaluated by impedance
spectroscopy, each sample was measured in synthetic air
between 800 °C and 500 °C. Samples for the selected sintering
temperature were tested at 700 °C under a controlled oxygen
concentration (100%, 50%, 20%, 10%, 5%, 2.5%, 1%). Appro-
priate gas mixtures were achieved using a Brooks thermal
mass flow controller.

Characterisation of the fuel cells was performed on an
Open Flanges™ test setup by Fiaxell. The anode of the tested
fuel cell was electrically connected by a nickel mesh. An Au
mesh was used to connect the cathode side. A thin layer of LSC
(Fiaxell ink paste) was brush painted on all cathodes (STF-x
and LSCF) before the test and dried at 70 °C to improve current
collection. Alumina felt was used to separate the gases. The
Fiaxell setup was placed inside a Kittec temperature controller
furnace. The fuel cells were heated up to 750°C (3 °C min %) for
reduction and then cooled down to 700 °C for the main test
after 24 h stabilisation. Reduction of the anode was conducted
in H, with 3 vol% of steam, while on the cathode side, syn-
thetic air was applied as the oxidant. Electrochemical
impedance spectroscopy (at OCV and 3 vol% of steam) and
current—voltage plots were measured by a Solartron 1260/
1287 frequency analyser. EIS tests with a controlled oxygen
concentration (3%, 5%, 10%, 20%, 50%) were performed with
50 vol% of steam. Appropriate oxygen concentration (cathode
side) and steam content (anode side) were achieved using a
Brooks thermal mass flow controller. High steam content was
obtained by mixing hydrogen and oxygen in an external
tubular furnace (700 °C) containing a platinum catalyst. All
fuel cell tests were conducted with the total flow rates of
100 ml min~* and 200 ml min~* on anode and cathode side,
respectively.

In order to designate the Area Specific Resistance (ASR)
collected EIS spectra (polarisation resistance) were recalcu-
lated for the area of the electrode (0.5 cm?) and divided by
two as the interfaces were identical. Each impedance spec-
trum was corrected for the inductance of the rig. The data
was analysed by the DRTTOOLS software [65] in the same
manner as earlier [61]. In the case of tests with different
oxygen concentrations, the data were also fitted using the
Elchemea Analytical web-tool (www.elchemea.com, DTU
Energy).

Post-mortem SEM

Images of the polished cross sections (with a 1 pm finish) of
the measured symmetrical cells with STF-x porous electrodes
sintered at different temperatures and of dense STF-x pellets
were taken by an FEI Quanta FEG 250 Scanning Electron Mi-
croscope (SEM) with a backscattered electron detector and
20 kV in high vacuum. Chemical composition of polished
cross-section of STF-x pellets was determined using the
Thermo Fischer Phenom XL microscope with an integrated
energy dispersive x-ray spectrometer (EDX).

Results and discussion

Characterisation of Sr,Tig sFep 703.5 powders and bulk
materials

The crystallographic structure of the prepared powders was
characterised by X-ray diffractometry (XRD). All investigated
SryTig 3Fep 7055 powders revealed a cubic perovskite structure
(Pm-3m), ie. the structure remained stable even though
altering the A-site occupation. Fig. 1 A) shows that the
measured XRD patterns match well with the SrTiO; cubic
lattice obtained from the crystallographic database. What is
more stoichiometry of obtained STF-x materials was
confirmed by the EDX analysis of sintered pellets (Table S.1). A
small peak on XRD patterns related to the SrCO3; phase could
be identified (at 26 ~24°) for STF-100 and STF-105. Due to high
reactivity of doped strontium titanates, on the surface of STF-
100 and STF-105 small amount of SrCO3 is forming via reaction
of terminating SrO crystal planes with CO, from the air, what
cannot be avoided during the powder preparation, processing,
or storage [66]. The presence of the SrCO3; compound is of no
surprise and can be easily explained on the basis of the
research on the SrO—CO,—SrCO; equilibrium system, where
the process of the carbonate formation greatly depends on the
partial pressure of the CO, and the humidity of the atmo-
sphere under which the powder was prepared. Above 900 °C
the SrCO; is favoured to be decomposed into SrO what was
confirmed by firing powders at 950 °C for 24 h in synthetic air
(Figure S.2). This indicates that under the working conditions
of the cell, where there is no obvious availability of the CO, in
the gas stream, the surficial SrCO; is most likely being
decomposed nearly fully into SrO [67—69].

The unit cell parameters were calculated each time using
Rietveld refining method (GOF <1.8) and plotted as a function
of the Sr-content in Fig. 1 B). The unit cell size of the stoi-
chiometric STF-100 was 3.8845 (5) A, which is in very good
agreement with the literature data [28,70]. For the STF-90, STF-
95 and STF-105 unit cell size equals to 3.8909 (1) A, 3.8879 (2) A
and 3.8832 (7) A, respectively. A good, monotonic correlation
between the A-site occupation and the unit cell size is
observed. Small deviation from linear trend probably is
correlated with SrCO5; formation in case of STF-105. Removal
of Sr from the STF results in an increasing unit cell size. Sr**
deficiency can be charge-balanced by the removal of oxygen
(0%") from the lattice (the formation of oxygen vacancies) or
via oxidation of iron ions. Such a mechanism was observed i.a.
by Zhao et al. [71] in yttrium-doped strontium titanate with A-
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Fig. 1 — X-ray diffractometry spectra of the STF-x powders measured at room temperature (A) and calculated cell parameter

value (B).

site deficiency ((Yo0.0850.92)1-xT103_ 5). Strontium deficiency in
the structure was charge-compensated by both the decrease
of Ti**- ion concentration and the increase of oxygen vacancy
concentration. In this work, change of the valence state of iron
from 3+ to 4+ induces a large decrease (about 10%) of the ionic
radius (0.645 A vs. 0.585 A) [72], whereas the observed lattice
size change (STF105 vs STF90) is opposite (increase about
~0.2% of the unit cell parameter). Thus the effect of Sr-non-
stoichiometry on the lattice must be complex and involve
these two compensation mechanisms.

