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materials: La,;NizO;, (L4N3) and LazNi,O, (L3N2) and three titanium-based per-
ovskite materials: Sr'TiO; (STO), SrTi ;5Fe 505 (STF25) and CaTi, gFey ;05 (CTE).
Forsterite was chosen as a support material for the fuel cell, as it is abundant
and therefore relatively inexpensive. For the investigation of their reactivity,
different types of samples were prepared: mixed pellets, double-layered pel-
lets and screen-printed electrode inks on forsterite green substrates, which were
subsequently co-sintered at T=1300 °C. These samples and their cross sections
were then studied using XRD, SEM, EDS and TEM lamella point analysis. Conse-
quently, the impedance spectra were acquired to determine their electro-catalytic
performance. The two Ruddlesden—-Popper phase materials L4N3 and L3N2 are
of high interest due to their thermodynamic stability and high electro-catalytic
activity, resulting in a very low polarization resistance. However, this polarization
resistance is increased when mixing with forsterite material. In case of the three
titanium-based perovskites, the electro-catalytic activity is of less interest due to
high polarization resistances.
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Introduction

In 1958, Ruddlesden and Popper synthesized a spe-
cial perovskite structure with the general formula
of A, 1B,O3,.1 [1, 2]. The structure of these so-called
Ruddlesden-Popper phases consists of nABO; lay-
ers which are sandwiched between two AO rock salt
layers along the crystallographic c-axis. This results
in a different amount of perovskite polyhedral units,
which determine the phase of the materials. In case
of the first member of this family (n=1), the K,NiF,
is adopted with a rare or alkaline earth element on
the A-site and transition or post-transition metals on
the B-site. Within this structure, A-site cations are sur-
rounded by 9 oxygen atoms, which are located at the
boundary between the two types of layers. The B site
cations, on the other hand, have a coordination num-
ber of six and an occupied center of an apically elon-
gated BOy octahedra with two slightly longer apical
B-O bonds along the c-axis and four other basal plane
B-O bonds [3].

It is the similarity of Ruddlesden-Popper phase
materials to common perovskites, which makes them
interesting in different research areas. They can be
used as ferroelectrics [4, 5], colossal magnetoresistance
materials [6], mixed ionic and electronic conductors
[7], thermoelectrics or high T superconductors [8].
Some of the first member of the Ruddlesden-Popper
phase materials have even been used as alternatives
for air-electrode applications in solid oxide fuel cells
(SOFCs) and solid oxide electrolysis cells (SOECs) [9].

In this, Ruddlesden-Popper phase materials are
mainly used in air-electrode applications for interme-
diate temperature SOFCs (IT-SOFCs; T = 500-700 °C).
This leads to a variation of different advantages com-
pared to conventional SOFCs using La;_,Sr,MnO;
(LSM) or La,_,Sr,Co,_(Fe )O; 5 (LSC(F)) and operat-
ing at higher temperatures (T 2700 °C). Among oth-
ers, there are lower operational costs, less interface
reactions between cell components and less electrode
phase transitions, both leading to a better long-term
performance [10]. Furthermore, these rare-earth nick-
elates have high electro-catalytic activity under oxi-
dizing conditions [10-12], high mixed ionic and elec-
tronic conductivity (MIEC) [13-15] as well as moderate
temperature expansion coefficient (TEC) [11]. The lat-
ter turned out to be especially advantageous when
mixing with ceria-based electrolyte GDC (gadolinia-
doped ceria; cp. La,NizO;q_s (13.2x 107 K™) vs. GDC
(13.4x10° K1) [11, 16]. In case of La,NiO,,; (L2N1),
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however, its use as air-electrode material is limited by
its low electronic conductivity, especially compared to
common LSM or LSCF. While various attempts of dop-
ing on the A-site and/or the B-site of L2N1 to increase
its low electronic conductivity have been made, the
use of high-ordered Ruddlesden-Popper phases has
shown more promising results [11, 17-21]. This can
be explained by the fact that with a higher number
of NiO¢-octahedrons, the concentration of Ni-O-Ni
bonds increases, which are in charge of electronic con-
duction pathways of perovskite layers [22]. Indeed,
LayNizO,0_5 (L4N3) is a metallic conductor at room
temperature [12]. It is the relatively high abundance
of reported L2N1 publications as well as the improved
electronic conductivity, which made us focus on the
research of LazNi,O, s (L3N2) and La,NizO;, 5 (L4N3)
as new Ruddlesden-Popper phases for electrode
applications.

