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Perovskite Lag 3Cag 7Feg 7Crp.303.5 (LCFCr) is a mixed ionic and electronic conductor (MIEC) that can be employed
as an electrode material in reversible solid oxide fuel cells (RSOFCs). In this work, an ultra-fast (15 min) one-step
microwave (MW)-assisted combustion synthesis route has been developed to obtain phase pure and highly
crystalline LCFCr powder. The synthesized powders exhibited a sponge-like microstructure with increased elec-
trochemical reaction sites. Neutron thermodiffraction analysis revealed a structural transition above 500 °C from
the room temperature (RT) orthorhombic Pnma to a rhombohedral R3c perovskite phase. The oxygen vacancy
concentration was found to increase from 6 = 0.272(7) at RT to 8 = 0.333(5) at 900 °C. Furthermore, a 3-dimen-
sional G-type antiferromagnetic structure was detected at RT. MW-sintering of pressed green ceramic pellets was
carried out at 950 °C for 1 h, using a MW-transparent quartz fiber crucible or alternatively a SiC crucible acting as
a MW-absorber. Impedance spectroscopy data on sintered ceramic pellets revealed electronic inhomogeneity as
demonstrated by the occurrence of three dielectric relaxation processes associated with two grain boundary (GB)-
like contributions and one bulk. The dielectric inhomogeneity encountered may be restricted to the extrinsic GB
areas, which may be rather thin. More homogeneous dielectric properties of the GBs were found in the pellet that
was sintered in the SiC crucible.

1. Introduction (Fig. 1). In fact, CO3 or CO2 + H30 electrolysis is thermodynamically and

kinetically favorable if carried out at high temperature [3,4].

Reversible solid oxide fuel cells (RSOFCs) with operating tempera-
tures in the range of 800-1000 °C have attracted considerable research
attention in recent years due to potential application in the energy sector
for the storage and timely release of energy that has been harvested by
intermittent renewable energy sources such as wind and solar [1-3].
Similar to batteries, these devices can operate either in the Solid Oxide
Fuel Cell (SOFC) mode to deliver electricity (and heat) or in the Solid
Oxide Electrolysis Cell (SOEC) mode to store energy in the form of
chemically stable gases. SOFCs convert Hy and Oz to Hy0, clean elec-
tricity and heat at high efficiencies, whereas SOECs electrolyze H20 to Hy
and Os, or co-electrolyze CO3 + Hp0 to form syngas (Hy + CO) and O,
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Most of the current research in RSOFCs is based on the state-of-the-art
of SOFCs [5] and SOECs, where gadolinium-doped ceria (GDC) or
Yttria-stabilized zirconia (YSZ) are typical electrolyte materials, whereas
Ni-YSZ, Cu-CeO or doped SrTiOs3 can act as fuel electrodes [1,6-15]. As
an oxygen electrode material, perovskite LajySryCo;.yMyO35 (M =
transition metal) has been proposed as a promising candidate [16], but
certain drawbacks exist. The Sr cations can segregate through the
structure, reacting with other components of the cell and producing cell
degradation, and in some occasions the ionic conductivity is poor at low
temperatures [17,18]. Other interesting perovskite oxygen electrode
materials have been reported, such as Co-based Bag 551y 5Coq gFep 2035,
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Fig. 1. Schematic drawing of the basic functionality of Reversible Solid Oxide Fuel Cells (RSOFCs) in both SOFC and SOEC modes.

BaCO()_gZI‘Q.lYO.lOg,s, La0,8Ca042C003_3,, and SerCOZ_anx05+5 [19721].
It should be noted at this point that the terms fuel and oxygen electrodes
refer to the anode and cathode materials, respectively, when operating in
SOFC mode and vice versa in SOEC mode.

Although Co-based perovskites show high catalytic activity for oxy-
gen reduction reactions (ORRs) at intermediate temperatures, the pres-
ence of Co compromises the chemical stability of the cell. Furthermore,
the high redox activity of Co is responsible for large thermal expansion
coefficients (TECs), affecting the long-term stability of the cell [17,22].