Moreover, the removal of oxygen from the structure and
the change in the oxidation state of iron also change the
length of the bonds between Fe and O in TiOg octahedra. This,
in turn, significantly affects the unit cell parameter what was

observed in this work. Ward et al. shows that for Pr,_,SryFeOs.
s with lowering concentration of Sr*? unit cell parameter also
increase and with the increase of the oxidation state of iron
(smaller ionic radius), Fe—O inter-ion distance leads to
lowering of the average Fe—O bonding energy of the redox-
active Fe [73]. All facts mentioned above may explain the
observed changes in the lattice constant with the changing
content of strontium in the structure.

The morphology of the powders was characterised by
scanning electron microscopy and particle size measure-
ments, supplemented with specific surface area (SSA)
determination.

Fig. 2 A) presents the results of the particle size distribution
(PSD) measurements and specific surface area of the STF-x

Fig. 2 — Particle size distribution and specific surface area (A), sintering/expansion curves (B—C), thermogravimetric
dependence (D), H,-TPR (E) and O,-TPD (F) curves for investigated STF-x.

Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2023.05.323

Please cite this article as: Mrozinski A et al., Impact of strontium non-stoichiometry of SryTio3Feq ;055 on structural, electrical, and
electrochemical properties for potential oxygen electrode of intermediate temperature solid oxide cells, International Journal of



https://doi.org/10.1016/j.ijhydene.2023.05.323

6 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

powders. For all cases, similar particle size distributions and
specific surface areas (~15 m? g~*) were observed, i.e. no clear
effect of the A-site occupation on the powders (e.g. particle
coarsening, etc.) could be identified. Approximately 75% of the
cumulative volume was formed by particles smaller than
100 nm. PSD measurement showed that ~25% of the cumu-
lative volume was formed by larger particles (~5 pm), whilst
the SEM examination (Figure S.1) confirmed presence of only
relatively small particles. Interestingly, there was no large
aggregates found during the SEM imaging, what may suggest
that the presence of the larger particles in PSD result may be
caused by the apparatus error due to the upper detection limit.
The obtained particle size of the powders can be considered
small, which may be advantageous for electrochemical reac-
tion for mixed conducting SOC electrodes. For comparison,
Schulze-Kuppers et al. reported preparation of SrTi;yFeyOs.s.
materials also including ball milling. In their case, 90% of the
particles had a size lower than a few microns with a resulting
much smaller specific surface area (~3 m. g %) [74].

The results of the dilatometry measurements conducted in
air are presented in Fig. 2 B)—C). The sintering profile for all
STF-x materials looks similar to that reported earlier for the
SrTiy.yFe,03_; materials [62]. For all of the investigated com-
pounds, the onset of sintering is quite similar: from ~760 °C to
~810 °C. The main differences are observed during heating
between 800 °C and 1100 °C. The most Sr-deficient sample,
STF-90, shows non-linear bahaviour at high temperatures,
whereas the STF-95 and STF-100 show similar sintering
profiles.

The TEC values for the STF-x were calculated based on the
cooling profiles from dilatometry. Obtained values were ~17,
~18-21, and ~21 x 107° K" for STF-90, STF-95, STF-100, and
STF-105, respectively. The differences between the TEC values
indicate that the STF-x thermal expansion properties are
directly related to the strontium content, possibly caused by
different chemical expansion contributions due to oxygen
release and different amounts of reducible Fe** ions, which is
consistent with the oxygen loss data (Fig. 2 D). The introduc-
tion of Sr-nonstoichiometry can be used to reduce the rela-
tively high TEC value of STF-x. Kharton et al. showed
comparable TEC values for Srq g;Ti;.yFey05.; where y > 0.6 [15].
The values are also comparable with data from Zhang et al.
although the TEC profiles reported here are linear in the
measurement range RT-900 °C, whereas they reported non-
linear behaviour [40]. Despite this relatively high TEC value,
the STF-x materials can be successfully used as a SOC oxygen
electrode, as is in the case of the state-of-the-art materials,
e.g. LaoﬁSroAzCOoAzFeoAgO}& or LaOAGSr0_4CoO3_5, with
TECs>18 x 10 °* K [75,76].

To study the temperature-dependent weight loss proper-
ties due to oxygen release caused by the thermal reduction of
transition metals, thermogravimetric (TG) measurements
were carried out between 200 °C and 900 °C in air. Since the
changes in powders’ mass during TG measurements were
related only to the absorption or release of the oxygen, Fig. 2 D)
shows only the change of the mass of oxygen contained
within the STF-x compounds as a function of temperature. All
samples show weight loss on heating, indicative of lattice
oxygen release and the formation of oxygen vacancies. Up to
550 °C, the weight loss followed a similar trend for STF-95/100/

105, whereas for the STF-90 sample, smaller weight loss was
observed. Above 550 °C, after reaching 900 °C, the weight loss
was the highest (>5%) for the samples with high Sr content
(STF-105 and STF-100). The lowest weight loss was measured
for the most Sr-deficient sample (STF-90: ~2.8%). The oxygen
release accompanied by oxygen vacancy formation must be
charge balanced to preserve electrical neutrality through the
reduction of Fe*" to Fe*".

The determined weight change, presented in Fig. 2 D), has a
similar profile to that reported by Zhang et al. The main dif-
ference is the temperature of the inflection point. In this work,
the inflection points occur at ~300 °C, while for SrTi;.yFe,03_5,
Zhang obtained the inflection at ~400 °C [40].