For the use of these Ruddlesden-Popper phase
materials in solid oxide fuel cells (SOFCs), inert-sup-
ported cells (ISCs) were chosen for mainly two rea-
sons. Firstly, these kinds of cells using cheap porous
materials as a support, which makes them very cost-
effective. Secondly, lower ohmic losses and lower
operating temperatures are possible due to the thin,
supported electrolyte [23]. In comparison with that,
the today’s state-of-the-art cells, e.g., fuel-electrode
supported cells (FESCs), electrolyte-supported cells
(ESCs) and metal-supported cells (MSCs), are less
beneficial as they are on the way to market via indus-
trialization with the actual air electrodes performing
well. In case of FESCs, the cells possess a low overall
resistance, which is caused by a relatively thick but
porous support and anode layer (>200 pm) (low gas
diffusion resistance) making it consequently pos-
sible to apply an electrolyte with a rather low thick-
ness (2-20 pum), resulting here, again, in low ohmic
losses and therefore high performance and subse-
quently aiming for low operating temperatures [24].
However, after each manufacturing step, a sintering
step is typically needed, which increases the manu-
facturing costs [25]. ESCs, on the other hand, have a
relatively thick electrolyte layer of typically >80 pm,
in order to give the cells mechanical stability. Due
to this thick electrolyte layer, the ohmic resistance is
increased and the cells must be operated at high tem-
perature (around or above 800 °C). Nevertheless, the
ESC design has the advantage of very low leakage rate
[24]. Finally, the biggest advantage of MSCs is the use
of relatively cheap metals, like Fe- or Cr-based ones,



for the stability of the cells [26]. Moreover, the operat-
ing temperatures of MSCs are rather low (600 °C in the
case of Ceres Power) [27]. The biggest disadvantage of
MSCs is the manufacturing process, as the sintering
of the cells have to be performed in a reducing atmos-
phere or vacuum in order to prevent corrosion, or the
functional layers have to be applied by physical meth-
ods like sputtering/physical vapor deposition which
increases the manufacturing costs. Furthermore, inter-
diffusion between the metal support and the anodic
nickel plays a crucial role, while oxide scale formation
at high water vapor pressures might be problematic
for the long term [28, 29].

Herein, we investigate the reactivity of unusual
Ruddlesden-Popper phase materials in inert-sub-
strate-supported solid oxide fuel cells. Therefore, for-
sterite (Mg,5i0,), an abundant and cheap manganese
silicate, was chosen as support material on the air
side of the SOFC. In this context, a variety of cathode
material phases have already been investigated and
reported previously [30-32]. Furthermore, three more
titanium-based perovskite phases were used for com-
parison regarding performance, microstructure and
possible formation of foreign phases and / or reaction
layers to check their applicability to SOCs with respect
to reactivity and electrochemistry. These are SrTiO,
(STO), SrTiy y5Fe 505 (STF25) and CaTijgFej ;05
(CTF). While STO is known to be very stable, espe-
cially when it comes to sulfur poisoning, STF25 and
CTF were chosen to investigate the influence of Fe on
the B-site and the elimination of Sr compared to STO,
respectively.

Experimental

L4N3 and L3N2 were prepared via Pechini method in
which stoichiometric amounts of the respective nitrates
(lanthanum nitrate hexahydrate [La(NO;);-6H,0;
99.99%; Alfa Aesar], strontium nitrate hexahydrate
[Sr(NO3), 6H,0O; 99%; Sigma-Aldrich], and calcium

nitrate tetra hydrate [Ca(NOj;), 4H,0; 99%; Alfa
Aesar]) were dissolved in deionized water. Conse-
quently, calculated amounts of citric acid (20% excess)
and ethylene glycol were added. After evaporation of
the water at 350 °C, a gel was formed and dried over-
night. Once dried, organic residue were removed at
650 °C and temperatures of 1040 °C for 4 h (L4N3)
and 950 °C for 8 h (L3N2), respectively, were used for
calcination [33, 34]. STF25 was synthesized by a modi-
fied Pechini synthesis, CTF was prepared by liquid-
phase synthesis and STO was commercially obtained
by Sigma-Aldrich [35]. Pellets of 22 mm diameter of
each composition were made by pressing 2 g of the
respective electrode powders with forsterite in a 50:50
ratio, applying 5kN for 2 min. For the investigation of
high temperature stability, these pellets were sintered
between 1100 and 1300 °C with heating and cooling
rates of 3 K/ min and 5 K/ min, respectively. The over-
all stoichiometric compositions (A sgA’ 4)Bg B0 503
were kept constant to avoid possible influences of dif-
ferent compositions.

To simplify the interaction of forsterite with the
complex Ruddlesden-Popper phases and the tita-
nium-based perovskite cathode materials, the respec-
tive single oxides were also investigated. Therefore,
La,O; [Sigma-Aldrich, 99.99%] and SrO [Sigma-
Aldrich, 99.99%] were screen-printed on the forster-
ite substrate and CaO [Chem-Pur, 99.99%] and Fe,O4
[Sigma-Aldrich; > 99%] were pressed into double-lay-
ered pellets with the same settings as described above.
These pellets were subjected to the standard heat treat-
ment program (T =1300 °C for 5 h).

A Bruker AXS X-ray diffractometer with
Bragg-Brentano configuration and CuKa radiation
was used for phase-purity determination and struc-
tural characterization. Furthermore, inductively cou-
pled plasma optical emission spectrometry (ICP-OES)
was used for verifying the real final composition of the
powder (Table 1).