Therefore, the Co-free orthorhombic perovskite phase
Lag 3Cag 7Fe 7Crg.303_s (LCFCr) has been proposed as an ideal alterna-
tive, since it is structurally and chemically stable over a wide pO, range
(0.21 atm-10"2° atm) and shows excellent electrochemical activity to-
wards both ORRs and oxygen evolution reactions (OERs) [23]. This
LCFCr phase and similar variants like Lag 3Srg 7Feq7Crg 303_5 (LSFCr)
had been reported previously as potential materials for single or mixed
anodes in SOFCs, in pure form or dispersed in Gd-doped ceria (GDC)
GdyCe1.xO2.x/2 [24-27]. These phase compositions brought forward in
references [24-27] were in fact modifications of materials like
Lag 2Srg gFeo.gCrg 203_5 and Lag2CaggCrOs_s that had been reported
already many decades ago as potential catalysts for methane SOFC mixed
anodes [28,29].

After it became clear that LCFCr may be a highly promising electrode
material for RSOFCs, the compound was investigated more comprehen-
sively. First, LCFCr was shown to exhibit thermomechanical stability,
favorable oxygen transport kinetics and excellent electrochemical activ-
ity towards ORRs and OERs in symmetrical LCFCr/GDC/LCFCr cells with
a low polarization resistance (Rp) of 0.07 Q cm? at 800 °C in open-circuit
conditions [23]. Subsequently, such findings were confirmed in
LCFCr/GDC/YSZ/GDC/LCFCr symmetrical cells with excellent electro-
chemical performance towards CO oxidation (SOFC mode) and CO,
electrolysis (SOEC mode) [30]. Such properties were further confirmed
in a 3-electrode half-cell, where a thickness of 43 pm of porous
screen-printed LCFCr electrodes was found to give the best cell perfor-
mance as well as a low polarization resistance of ~0.06-0.07 Q cm? at
800 °C [31].

Since all such results indicated that LCFCr may be highly relevant for
application in industrial environments [32], advanced energy saving
synthesis routes have been employed to reduce the potential production
costs. Initially, the material was synthesized by combustion synthesis
involving the dissolution of precursor nitrates, adding glycine as a fuel
and auto-igniting the combustion during conventional heating, followed
by an additional calcination step at 1200 °C for 12 h in a conventional
furnace [23]. As a step forward, microwave(MW)-assisted combustion
and MW-assisted sol-gel synthesis routes have been explored [33,34].
The former route involved MW irradiation at 800 W for 30 min of the
precursor nitrates and glycine mixture to auto-ignite the combustion
process, followed by a second calcination step at 900 °C for 6 h. The latter

route involved forming a gel by adding polyvinyl-alcohol (PVA) to the
dissolved precursor nitrates, followed by heating at 80 °C for 1.5 h. The
gel was MW-irradiated at 800 W for 30 min, followed by a second
calcination step at 1000 °C for 6 h.

Since the MW-assisted combustion technique seemed to offer higher
time and energy savings, it has been further developed here in this work.
The mixture of precursor nitrates and glycine was MW-heated at 800 W
for only 15 min to auto-ignite the combustion process and complete the
chemical reaction. Most likely due to an improved experimental setup,
the desired LCFCr phase was obtained reproducibly in highly crystalline
and pure form without a second calcination step. It should be emphasized
that this synthesis route presented here offers massive energy savings as
compared to the routes reported previously and may, thus, be highly
relevant for industrial applications, where energy costs are an important
issue [35-38]. Furthermore, MW-sintering of pressed green ceramic
bodies was carried out at 950 °C for 1 h at 1200 W, and highly dense
ceramics were obtained. It was shown that the use of a SiC crucible acting
as a MW-absorber [39] during MW-sintering (hybrid MW-sintering) of
the ceramics leads to more homogeneous samples as compared to ce-
ramics sintered in a MW-transparent quartz crucible (direct
MW-sintering).

The LCFCr powders obtained here by the ultra-fast MW-combustion
synthesis route were analyzed comprehensively by standard XRD and
SEM, in addition to temperature dependent Neutron Powder Diffraction
(NPD) experiments, whereas the sintered ceramic pellets were analyzed
by temperature dependent impedance spectroscopy. The NPD and
impedance spectroscopy measurement techniques have not been
employed previously to LCFCr materials, thus, leading to unprecedented
insights into the temperature dependent crystallographic structure, the
magnetic structure, and the temperature dependent dielectric properties
of this compound.

The results from Rietveld refinements of the NPD patterns indicated a
temperature dependent concentration of oxygen vacancies and a gradual
orthorhombic to rhombohedral structural transition upon heating above
500 °C. Furthermore, a rearrangement of the oxygen vacancies to a more
isotropic scenario was detected, which can be expected to be beneficial
for the vacancy mobility and ionic conductivity.