The H,-TPR profiles of the STF-x samples are presented in
Fig. 2 E). The reduction profiles in all cases contain two main
peaks located at around 350 °C (o) and 650 °C (B) except for the
STF-90 sample where the secondary B peak is shifted 100 °C
towards higher temperatures. Sr and Ti are assumed not to
undergo reduction under the used conditions, so the peaks
were assigned to Fe-related processes only. The o peak was
associated with the reduction of Fe** to Fe*", while the p peak
located at higher temperatures was related to the reduction of
Fe>* to Fe?". The additional peak at ~720 °C, visible for the STF-
90 sample, could be attributed to the simultaneous reduction
of created Fe*" to Fe® [77,78]. The existence of metallic Fe® in
the STF-90 compared to the other compounds was also
confirmed through the post-mortem XRD measurements
(Figure S.3).

The o peak shifts slightly to a higher temperature with the
increasing amount of Srin the A sublattice. Higher amounts of
Sr in the lattice stabilise the STF structure, increasing its
reduction temperature presenting also an increase in the
concentration of lower valence iron ions.

The oxygen desorption measurements (O,-TPD) revealed
quite similar behaviour of the STF-x samples at low temper-
atures up to ~550 °C, which can be described by the release of
chemisorbed oxygen molecules bound loosely to the sorption
centres at the surface of the powders (Fig. 2 F). At high tem-
peratures, the peaks were correlated to the evolution of the
bulk lattice oxygen [35]. The STF-100 and STF-105 showed
faster onset with the peak position of 640 °C, whereas for the
STF-95 and STF-90 the peaks were shifted to 700 °C and 710 °C,
respectively. The changed look of the O,-TPD profile of STF-
105 sample in the high temperature region most probably
corresponds to the evolution of the CO, gas from the SrCO;
secondary phase. O,-TPD measurements indicate that Sr-
deficiency results in a lower tendency of the perovskite to
release the oxygen from its structure, which is consistent with
the TG results, where the Sr-deficient samples showed
decreased thermal reducibility.

The surface composition of the STF-x powders was
measured using XPS at room temperature under ultra-high
vacuum conditions. Deconvolutions of the Fe2p spectra for
all samples are presented in Fig. 3 A). Both Fe*' and Fe*"
species were identified in all of the synthesised materials. The
doublet peak separated by 134 eV located at around 710 eV
was assigned to the Fe" state of iron, whilst the peak situated
at ~712.5 eV corresponded to the coexisting Fe*" ions. This
behaviour is very characteristic for this type of the com-
pounds based on the Fe-substituted SrTiO; [55,79]. The
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Fig. 3 — Fe 2p spectra (A) and relation of Fe"3/Fe™ ions as a function of Sr content for STF-x powders.

characteristic shake-up lines were also detected, clearly
distinguishable mainly for STF-90 and STF-95. It is visible that
with the increasing strontium content in the A sublattice, the
Fe'3/Fe’* ratio is being elevated. The increase in the Fe mean
valence (Fig. 3 B) is considered as one of the mechanism of the
charge compensation when A site is being depleted of Sr ions.
Despite that the oxygen nonstoichiometry and formation of
the oxygen vacancies may have the dominant role, due to the
relatively low changes in the increase of the amount of higher
valence Fe ions comparing to the removal of the A site cations.
Even though the XPS technique surveys just a surface of the
materials we can, with high dose of the probability, estimate
that similar stoichiometry between Fe*' and Fe*' state is
being maintained throughout the material bulk, if the com-
pound is single-phase. It is also proven when looking at the
complementary results of the more bulk-related techniques
like the temperature-driven oxygen loss (O,-TPD) and TEC
measurements revealing the changes in the Fe oxidation
state.

In the case of the Sr3d spectra (Figure S.4), three Sr states
were distinguished and associated with the Sr contained
within STF-x structure, SrO and SrCO; (with a characteristic
peak at 289.5 eV in Cls spectra) [80—82]. Increasing the Sr
content at A sublattice lead to decrease in the relative share of
Sr forming the STF-x and increased its participation in the
surficial formation of the SrO and, after reacting with atmo-
spheric CO,, the corresponding carbonate - SrCOs. A superfi-
cial effect of the formation of SrCO; by the exposure for CO,
was reported earlier and is closely related to the existence of
surface SrO terminations in strontium titanates [40,66]. The
presence of the SrCO; was confirmed by the XRD measure-
ment. Based on the XPS, the total surface composition was
determined. The introduction of Sr-deficiency leads to
lowering of the surface Sr segregation. For Sr-deficient mate-
rials, the estimated surficial Sr content vs. (Ti + Fe) content
was ~1, what stands for the formation for the non-segregated
material or high homogeneity (Figure S.5). At the same time
for stoichiometric material, this value reached ~1.3 indicating
slight segregation of the Sr towards the surface. For highly Sr

enriched materials, the surface Sr ratio peaked at the value of
~2 and thus indicated formation of the highly Sr surface-rich
compound. Thus, one can correlate the Sr-stoichiometry in
the lattice with the existence of the additional surface segre-
gates of the Sr-base compounds.

After the deconvolution of the Ti2p spectra it was observed
that titanium ions generally take up the Ti** valence (Fig. S.4).
Each 2ps/, peak of Ti2p spectra was situated at ~457.8 eV with
the separation energy of 5.8 eV for the doublet. It clearly
correspond to the Fe-doped SrTiO; lattice, what is in agree-
ment with the previously obtained data by the research of
ZhangS. L. et al. [43]. According to the studies on SrTig ;Feq 303
performed by Nanning A. et al. [83] using Near Ambient
Pressure XPS (NAP-XPS) the location of the Ti2ps/, peak de-
pends on the surrounding atmosphere conditions. Under
highly reducing conditions the peak is being shifted towards
higher bonding energies of ~458.4 eV and while in oxidizing
gases it is localized ~457.4 eV. Additionally, the Ti2p,/, peak is
broadened, what is a typical behaviour of this feature.

Electrical properties

Total electrical conductivity was investigated as a function of
temperature (from 900 °C to 200 °C) in different oxygen con-
centrations (1%, 5% and 20%). The results of the electrical
measurements of the STF-x pellets are presented in Fig. 4 A).