For the determination of the polarization resist-
ance (R, of each electrode material, electrochemical

Table 1 Calculated

n Electrode Calculated composition (acc. to ICP-OES) Synthesis method
composition (ICP-OES) and
synthesis method of different L4N3 Lay o) %0.12N15.99 % 0.09010 Pechini
cathode materials L3N2 Lay + 0oNiy £ 607 Pechini
STO Srg.086 % 0030 T11.014 £ 0,03003 Commercially available
STE25 St 045 0,031 Tho.65 £ 0.021F€0 263 £.0.00s03 Modified pechini
CTF Cay 912 % 0.030T0.800 £ 0.026F€0.100 £ 0.00203 Liquid-phase synthesis
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impedance spectroscopy (ELS) was performed on
symmetrical cells. Therefore, an Alpha A high-perfor-
mance frequency analyzer (Novocontrol Technolo-
gies) at a frequency range between 10° and 107! Hz
and a voltage of 20 mV was used. However, only the
polarization resistance (R, is of interest within this
research, as the ohmic resistance (R},,,), for instance, is
affected by the device itself and/or by the quality of the
material with which the sample is contacted. There-
fore, Nyquist plots were obtained from the EIS meas-
urements, whereby the ohmic resistance (R;,,,,) was
subtracted from it. By doing so, EIS offers the opportu-
nity to visualize, in terms of RPOI values, the influence
of the formation of secondary phases—irrespective
of whether they are due to reactions with forsterite
or electrode decomposition—as well as the impact of
the low-cost co-firing manufacturing route (in terms
of microstructural changes and co-firing capability of
the electrode materials), thereby allowing air-electrode
benchmarking.

For the investigation of the electrochemical meas-
urements, the electrode samples were prepared as
followed: 8YSZ substrates (200 pm, Kerafol) were
screen-printed with a GDC barrier layer (Wet layer
thickness =35 um) and consequently sintered at
T=1300 °C for 3 h. The subsequent electrode layer
(D =12 mm, wet layer thickness =65 um) and the
current collector layer (CCL), consisting of 50 wt%
Lag 45515 ;MnO; (LSM) and 50 wt% transport medium
(pure or mixed with 20% forsterite) was then
screen-printed on top (D =12 mm, wet layer thick-
ness =2 x 173 um) and fired between T=1100° and
1300 °C (Fig. 1). The measurement of the particle size
was taken by a Horiba LA 950 V2 Analyzer (Retsch

Figure 1 Symmetrical cell
design for the samples with
a pure LSM CCL (EIS_cath-
ode_pure) and mixed

EIS_cathode_pure

Technology GmbH, Haan, Germany), and the viscos-
ity was measured with a rheometer (Anton Paar MCR
301) at a shear rate of 109 s™!. Moreover, to investigate
the reactivity toward forsterite, inks of these materi-
als were screen-printed on a forsterite green (non-sin-
tered) plate, an inert magnesium silicate (Mg,5SiO,)
doped with Zn and Ca, with same screen printing set-
tings. The ink itself, consisted of 62.75 wt% electrode
powder, 20.85 wt% oa-terpineol (DuPont) and 16.4 wt%
TM (transport medium containing 6 wt% 45 cp ethyl
cellulose and a-terpineol). The particle size and ink
viscosity are summarized in Table 2.

The cross-sectional surfaces of the samples were
investigated with a scanning electron microscope
(SEM) (Zeiss Ultra55 with EDS from Oxford Instru-
ments; INCAEnergy400) and then polishing with silica
suspension. To ensure sufficient electrical conductiv-
ity, the different specimens were sputtered with plati-
num. For the preparation of TEM specimens, a carbon
protective layer was first applied using vapor deposi-
tion on the surface of the sample. Subsequently, the

Table 2 Particle size of the powder of different electrode materi-
als

Electrode Laser diffraction analyzer (um) Ink vis-
g ) P cosity
(10) (50) (90) at 109 s~

(Pa*s™h)

L4N3 0.42 0.70 1.57 8.9

L3N2 0.60 0.80 1.04 7.0

STO 0.30 0.90 2.46 7.9

STF25 0.52 0.80 1.22 15.4

CTF 0.59 0.82 1.13 13.1

EIS_cathode_mixed

LSM + 20 wt% forsterite CCL: LSM CCL: LSM+20wt%Forsterite
CCL (EIS_cathode_mixed).
Cathode Cathode
GDC GDC
8YSZ 8YSZ
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protective layer was cut from both sides using a Ga
ion beam (accelerating voltage of 30 kV). Afterward,
the sample plate is tilted 45° to the ion beam to allow
cutting of the underside of the sample. To remove
the lamella, the fragile sample is attached to a finely
extended tungsten needle with a sputtering layer
of platinum. This allows the lamella to be carefully
removed from the sample. The lamella has the follow-
ing sample dimensions: length ~ 12 um; height =5 um
and thickness = 150 nm. For the FIB sample prepara-
tion, the Strata 400 s instrument (Thermo Fisher Sci-
entific, USA) was used.