According to the equation derived from the reaction of
oxygen incorporation and mass action law [84] (Kroger—Vink
notation), a concentration of electron holes can be expressed
as:

K } 1
=|+—=| xp03
P <[vs,1> P

where p denotes the concentration of electron holes, K de-

(equation 1)

notes a chemical reaction constant, [Vg] is the concentration
of strontium vacancies and pO, is an oxygen partial pressure.
Based on Equation (1), it can be stated that the concentration
of electron-holes and thus the conductivity of all STF-x
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Fig. 4 — Electrical conductivity plots of sintered STF-x pellets measured at 20% O, 5% O, and 1% O, (A) and relation of

conductivity at 600 °C as a function of Sr content (B).

decrease with the decreasing oxygen partial pressure. This is
in agreement with the experimental results for all investi-
gated samples (see Fig. 4 A). The results of STF-90, STF-95 and
STF-100 also indicate a decrease of the conductivity with the
increasing strontium deficiency (Fig. 4 B) similar as in the
literature [57,58] and in qualitative agreement with equation
(1). At 600 °C at 20% oxygen concentration, the conductivity of
the STF-90 was ~4 S cm™?, whereas for STF-100 its value was
~18 S cm™ %, thus the effect of the Sr-nonstoichiometry is
considerable. This behaviour is also in line with equation (1),
which relates the concentration of electron-holes inversely to
the concentration of strontium vacancies.

The results for STF-105 can be influenced by the sample
porosity and presence of secondary phases. As presented in
Figure S.6 in the Supplementary materials, the density of STF-
90/95/100 was >94%, whereas for the STF-105 the density was
~90%.

The temperature for the maximum conductivity increases
slightly for the materials with the higher strontium deficiency
(for STF-90 and STF-95 it is ~600 °C, and for STF-100 and STF-
105 it is ~500 °C). Ni et al. also reported a slight change of the
maximum conductivity temperature, but for their non-
stoichiometric Srq_4TigsFeqgNip103.5, the maximum shift was
50 °C [55]. The shift might be correlated with the TG results
and O,-TPD, where the samples with higher Sr-deficiency
showed decreased oxygen loss and delayed lattice oxygen
evolution and thus decreased formation of charge balancing
p-type carriers.

The chemical oxygen surface exchange (k*) and chemical
diffusion (D*) coefficients were measured by the electrical
conductivity relaxation (ECR) method. Due to the high sample
density requirement, D* and k* were determined for STF-90,
STF-95 and STF-100. Due to the porosity of the pellets after
sintering, the STF-105 sample was not measured by ECR. The
typical normalised data as a function of time for STF-90 and
STF-100 measured at 700 °C is presented in Fig. 5 A). The total
relaxation time at 700 °C was about 3000 s. Qualitatively, for all
samples a faster equilibration time occurred during oxygen

adsorption and incorporation (change from 10% pO, to 20%
pO,) than during desorption of oxygen (change from 20% pO,
to 10% pO,), which might indicate good performance of this
material when used as an oxygen electrode in fuel cells.

The calculated values of chemical surface exchange coef-
ficient k* and chemical oxygen diffusion coefficient D* are
presented in Fig. 5 B)—C). At 700 °C, the values of k* are
~10"* cm s™! and D* from 10> to 10~ ° cm? s™*. The data is
consistent with the values (from an ECR experiment) for STF50
reported by Schulze-Kiippers [74]. Moreover, the chemical
oxygen surface exchange coefficient of STF-x (at 800 °C) has a
higher value than for the state-of-the-art Lag ¢510.4C00 2Fe0 803-
5 (~1.2 x 10™%cm s71) [63].

In this work, k* at 800 °C for all STF-x (<9 x 10 3cm s ) are
one order of magnitude higher than the values obtained by
Zhang et al. for SrTipsFep;05.5 (~9 x 107 cm s™%) [40], who,
whoever, based their values on fitting of the electrochemical
performance of the electrode to the Adler-Lane-Steele (ALS)
model using detailed microstructural 3D analysis. This dif-
ference may be influenced by both other research methods for
determining the value of k [44,85], as well as differences in the
microstructure of the compounds [86] studied by Zhang et al.
and in this work.

It was found that with an increasing strontium content, k*
decreases (Fig. 5 D), whereas D* has the opposite trend. The
calculated D* (~1 x 10~cm s~ %) for STF-x at 800 °C is similar to
those reported for the Lag¢Srg4CogoFep 5055 and SrTiO; ma-
terials [63,87]. In Fig. 5D) shows the relation between the
chemical oxygen diffusion coefficient and the Sr content (at
700 °C). According to equation (1), increasing the Sr content
increases the concentration of electron-holes, which may in-
crease the chemical oxygen diffusion coefficient D*.

Electrochemical performance of Sr,Tig sFeo ;035 0Xygen
electrodes

The results of EIS measurements and DRT analysis for sym-
metrical STF-x porous electrodes sintered at 800 °C, 900 °C and
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Fig. 5 — Exemplary normalised electrical conductivity relaxation plot of STF-x at 700 °C (A), calculated chemical oxygen
surface exchange coefficient (B) and chemical oxygen diffusion coefficient (C) and relation between k* and D* as a function of

Sr content at 700 °C.

1000 °C are presented in Fig. 6 A) and D); B) and E); C) and F),
respectively.

The STF-x materials showed overall high electrochemical
activity for oxygen reduction/evolution reactions. For elec-
trodes sintered at 800 °C, the Area Specific Resistance (ASR)
values measured at 700 °C in air were all within the range of
~55-94 mQ cm? and were lower than that reported for
SrTipsFe0 7035 (112 mQ cmz) [40] or Sri«TipsFeqeNig10s.
5 (~220 mQ cm?) [55] obtained in similar conditions. The elec-
trode performance below 150 mQ cm? is promising for high
performance SOCs [88]. For the Co-containing Sr(Tio sFep 7.xC0x)
0s.; reported by Zhang et al. ASR values of 40—90 mQ cm? were
achieved [43]. For higher sintering temperatures, the Sr-
deficient STF-90 and STF-95 show slightly worse performance
than the STF-100 and STF-105. Interestingly, the highest per-
formance among the tested electrodes was achieved for the
STF-105 sintered at 900 °C. Even though the powder contained
traces of strontium carbonate (detected by XRD) and the surface
was enriched in strontium (detected by XPS), its ORR/OER per-
formance was the highest, i.e. the polarisation resistance was
the lowest (~55 mQ cm? at 700 °C). The specific reasons are not
so obvious and are open to future research.

For the sintering temperature of 800 °C, the area specific
resistance (ASR) values were comparable for all STF-x

electrodes, but as the sintering temperature increased, the
differences in electrode performance also increased. The STF-
90 was the most sensitive electrode to the effect of the sin-
tering temperature, in contrast to the STF-105 (Figure S.7). For
the sintering temperature of 1000 °C, the Sr-deficient com-
pounds (STF-90 and STF-95) have almost twice the value of
ASR in comparison to the STF-100 or STF-105. The change in
electrochemical performance might come from the formation
of a dense, interfacial layer, observed by SEM for STF-90 and
STF-95 (Figure S.8). The high Sr content and its surface
segregation hinders sintering of the electrodes and has a
positive effect on the electrode performance.

The sintering temperature conditions for the preparation
of the STF-90, STF-95 and STF-100 electrodes had no signifi-
cant impact on the ohmic resistance (Figure S.9) as we re-
ported earlier for SrTipsFeo;03.5 [62]. The STF-105 slightly
improved contact with the electrolyte with the increasing
sintering temperature. Even though the electrical conductivity
of the STFx materials is quite low (1-20 S cm™~?* at 700 °C), this
seems sufficient to provide good current collection in the
measurements.

These results show, that the electrochemical performance
of STFx materials can be tuned by A-site non-stoichiometry
and sintering conditions. The obtained ASR values are
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Fig. 6 — Impact of Sr non-stoichiometry on polarisation resistances of symmetrical cells with STF-x electrodes sintered at
800 °C, 900 °C and 1000 °C, respectively (A—C) and corresponding distribution of relaxation times results (D—F) for EIS spectra

measured in 20% O, at 700 °C.

comparable to typical polarisation values reported for MIEC
oxygen electrodes in the intermediate-temperature range
[89,90], e.g. 0.1—-1 Qcm2 at 600—700 °C.

Distribution of relaxation times analysis

The results of the DRT analysis (Fig. 6 D)—F)) corresponding to
the EIS spectra obtained at 700 °C in air (insets of Fig. 6 A)—C))
indicate differences in electrochemical processes depending
on the Sr content.

For all STF-x sintered at the lowest temperature (800C °C),
there are possibly two peaks related to two electrochemical
processes, as also reported in our previous work for SrTig s
Fep703.5 [61]. The low frequency peak (~1 Hz) is similar for all
electrode materials and is most probably connected to gas
diffusion within the porous electrodes. The main electro-
chemical process has a characteristic peak at the frequency of
30—300 Hz (middle frequency), depending on the compound.
The lowest contribution and the highest characteristic fre-
quency were obtained for STF-105. The contributions visible
as higher frequency “shoulders” of lower magnitude might be
indicative of Gerischer-type elements, typically considered for
MIEC perovskite electrodes in this frequency range.

As the sintering temperature increased, the spectra
changed shape. For the STF-90 and STF-95, only a single pro-
cess became distinguishable in the DRT spectra (Fig. 6 E) and
F)). The shape of the DRT spectrum for STF-100 and STF-105
seems to be insensitive to the sintering temperature and
shows the gas diffusion and higher frequency contributions.

To evaluate the electrochemical processes for the STF-90
and STF-95 in more detail, the responses of the electrodes
sintered at 900 °C were also investigated at 700 °C as a function
of oxygen partial pressure (pO,). Fig. 7 A)—B) presents the
selected EIS spectra and corresponding DRT spectra for the

STF-90 at different oxygen concentrations. Similar results
were achieved for the STF-95. The EIS measurement data were
fitted by an equivalent circuit that consists of two R-CPE ele-
ments due to the occurrence of a low frequency contribution
visible only at low pO, values (<5% O,).

The ohmic resistance (Rs), low frequency resistance (Rgas),
middle frequency resistance (R;) and R-CPE calculated equiv-
alent pseudo capacitances for the STF-90 and STF-95 as a
function of oxygen partial pressure are presented in Fig. 7C)—
F) and listed in Table S.2 and Table S.3. For pseudo capacitance
calculation this formula was used:

(equation 2)

where C is pseudo capacitance, R resistance of R-CPE element,
Y capacitance of R-CPE element and n is dimensionless value.
Additionally, for comparison, the results of the pseudo
capacitance for the stoichiometric STF-100 at 20% pO,, re-
ported earlier [61], are presented in Fig. 7F) and measured in
this work for the STF-100 in the same conditions.

The fitting results reveal similarities for both Sr-deficient
compounds. On the other hand, there are visible differ-
ences in comparison to the stoichiometric SrTipsFeo703-5.
Changes of the ohmic resistance in the function of pO, are
negligible, because the CGO substrates are being practically
insensitive for oxygen partial changes under the conditions
used within this study [61]. The values for both STF-x com-
pounds are comparable, taking into account the precision of
10% variation in the thickness of the electrolyte. As in our
previous work, Rg,s strongly depends on the oxygen con-
centration and the slope of the double logarithmic plot
(n = —1), suggesting that it is indeed a gas diffusion process.
In the case of R; and C;, the value of pseudo capacitance
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Fig. 7 — Results of EIS measured at 700 °C and different oxygen partial pressures for STF-90 symmetrical cells (A) and
corresponding DRT spectra (B), values of calculated contribution of series resistance (C), R1 (D) and R, (E) and relayed
pseudo capacitances (F) as a function of oxygen partial pressure for STF70-90 and STF70-95.

revealed a one order of magnitude increase in relation to the
STF-100. The Sr-deficient materials show pseudo capacitance
in the range of ~0.1 F cm™2, whereas the stoichiometric STF70
showed a pseudo capacitance of ~0.01 F cm~2, which is
probably connected to the formation of a dense interfacial
layer at temperatures of 900 °C and above for the Sr-deficient
electrode materials and its chemical capacitance due to the
accumulation of electro-active oxygen species (oxygen va-
cancies) in the “bulk” of the thin film structure [91]. This
dense layer modifies the ORR/OER process at the interface
between the ionic conductor (CGO) and MIEC electrode
(STF70).