Results and discussions

High temperature stability of the electrode
and SEM characterization

In a first step, each of the five materials was investi-
gated by heat treatment up to T=1200 °C. Only the
two Ruddlesden-Popper phase materials L4N3 and
L3N2 show formation of secondary phases at higher
temperatures. Indeed, while L3N2 shows the forma-
tion of L2N1, L4N3 is completely transformed into
L3N2. Additionally, here, again, L2N1 as well as NiO
is formed (The determination of the foreign phases
has been determined by comparing with ICSD). This
can be probably explained by the increased thermo-
dynamical stability of Ruddlesden-Popper phases
with increasing order of n (Fig. 2) [36]. Consequently,

(a) —— La4Ni3_RAW * LasNi;O7

—— La4Ni3_T=120Dp°C #* LagNiO4

0 * NiO
3
& *
& 1
D ok k[ *
e INA
[
-
=
T li AI T T “‘l
10 20 30 40 50 60 70 80

2-Theta

Figure 2 XRD for a L4N3 raw and L4N3-only pellet and b
L3N2 raw and L3N2-only pellet. The comparison shows that
L4N3 has some impurities of L3N2 at higher temperatures. The

L3N2 seems to be more likely kinetically stable and
favorably formed at higher temperatures. The lattice
parameter of L3N2, which crystallize in the space
group Amam, changes only a bit in the c-axes before
(a=5.4(6), b=5.4(6), c=20.4(2)) and after (a=5.451(9),
b=5.404(9), c=20.52(6)) heat treatment.

In the next step, the interaction of the different
electrode materials with forsterite was investigated
to demonstrate the reaction tendency of the differ-
ent materials within these combinations. Therefore,
the electrode-forsterite samples were analyzed,
whereby the particle size of the inks were not kept
constant. Consequently, no further analytics concern-
ing the porosity visible in the following figures were
performed.

Figure 3 shows the interaction of the different
electrodes with forsterite. The reactivity of these
five materials can be divided into three groups.
While STO only shows a limited formation of for-
eign phases in the electrode layer as well as in the
forsterite phase, during co-firing at T=1300 °C, the
two other titanium-based perovskites STF25 and
CTF show the highest reactivity. Here, reaction lay-
ers with different thicknesses are revealed in the two
phases as well as on the interface. That means that
STO is the most stable phase with the lowest reactiv-
ity within this investigated family of titanium-based
perovskites. The two Ruddlesden—-Popper phase
materials, on the other hand, show a moderate reac-
tivity toward the forsterite material, resulting in for-
eign phases along the electrode—forsterite interface

(b) La3Ni2_RAW * La;Ni;O;
—— La3Ni2_T=120p°C * La;NiO,
3
L
= *
‘B X ko &
a i
Q
et
=
T
10 70 80

2-Theta

other diffractograms are displayed in Supplementary 1 (The
determination of the foreign phases has been determined by com-
paring with ICSD).
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Figure 3 SEM cross sec-
tions after screen printing of
cathode—forsterite samples
with: a LAN3, b L3N2, ¢
CTF, d STF25, e STO on
forsterite. For a—d, the cross
sections show a very strong
reaction and the formation of
reaction layers. In contrast,

e shows only some foreign
phases. Reaction layers are
highlighted in yellow; foreign
phases indicated with a red
arrow. (For interpretation of
the references to color in this
figure legend, the reader is
referred to the Web version
of this article).

as well as in the electrode layer itself. However, there
are no further foreign phases in the forsterite phase,
which is different compared to STF25 and CTF with

the highest reactivity.
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Qualitative diffusive study by EDS

As depicted in Fig. 3, all the electrode materials show
a certain reactivity toward forsterite, resulting in the
formation of different reaction layers and / or several
foreign phases. For a further insight into the diffu-
sion tendency of the different electrode and forster-
ite elements, energy-dispersive X-ray spectroscopy
(EDS) was performed on the embedded, ground and



polished electrode—forsterite samples. The results of
these measurements can be seen in Fig. 4. Additional
EDS maps for the titanium-based perovskite-forsterite
are displayed in Supplementary 2.

Alongside the cross section of Fig. 4, the major
elements of the support material forsterite are high-
lighted in brown: Mg, Si and Zn (excluding Ca). The
respective elements of the Ruddlesden—-Popper phase
materials (highlighted in blue) are listed: La and Ni.
Both measurements (SEM cross section: Fig. 3 and EDS
cross section: Fig. 4) show the presence of several for-
eign phases along the electrode—forsterite interface as
well as in the electrode phase.

In case of forsterite, the elements of this phase show
a diffusion gradient resulting in less visible signals
of Mg, Zn and Si with increasing distance from the
material. It should be noted that the three elements
itself display different tendency for its diffusion. In
that, Zn has the highest diffusion tendency resulting
in Zn signals in the entire electrode (50 um) as well as
Zn-rich foreign phases. This diffusion is based on gas
phase diffusion and has been discussed in more detail
by Matte et al. in a previous publication [30]. In addi-
tion, the majority of Zn appears to be located inside
the thin reaction layer. Mg and Si, on the other hand,
can only be found in the forsterite phase and along the
forsterite—electrode layer. Moreover, neither Mg nor Si
shows strong tendency for diffusion, and the majority
of the two elements remain inside the support material
itself. The elements of the Ruddlesden-Popper phase
material, on the other hand, barely show any tendency
in diffusion. The signal of La and Ni is only visible in

the electrode layer and beneath the reaction layer. This
is congruent with the fact that Ruddlesden-Popper
phases are admittedly catalytically active but mostly
thermodynamically stable.

Due to the little reactivity, further investigation
of the Ruddlesden—-Popper phase materials has been
undertaken with TEM lamella point analysis (Fig. 5).

The analysis of the L3N2-forsterite sample covers
the whole range from the substrate forsterite, the inter-
diffusion layer to the electrode L3N2 (L4N3 and L3N2
show similar reactivity and consequently only L3N2
is shown). The TEM lamella point analysis shows that
four different foreign phases, which can be found
within the substrate forsterite, the foreign phases and
the electrode phase, contain Zn. Furthermore, Fig. 5
shows the following result: The concentration of Ni in
the electrode phase is very low and the concentration
of La within the area of foreign phases is low, too. The
concentration of Mg, on the other hand, is the highest
within these foreign phases, compared to the other
metal phases (see Table 3).

Phase analysis after heat treatment by XRD

After sintering each of the electrode—forsterite com-
binations, several foreign phases and reaction layers
were observed. In order to get more precise quanti-
fication of these phases, XRD measurements were
taken for each combination of the electrode—forster-
ite samples. Therefore, electrode mixed pellets were
produced and the corresponding diffractograms
are shown in Fig. 6. At the bottom of the graph, the

Figure 4 EDS (Mg, Zn, La, Ni, and Si) mapping from L4N3- and L3N2-forsterite. The brightness is correlated to the concentration of
the elements. Regions appearing as black do not contain any traces of the respective element.
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Figure 5 STEM-DF lamella
point analysis of L3N2-
forsterite (black spots are
pores). The foreign phases
are described in the upper left

corner. 2
=
2
£
o
L
Table 3 Atom% in the different phases
Elements Electrode phase (%) Foreign
phase
(%)
La 45 >1
Ni >1 40
(0] 35 25
Mg 18 16
Zn >1 18

respective diffractogram of the raw electrode mate-
rial and the raw forsterite material are highlighted
in blue and black, respectively. In the upper part of
the graph, the electrode mixed pellet of the respective
electrode and forsterite sintered at T=1300 °C for 5 h
is shown in grey. The several foreign phases, which
are formed after sintering, are identified and denoted

(a) = Forsterite
— L3N2 *
L3N2 + Forsterite | |

* LagMgy Sig0z6

Intensity (a.u.)

s Al e T ™

40 80
2-Theta

Figure 6 XRD for a L4N3-forsterite and b L3N2-forsterite (in
grey; mixed pellet) after 7=1300 °C for 5 h. The patterns are
shown for raw forsterite (black line) and for the raw electrode
material (blue line). (For interpretation of the references to color

@ Springer
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Intensity (a.u.)

by stars. In general, the XRD measurements confirm
the results from EDS measurements: Both Ruddles-
den-Popper phases L4N3 and L3N2 show lower
reactivity toward the forsterite material, compared to
the other cathode materials tested. However, in both
cases LagMg, 5SicO,¢ and in case of L4N3 additional
La,NiO, 93 has been detected (Fig. 6). In case of the
titanium-based perovskites, the reactivity toward for-
sterite is also in good agreement with the results of
the EDS measurements. However, STO-forsterite does
not show any foreign phases compared to the results
of the EDS measurements. This is probably caused by
the detection limit of the XRD machine, which has to
be at least 1.5wt%, depending on the preparation of
the sample and the surrounding matrix composition.
The two other titanium-based perovskites show the
foreign phases Fe,MgO, and Sr,Mg(5i,O;) (for STF25)
and CaMgSiO, (for CTF), respectively. Structure-wise,
these two foreign phases Sr,Mg(Si,O,) and CaMgSiO,

* 1a,Mgy.SisOs |
— LaN3 * La;NiO, ooy

L4N3 + Forsterite

20

40
2-Theta

60 80

in this figure legend, the reader is referred to the Web version of
this article) (The determination of the foreign phases has been
determined by comparing with ICSD).



are similar, with the exception of Ca occupying the
A-site (instead of Sr), and consequently interacting
with Si and Mg from forsterite. Both show the strong
reactivity and diffusion tendency of Sr and Si. The
results of the XRD measurements are summarized
in Table 3 and the XRD can be found in the supple-
mentary information. (The determination of the for-
eign phases has been determined by comparing with
ICSD).

The majority of these foreign phases contain Sr and
Si. Moreover, based on the EDS mappings (cf. Fig. 4),
the electrode forsterite combinations are also expected
to form more Zn-containing phases. However, none
of the XRD measurements, could confirm this result,

which is probably due to the small amount of Zn com-
pared to Si.

Reactivity of different oxides with the support
material by EDS and XRD

Individual oxide interaction tests were performed
with La,O;, SrO, Fe,0O;, CaO and NiO as basic oxides
for perovskites, to investigate the strong reaction of
forsterite to a single element visible in Fig. 7 and in
the Supporting Information 3. Furthermore, additional
XRD measurements were taken and are depicted in
Fig. 8, which shows two different diffractograms:
At the bottom of the graph, the diffractogram of the
individual raw oxide material and the raw forsterite

Figure 7 EDS mapping of the oxide double-layered pellet sample: La,O; double-layered pellet. Two layers are visible. They differ con-
siderably with respect to their Mg and Zn content, which is visualized by the EDS mapping.

(a) Forsterite * Ca,Si0,
[—La,0, * Ca,Mg(Si,0,
——La,0,+ Forsterite  4a Mg,SiO,

.L_An J\jf kT L o A oM A

Intensity (a.u.)