Solid oxide fuel cell test

The influence of strontium non-stoichiometry on the per-
formance of solid oxide fuel cells at 700 °C was also checked.
For the tests, Sr-deficient STF-95 sintered at 800 °C and Sr-
enriched STF-105 sintered at 1000 °C were selected. The
higher sintering temperature of STF-105 was chosen due to
the lower sinterability of this compound. The reference cell
with an LSCF cathode was sintered at 1050 °C. Fig. 8 A)—B)
shows the current-voltage characteristics (I-V) and EIS for
the tested fuel cells. For comparison, the I-V and EIS char-
acteristics for the STF-100 are presented at Figure S.10. The
maximum power density for fuels with STF-95, STF-105 and
LSCF cathodes were, respectively: 809 mW cm?,
594 mW cm™2, and 1206 mW cm 2. Although the EIS mea-
surements revealed that all of the materials have different
value of polarisation resistance (STF-95 — 276 mQ cm?, STF-
105 — 337 mQ cm? and LSCF — 237 mQ cm?), the electro-
chemical processes at 700 °C (syn. air and wet H,) are prob-
ably the same, as studied by DRT (presented in Figure S.11
A)). Differences are observed also for the ohmic resistances.

The lowest Ry was measured for the LSCF (115 mQ cmz),
followed by the STF-95 (247 mQ cm?), and the STF-105
(261 mQ cm?). The increased ohmic resistance originates
from the STF materials, which have much lower electronic
conductivity than LSCF. Thus, the inferior performance of the
cells with STF in comparison to the cells with LSCF is
determined by the ohmic resistance. Interestingly, consid-
ering only STF-x materials the difference for ASR of sym-
metrical samples between STF-95 (sintered at 800 °C) and
STF-105 (sintered at 1000 °C) was ~29.8% (94 mQ cm? and
122 mQ cm? respectively). In SOFC applications difference of
polarisation resistances decrease up to ~22.1%. In the case of
ohmic resistance, symmetric samples showed identical value
1.1 Q cm? but in SOFC it slightly change (~5.7%) in favor of
STF-95. Which explains the better performance of cells with
STF-95 material than with STF-105.

For a more detailed investigation of the influence of Sr non-
stoichiometry on electrochemical processes of STF-x mate-
rials in fuel cells, EIS measurements as a function of pO, were
carried out. The results of the DRT analysis corresponding to
the EIS data at different pO, (Figure S.11 B)—C)) are presented
in Fig. 8 C). Three main peaks can be observed. The low-
frequency peak (~1 Hz) is probably related to gas diffusion
on the cathode and anode side. This low frequency peak looks
similar for both cells at 20% and 50% of oxygen partial pres-
sure, but the fuel cell with the STF-105 cathode seems be more
sensitive to lowering the pO,. In contrast, the middle fre-
quency peak (~100 Hz) at low pO, (3% pO,) is comparable for
both cells and with the increasing oxygen partial pressure, the
fuel cell with the STF-95 cathode decreased more (practically
disappearing at 50% of pO,). This frequency is often attributed
to oxygen incorporation and diffusion (e.g. typical Gerischer
element). This result is in line with the higher k* value for
strontium-deficient materials. For the high frequency peak
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Fig. 8 — I-V characteristic of anode-supported cells (A), Nyquist plots of impedance data measured at OCV (B), DRT analysis
of EIS measured as a function of pO, for cells with the STF-x cathodes (C), cell stability test under 0.5 A cm 2 current load (D)
I-V plot before and after ageing of the fuel cell with the STF-95 cathode (E) and corresponding EIS (F).

(~5000 Hz), an observable small decrease of the peak for 20%
and 50% of pO, in contrast to the rest of the tested conditions
can be noticed. Even though the high frequency peak is larger
for the cell with the STF-105 cathode, the trend for both cells is
comparable, and this peak is probably connected with ion
transfer across the cathode/electrolyte.

The performance of the STF-95 and the reference LSCF
cathode was evaluated by monitoring the cell voltage output
under a constant current load of 0.5 A cm™2 (Fig. 8 D) as a
function of time. The initial voltages were ~0.87 V and ~0.93 V
for the cell with the STF-95 and LSCF cathodes, respectively.
During the 136-h the test, the voltage of the cell with the STF-
95 cathode steadily increased by 0.02 V and it seems that it did
not reach its maximum. In the case of the cell with the LSCF
cathode, the voltage was almost stable over the 90 h of the
test. The I-V and EIS measurements before and after the
ageing test of the cell with the STF-95 cathode revealed
improvement of the maximum power density and ohmic
resistance with a concurrent small increase of ASR (Fig. 8 E)—
F)). Based on the SEM images taken before and after the sta-
bility test (Fig. S. 12), there are visible small difference of
microstructure between two materials. STF-95 sintered at
800 °C present smaller grains than LSCF sintered at 1050 °C
what was to be expected. Interestingly, both materials did not
show significant changes in grain size, and no layer formed at
the interface. Although the electrical results indicate the
advantage of LSCF, STF-95 has the potential to be further
modified, for example by infiltration, which will most likely
allow it to be taken into account as a potential electrode for
SOFCs.

Discussion

Modifications at the A-site sublattice of STF-x material lead to
important modifications of the main material properties (e.g.
TEC, k*, D*, and o) which in turn leads to differences in ASR
values (Fig. 9A)).