2-Theta

(b) :qc‘voxlﬂlr ‘
NiO+Forsterite
3 ]
s ! l
] L L |
B e A ALY |, TOREW| W VTV OV W W |
£

20

2-Theta

Figure 8 XRD measurements of oxide mixed pellets for a La,0; mixed pellets and b NiO mixed pellets. The resulting reaction phases

are depicted in the figure for intensities greater than 10%.
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material are shown in blue and black, respectively.
In the upper part of the graph, the oxide mixed pel-
let of the respective oxide and forsterite sintered at
T=1300 °C for 5 h is highlighted in grey. More infor-
mation can be found in the Supporting Information 4
(Table 4).

Both measurements display that neither La,O; nor
NiO show any significant reactivity toward forsterite,
since in case of La,0O; the phases formed after heat
treatment do not contain La. In case of the elements of
the titanium-based perovskites STO, STF25 and CTF,
the oxides show a total different reactivity. In case of
Fe,O;, for instance, the EDS mapping of the double-
layered pellet displays the formation of two reaction
layers after heat treatment. This is comparable to the
reaction layers visible for CTF-forsterite and STF25-
forsterite, respectively (Fig. 2). In addition, the major-
ity of Zn and Ca is again found within this reaction
layer. The reaction layers of the Fe,O; double-layered
pellet contains Ca, Mg, Zn and Fe and Ca, Zn and Fe,
respectively. An analysis of the oxide double-layered
pellets leads to the same conclusion as the one from
the electrode—forsterite combinations: Zn and Ca are
distributed across the whole oxide each time. These
findings are supported by Matte et al., describing zinc
as the most volatile of the used elements. This results

Table 4 Electrode—forsterite combinations and their formed
phases after the standard heat treatment

Electrode—forsterite Foreign phases formed

L4N3-forsterite LagMg, sSi0,4 La;NiO, o3
L3N2-forsterite LagMg, sSisOy¢

STO-forsterite

STF25-forsterite Sr,Mg(Si,04) Fe,MgO,
CTF-forsterite CaMgSiO, Fe,MgO,

The spectra are shown in the supplementary section (cf. Sup-
plementary 3) (the determination of the foreign phases has been
determined by comparing with ICSD)

in a distribution of Zn even outside of the forsterite
layer. CaO, on the other hand, is known for the for-
mation of mixed oxide phases with La,O; at tempera-
tures around 1000 °C, which here, again, explains that
Ca appears even outside of the forsterite layer [30].
These results can be confirmed by all the metal oxides
investigated within this study. Further XRD measure-
ments, summed up in Table 5, serve to underline the
formation of reaction phases for Fe,O;, SrO and CaO
(cf. Supplementary 4). The determination of the for-
eign phases has been determined by comparing with
ICSD. With these oxides, the foreign phases that are
formed contain Mg and / or Si, thereby underlining
the reactivity of Mg and Si from the forsterite sup-
port material. Here, again, these findings are in good
agreement with the results obtained from EDS elec-
trode—forsterite combinations.

Electrochemical characterization

Electrochemical impedance measurements

EIS was used to measure the performance of each elec-
trode material in terms of the respective polarization
resistance. A well-performing electrode is therefore
indicated by low polarization resistance (R,;). Within
this research, we were looking for an electrode suitable
for a low-cost co-firing manufacturing route, which
also displays good performance while in contact with
forsterite. In this context, two different symmetrical
cell setups were used (“pure” and “mixed”), in order
to investigate the influence of forsterite in regard
with the formation of secondary phases and conse-
quently, the electrochemical performance of the cell.
As described above, only R, is of interest for evalu-
ating the electrode materials and consequently, R,
was subtracted in the Nyquist plots (Figs. 9 and 10).
The “mixed” cell setup represents a kind of worst-
case scenario as both materials, the forsterite and the

Table 5 Listing of the different oxide mixed-pellets and their respective foreign phases formed with forsterite after the standard heat-

treatment (the determination of the foreign phases has been determined by comparing with ICSD)

Mixed-pellets Foreign phases formed

Fe,0;, (Mg osFeg.04)
Mg, 14(Feg 7Mg; 530,
SrO Sr,Si0,
CaO Ca,SiO,
La,0; Ca,Si0,

Mg, g3Fe17(Si0,) MgSiO;
Sr;MgSi,Oq Sr;0(S8i0,)
Ca;Mg(Si0,), MgO
Ca,Mg(Si,0,) Mg,SiO,
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Figure 9 Nyquist plots of the EIS_electrode_pure (blue) and
EIS_electrode_mixed (orange) samples at =750 °C for the
electrodes a L4N3 and b L3N2. Note the differences in the scal-
ing of the x-axis. The Nyquist plots of the other electrodes are
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Figure 10 Bar chart of the Ry, values for the EIS_elec-
trode_pure and EIS_electrode_mixed samples.

respective electrode material, were mixed together to
enlarge the available interaction volume between both
materials. In a “real” cell architecture only a plane
interface between both layers would exist. Figure 10
shows both the Ruddlesden—-Popper phase material
and the titanium-based perovskite phase materials
with the same trend: The samples with a “mixed”
CCL display a (slightly) higher R, value (the R, is
represented by the intercept where the Nyquist plot
cuts the x-axis). The R, values can then be related
to the active surface area of the sample (D =12 mm;
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listed in Supplementary 5. (R, is subtracted. For interpreta-
tion of the references to color in this figure legend, the reader is
referred to the Web version of this article).

A=1.1 cm?) by applying the following formula: Rl
(Q) * A/2 (m?) = Rpyoj area (Qem?). These Ry, Values
are listed in Fig. 10 for all of the examined electrodes.
It should be noted that the “pure” Rqore, Values of
L4N3 (0.94 Q cm?) and L3N2 (0.80 Q cm?) are both
better than the best of the previous reported ones from
our group (LSF: 0.96 Q cm?). As a comparison, the best
“mixed” Rp)area Value is obtained for LSF: 0.25 Qcm?
(L4N3: 1.79 Qcm? and L3N2: 0.81 Qcm?)[32]. With
respect to the interaction tests of the above-mentioned
electrodes with forsterite, these results are congruent
with the formation of secondary phases, due to contact
with forsterite. While air-electrode materials, such as
L3N2 or STO, with the formation of either none or
only one secondary phase, show only little changes in
the measured Ry,;.ore, values, this changes completely
when more secondary phases are formed; indeed, the
value for L4N3 is nearly double.

Cross-sectional characterization of the electrodes by SEM

For a better insight into the huge differences within
the measured R,,j4re, Values of the electrode materi-
als, cross sections of each of the electrode samples
after EIS measurements were prepared and inves-
tigated. Hereby, next to the formation of foreign
phases, it is especially the electrode densification,
which is of great interest. From Fig. 11 and Table 6, it
can be seen that L4N3 (32 vol%) and L3N2 (33 vol%)
have a slightly higher porosity and therefore a less
density than the titanium-based perovskites, in case
of the “pure” samples. However, this changes when
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(a) (b)

(c)

Figure 11 Cross sections of the EIS samples: 8YSZ (grey),
GDC barrier-layer (purple) substrates with different electrode
layers (blue): a L4N3, b L3N2 and ¢ STF25. (For interpreta-

Table 6 Porosity values in % of the different electrode materials

Electrode material Without forsterite With
(“pure”) forsterite
Porosity (%) (“mixed”)

Porosity (%)

L4N3 32 28

L3N2 33 27

STO 28 28

STF25 25 39

CTF 23 21

comparing the “mixed” samples: Here, STF25 is the
least dense material (39 vol% porosity). As the par-
ticle size of the inks was kept constant (focus on the
respective ds, values above), this result highlights
the difference in the sinterability of the utilized mate-
rials. It is known from the literature that the electro-
catalytically active surface area has a drastic impact
on the R pyp;area) [37]- It should be noted that in none
of the here reported electrodes, a post-densification
of GDC was observed. This is in good agreement
with the results previously reported in our group
that mostly Co is responsible for the observable post-
densification of GDC [32].

Only in case of STF25, an additional foreign phase
was observed containing Sr, Zr and O. We assume
that it corresponds to SrZrQO;. In the literature, this
phase is known to be electrically insulating. It should
be noted that the R,)area) Values correlate with the
formation of the secondary phase beneath the GDC
layer. It seems that a continuous Sr—Zr-O layer dras-
tically affects the R g1 areq) [32]-

@ Springer

tion of the references to color in this figure legend, the reader is
referred to the Web version of this article).

Discussion

A certain reaction has been exhibited in all of the here
reported electrode—forsterite combinations. While
STF25 (7.0 um; Sr-Si-Ca-Mg-Zn), CTF (8.1 um;
Si-Ca-Mg-Zn) and the two Ruddlesden-Popper
phases (L4N3: 6.2 um: La-Ni-Zn and L3N2: 4.3 pm:
La-Ni-Zn) show formation of a reaction layer, this is
not the case for STO. L4N3 and L3N2 show foreign
phases with an enrichment of Mg, Ni and Zn. This
diffusion of the elements can be explained by differ-
ent reasons, such as thermal, electrical or chemical
potential gradient and is in good agreement with the
literature [38, 39]. Furthermore, the elements of the
electrode phase and the forsterite material are eager
to reach a thermodynamically stable state, in which
they are in equilibrium. This can be shown by the dif-
fusion tendency of the elements in TEM lamella point
analysis of L3N2 in Fig. 5. Additionally, La from the
A-site of the two perovskite materials do not show
any tendency to react with forsterite. These results are
supported by the individual oxide measurements (cf.
Figure 7 and Supplementary 3) as well as by the EDS
mappings of the double-layered single oxide pellets of
La,O; with forsterite (cf. Table 5 and Supplementary
4). These tests were undertaken to identify elements,
which do not react with the support material. The
results from these EDS mappings and XRD measure-
ments show the non-reactivity of La,O;, since no for-
eign phases nor any reaction layer can be found after
heat treatment at T =1300 °C for 5 h. Moreover, NiO
also does not show any reactivity toward forsterite.
However, both L4N3 and L3N2, which are only made
out of the three elements La, Ni and O, show little
reactivity toward forsterite and consequently low ten-
dency of diffusion. While STO also reveals only little



formation of foreign phases, which are actually too
few for the detection limit of the XRD measurements,
STF25 and CTF show the highest diffusion tendency
within this row. This can be explained by the strong
reaction tendency of the three elements Sr, Ca and Mg.
This is in good agreement with the above mentioned
performed EDS mappings of the double-layered single
oxide pellets of SrO and CaO as well as the former
reported publications by our group [31, 32].