One interesting feature of such modification is that elec-
trochemical performance of the porous Sr-deficient materials
can be easily limited by a too-high sintering temperature and
the formation of a dense interface layer (Fig. 9 A) blue frame).
The thickness of the dense interface layers formed at the
sintering temperature of 900 °C for the STF-90 electrode was
~200 nm, whereas for the STF-95 it was slightly thinner
(~150 nm). The formation of this dense layer has also been
confirmed by Yang et al. [59]. In that case, the layer formed at
higher temperatures, probably due to the use of larger
particles.

The dense interfacial layer clearly shows a chemical
capacitance that depends on the oxygen storage capacity. For
example, the chemical capacitance of STF5, STF35 and STF50
thin films was studied by Jung and Tuller [92]. They found a
strong dependence of the capacitance on the iron content. For
the same thickness of thin films, the capacitance of STF50 was
almost an order of magnitude higher than for STF35, for which
avalue of ~12 mF cm 2 for a 160 nm thick layer was reported at
650 °C. Considering the higher content of oxygen vacancies for
a higher Fe composition (STF70 instead of STF50) and extra
vacancies due to Sr-nonstoichiometry (for lower tempera-
tures), the capacitance of the layer is in reasonable agreement
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Fig. 9 — ASR as a function of strontium content for different sintering temperatures and SEM pictures of selected materials
indicating significant microstructure differences (A), proposed model for porous STF-x cathode (B) and STF-x with a dense

layer (C).

with the literature-proposed model for a thin film electrode
with surface exchange-limited performance [91,92].

For materials sintered at low temperature (800 °C), char-
acterised by a porous microstructure, the limiting electro-
chemical step is the process occurring at the middle
frequency, identified as the adsorbed oxygen atom surface
diffusion followed by a charge transfer reaction and incorpo-
ration into the lattice (Fig. 9C)) [61,93]. As presented in Fig. 6 D),
the contribution of the middle frequency peaks for the STF-90
and STF-95 is larger than for the STF-100 and STF-105, which
is in line with the presented changes of D*. In the case of the
STF-90 and STF-95 sintered at higher temperatures (>900 °C),
where Sr-non-stoichiometry induced the formation of a thin
interface layer, the limiting electrochemical process changed
to a surface exchange/bulk diffusion-limited process due to
the lower apparent surface area of the dense layer (Fig. 9 B)).
Interestingly, the highest electrochemical performance,
measured in the symmetrical cell test, was obtained for the
STF-105 electrode, which has a high surface content of Sr
confirmed by XPS. It seems that the extra porosity, caused by
inferior sinterability, led to the lowest ASR.

The maximum power density of the tested solid oxide fuel
cell with STF-95 and STF-105 cathodes with similar micro-
structures (without a dense layer) differ (809 mW cm 2,
594 mW cm~?), which is in agreement with the results obtained
for EIS (94 mQ cm?, 122 mQ cm?) for the symmetrical cells. The
cell with the STF-95 cathode, with higher k*, showed increased
performance in the intermediate frequency range (Fig. 8C). The
results of the cell performance with the new Co-free oxygen
electrode are encouraging. To even further improve the func-
tional properties, it is of interest to increase the total electronic
conductivity of the electrode, e.g. by mixing with different
material or by infiltration by highly conductive phases.

Summary

In this work, the complex nature of the influence of the Sr-
non-stoichiometry on the structural, transport and electro-
catalytic properties of the promising SryTigsFeq303-5-based
materials was investigated.

The results showed that modification of the chemical
composition by the introduction of non-stoichiometry affects
the lattice parameter, i.e. a decrease of the Sr content results
in a unit cell parameter increase, which has been connected
(via XPS) to the reduction of Fe*" to Fe®" by the charge
compensation mechanism and the introduction of oxygen
vacancies. Lowering of the concentration of A-site cations
(bulk Sr content) lowers the Sr-surface segregation. Based on
XPS results, the Sr content is inversely correlated with the
Fe'®/Fe™ ratio. Sr-deficient powders contained a lower
amount of Fe*" available for thermal reduction at higher
temperatures. This was further confirmed by the thermog-
ravimetry (TG), dilatometry (DIL) and temperature pro-
grammed (TPx) methods, which revealed changes in weight
loss on heating and a lower thermal expansion coefficient due
to the lower amount of strontium. One of the issues reported
with STF materials with high iron content is their relatively
high thermal expansion coefficient. Tailoring the Sr-
stoichiometry can limit the TEC from ~21 to ~17, which is a
marked improvement for practical applications at interme-
diate temperature. In accordance with the existing defect
model of STF, the introduction of Sr-deficiency results in
decreased electronic (p-type) conductivity [65].

The electrocatalytic performance of bulk materials, as
determined by the ECR technique, showed a positive influ-
ence of the Sr-deficiency on chemical surface exchange
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coefficient (k*), and a negative effect on the chemical diffu-
sion coefficient of oxygen (D*). In the electrochemical eval-
uation of porous electrodes, a complex trend in materials
behaviour was found. Electrodes sintered at 800 °C showed
similar electrochemical processes, with at least two clearly
separated processes. Due to the small particle size of the
synthesised powders and increased sinterability of the Sr-
deficient materials, a continuous interfacial layer is formed
even at sintering temperatures of 900 °C and above. This
layer negatively influenced the electrode performance.
Interestingly, the best overall electrode performance
(~50 mQ cm? at 700 °C, including the contribution of gas
diffusion) was obtained for Sr-rich material (STF-105). Even
though the electrical conductivity of this compound was
inferior to the stoichiometric one and it showed high surface
Sr segregation, its performance was clearly superior. This
high performance was attributed to the decreased sinter-
ability of these materials, which restricted grain growth and
maintained a high surface area available for oxygen reduc-
tion and oxidation processes.