The XRD measurements of the respective elec-
trode materials after synthesis and heat treatment at
T=1300 °C show another result. Except STO, all of
the here reported electrode materials react with forst-
erite, indicating that the degradation of the electrode
material is not the only reason for the formation of
foreign phases and / or reaction layers. It is known
in the literature that cation mobility —due to compo-
sitional gradients within the examined material —at
high temperatures is given as a possible reason for
the demixing and decomposition, ultimately result-
ing in the formation of new phases [40, 41]. In case of
STF25, another effect comes into play: Gheitanchi and
co-workers investigated the integration of different
elements into the forsterite—olivine-structure under-
lining the reactivity of Sr and forsterite. Excess Sr leads
to the formation of Sr,Mg5i,O,, which was obtained
for the electrode—forsterite mixture of STF25. Last but
not least, it should be noted that the number of foreign
phases is not related to high temperature stability of
the respective electrode material [42].

The two “pure” Ruddlesden—-Popper material
phases L4N3 and L3N2 show the lowest polarization
resistance Rp,y.areq (0.94 Qcm? in case of L4N3 and 0.80
Qcm? in case of L3N2) within this row, investigated
and reported by our group. However, this changes
when the investigated support material forster-
ite comes into play. In that case, LSF has the lowest
Rpoparea 0-25 Qem?, compared to 1.79 Qcm? for L4N3
and 0.81 Qcm? for L3N2. The general trend that the
polarization resistance increases through addition of
forsterite is also confirmed by the results reported here
earlier [31, 32].

Due to the strong thermodynamic stability of L4N3
and L3N2, the perovskite structure will not decom-
pose at higher temperature and consequently the cata-
lytic properties keep constant. This can be confirmed
by the XRD measurements. Both the polarization
resistance of the “pure” and the “mixed” L4N3 and
L3N2 shows values around 1 Qcm?, which are in the
same range as those found in the literature (0.30 Qcm™

at 700 °C for L4N3 and L3N2). This slight difference of
the polarization resistance can be explained by differ-
ent synthesis routes or the production route of the cell,
which has been reported in the literature before [43].
Another reason might be differences in the sample’s
porosity. The increased polarization resistance of the
“mixed” L4N3, on the other hand, can be explained
by the formation of additional L3N2 at higher tem-
peratures, preventing to form a uniform layer of only
L4N3.

In case of the five electrode materials here reported,
only STF25 shows the formation of a foreign phase: a
continuous thin layer of SrZrO;, which is known to be
an insulator. Consequently, the polarization resistance
doubles when adding forsterite. This can be explained
by Szasz and co-workers saying that a SrZrO; layer
continuity of >95% is reported to have a critical impact

upon the R, [44, 45].

Conclusions

We have investigated five potential air-electrode mate-
rials in regard of their reactivity toward the support
material forsterite. The forsterite-based solid oxide
cell would exhibit co-sinterability and thus low-cost
manufacture ability. The materials can be divided into
the two groups: Ruddlesden-Popper phases and tita-
nium-based perovskites. The two Ruddlesden—-Popper
phase materials L3N4 and L3N2 show very good ther-
modynamic stability and moderate reaction tendency
toward forsterite, leading to little foreign phases in
either the electrode—forsterite phase or in the electrode
phase. In contrast, the three titanium-based perovs-
kites display a different reactivity: While STO is the
most stable phase material, the other two perovskites
STF25 and CTF show high reactivity toward forsterite,
resulting in foreign phases in the two phases, forst-
erite and electrode, as well as on the interface. These
findings were characterized by SEM, XRD, EDS and
TEM lamella point analysis. Si, Sr and Zn are mostly
responsible for the formation of the reaction layers and
the foreign phases. La and Ni, on the other hand, did
not show any reactivity toward forsterite after heat
treatment of the respective oxide, double-layered and
mixed pellets and the perovskite materials containing
either La or Ni.

In case of the electrochemical impedance spectros-
copy (EIS), once again L4N3 and L3N2 show the best
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results in respect to the polarization resistance. How-
ever, this situation changes when investigating the
interaction of these two materials with forsterite. The
titanium-based perovskites STO, STF25 and CTF, on the
other hand, show relatively high polarization area resist-
ance, which is in case of STF25 caused by the forma-
tion of a continuous thin layer of SrZrO;. Compared to
conventional cathode materials, only LSF shows lower
polarization resistance, which is especially the case con-
sidering the interaction with forsterite [31, 32]. Conse-
quently, the two Ruddlesden-Popper phase materials
are of great interest for possible further investigations
and possible tests of full solid oxide cells. However, due
to the end of the research project, no further material
was available.

Supplementary

The SEM images in the supplementary part show light
to heavy washout, as no further corrections could be
made by the machine.
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