Based on these results, rational design of electrode mate-
rials through tailoring A-site non-stoichiometry of the pe-
rovskites, based on Sr,Tig sFeo703.5 (x = 0.90; 0.95; 1.00; 1.05) is
possible, but the relation between the basic physicochemical
properties of bulk materials and porous electrode materials is
complex. Even the well-studied issue of Sr-surface segrega-
tion requires further investigation to fully elucidate its effects.
Moreover, the solid oxide fuel cell test confirmed that Sr-
deficient STF-x materials could be a viable alternative for
Co-containing state-of-the-art materials after improvement
of the ohmic resistance by, e.g., impregnation.
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Chapter S

Summary and conclusions

5.1. General conclusions from doctoral dissertation
This work presents the results of research on materials from the group of iron doped

strontium titanates in application as a porous cathode in SOFC.

The tested materials — SrTii«FexOs-5 (STFx) and SrixTi030Fe0.7003-5 (STF-x) — were
produced by the solid-state reaction method within the PhD project framework. The

structural parameters of the materials were studied in detail.

In the studies on STFx and STF-x used as porous electrodes, it was shown that they can
be alternatives to the commercially used materials, such as LSCF. A series of tests of
symmetrical samples and fuel cells clearly determined that these materials perform well at
an operating temperature range 700 °C+800 °C. The first part of the work concerned research
on finding the best STFx stoichiometry to work at 800 °C Despite the relatively low
electronic conductivity of STFx compounds, ASRpo results of <100 mQ cm? at 800 °C
were obtained repeatedly. Among the tested STFx materials, the SrTio.so0Feo0.7003-5
electrode performed best and shows ASRpo <100 mQ ¢m? even at 700 °C. Further work
on optimising the stoichiometry showed that by reducing the strontium content in the A-
sublattice, even better results could be achieved and for the Sro.95Ti0.30F€0.7003-5, boasts a

power density of ~800 mW c¢cm™ at 700 °C.

During the work on finding the optimal stoichiometry of iron-doped strontium titanates
materials, efforts were made to obtain as much information as possible about the
electrochemical processes occurring in the individual compounds. Using the EIS, DRT and
ECM techniques, what processes occur and which of these limit the work of porous

cathodes made of STFx and STF-x materials were determined. The subject matter is
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very interesting, which is evidenced by the invitation of a PhD candidate to publish one of
the papers in a special issue of the Electrochimica Acta Journal concerning the application
of the DRT analysis method,? the invitation to participate in a workshop concerning DRT>
and co-authoring the review publication with some of the most recognised scientists within

the DRT field.*

5.2. Original contributions in the doctoral dissertation
The main contribution of the PhD student presented in the doctoral dissertation is the
development and demonstration that materials from the group of iron doped strontium

titanates are a promising candidate for use as a cathode in SOFC.
The specific contributions introduced in the doctoral dissertation are as follows:

e Optimisation of the solid-state reaction process parameters for the production of
materials from the group of iron doped strontium titanates with different
stoichiometry in the A and B sublattices with nanometric sizes.

e Optimisation of the procedure for preparing low-temperature sintered
(800 °C+1000 °C) efficient porous STFx and STF-x electrodes.

e Demonstration of a series of materials from the group of iron doped strontium
titanates, which in the form of porous electrodes, present ASRpo lower than
100 mQ cm? at 800 °C.

e Development of a procedure for precise analysis of EIS spectra using the DRT
technique, thanks to which it is possible to quantitatively and qualitatively

determine the electrochemical processes taking place in the cathodes.

2 Special issue of Electrochimica Acta titled: “Distribution of relaxation time analysis for solid state
electrochemistry”

3 The Hong Kong University of Science and Technology — MAE HKPFS Workshop: “The distribution of
relaxation times, an application of machine learning in electrochemistry”

4 Manuscript in the edition titled: “The Distribution of Relaxation Times: A Blueprint for Developing New
Methods”
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e Study and matching the contribution of the occurring electrochemical processes
with the stoichiometry of the iron doped strontium titanates cathodes and their
microstructure.

e Indication of the most favourable stoichiometry for iron doped strontium titanates
materials based on the physicochemical requirements.

e Investigation and demonstration of the influence of stoichiometry changes in the
A sublattice of SrxTi030Fe0.7003-5 on the materials constants k* and D*, which are
crucial from the point of view of the SOFC cathode.

e Obtaining a high power density (809 mW cm?) at 700 C for the

Sro.95T10.30Fe0.7003-s material in a working fuel cell.

5.3.Future research directions
Based on the performed tasks, several aspects of the STF materials development
should be further studied in the future to drive the technology and our understanding

forward:

e The performance of the porous electrodes could be increased considerably by the
infiltration of additional, catalytically active phases, which seems an interesting
study direction to even further lower the ASR of the electrode.

e Due to the high thermal expansion coefficients of the STFx materials, formation of
the composite with an electronically or ionically conducting backbone can lead to
improvement in the stability and performance of the electrodes.

e Demonstration of the long-term performance (>1000 h) of the electrodes, including
work in a real stack system, would be required to further show the materials’
applicability in operating devices.

e Introduction of chemical modifications to increase electrocatalytic activity: partial

substitution of Fe/Ti on the B-site by another element may be a strategy to further
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optimise the performance. Even though substitution by Co has already been studied
[79], certain other elements, especially outside of the CRM group materials, should

be tested.

These points show that even though STF has already been studied for several years and by
several groups, it still remains a very interesting material, which has potential in application

in operating devices in the future.
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Figure 10. Imaginary impedance of a series circuit consisting of two RQ elements for R =
0.1 Qcm?, Qi =1 sec’/ Qcm?, n; = 0.8 and R2 = 0.1 Qcm?, Q2 = 5 sec’/ Qcm?, ny = 0.8 (a).
Scatters in (a) represent the ideal impedance; Solid line represents the reconstructed
impedance by using the QP solution of DRT for the 10, 50 and 100 ppd of frequency. (b)
shows the analytical solution of DRT (black line with enclosed pattern), and the QP solutions
of DRT for the 10, 50 and 100 ppd of frequency (A = 1) of the series circuit element [70].
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