Impedance spectroscopy data from sintered ceramics revealed clear
correlations between the electronic charge transport properties and the
orthorhombic to rhombohedral structural transition. Furthermore, the
use of the SiC crucible (hybrid MW-sintering) was shown to lead to
electronically more homogeneous samples.

2. Experimental
2.1. Synthesis

Lag 3Cag 7Feq 7Crg 303.5 was synthesized by an ultra-fast one-step MW
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assisted-combustion route. The stoichiometric amounts of metal nitrate
precursors [La(NO3)3-6H20, Sigma-Aldrich, 99%; Ca(NOs)-4H20,
Sigma-Aldrich, 99.997%; Fe(NO3)3-9H50, Sigma-Aldrich, 98%j;
Cr(NO3)3-9H20, Sigma-Aldrich, 99%] to form 10 g of the product were
mixed and dissolved in a minimum amount of deionized water. Once the
nitrates were fully dissolved, the solution was mixed with 2 mol of
glycine for each mol of metal nitrate. The mixture was placed into a
porcelain capsule that is transparent to MWs and no MW absorption was
expected. On the other hand, the high polarity of the water solvent, the
nitrate groups and their water of hydration leads to efficient and direct
absorption of the MW energy within the precursors. The porcelain cru-
cible was placed into a domestic microwave furnace (Proclean 3010,
Cedotec) at 2.45 GHz and 700 W for 15 min (Fig. 2a) to perform MW-
assisted combustion synthesis. The mixture auto-ignites during the MW
irradiation, the combustion process initiates, and the precursors chemi-
cally react to form a black and porous highly crystalline and phase pure
LCFCr powder.

2.2. Sintering

The LCFCr powders were pressed into green body pellets using an uni-
axial 2 ton die press for 5 min with a nominal diameter of 10 mm and a
thickness of around 2 mm. The green bodies were placed into a quartz
fiber crucible, transparent to MWs (direct MW-sintering), or into a SiC
crucible acting as a MW absorber (hybrid MW-sintering), as depicted
schematically in Fig. 2b.

Journal of Solid State Chemistry 314 (2022) 123426

The MW-sintering processes were carried out in a commercial MW
furnace (Milestone MultiFAST-6 MW accessory coupled to the Milestone
Ethos One instrument). A heating ramp of 35 °C/min was applied and the
ceramics were sintered at 950 °C for 1 h.

The density of the ceramic pellets after direct MW-sintering was =
87%, while the hybrid MW-sintering resulted in a slightly increased
density of ~ 90%. Both densities were regarded sufficiently high for
reliable impedance spectroscopy measurements.

2.3. Structural and microstructural characterization

Powder NPD data from RT to 900 °C were collected at the D2B
beamline at the Institut Laue Langevin (ILL), Grenoble. A wavelength of
1.549 A was used in the 20 angular range of 5-150°. Considering the
difference in the neutron scattering lengths of the constituent elements in
the LCFCr sample, this experiment allowed determining the oxygen
content and the possible cation ordering in the structure. NPD data were
collected at RT during 3 h for a 3 g sample, packed in a cylindrical va-
nadium can, in the high-intensity mode. Furthermore, NPD patterns were
also collected for 3 h at 300 °C, 500 °C, 800 °C and 900 °C. In these cases,
the powders were measured in a quartz-tube open to air.

Fullprof software [40] was employed for refining the structure from
the NPD data. Pseudo-Voigt functions were used to adjust the shape
profile, while scale factor, manual background, zero-point error, asym-
metry, cell parameters, atomic positions, occupancy of the elements and
isotropic atomic displacement parameters were refined. In the case of the

(a) Microwave-combustion
synthesis

MICROWAVE, 2.45 GHz, 800 W
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(b) Hybrid sintering
MW heating +

Conduction-convection heating

Quartz fiber
crucible
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Direct sintering
MW heating

| FEE———

Microwave radiation

Fig. 2. Schematics of (a) Microwave-combustion synthesis and (b) Microwave-sintering showing the two sintering modes: Hybrid MW- and direct MW-sintering.
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data collected at RT, the magnetic structure was refined by using the
BasIreps program [41].

The microstructure of the powder and pellets were examined by
scanning electron microscopy (SEM) on a JEOL 6400 microscope
equipped with a detector for energy-dispersive analysis of X-rays (EDAX).

Thermogravimetric analysis (TGA) of a 30 mg powder sample was
carried out in a Q600 TA Instruments from RT to 900 °C in air and in Ny,
using a heating rate of 5 °C/min.

2.4. Impedance spectroscopy on MW-heated pellets

Impedance spectroscopy was carried out on sintered ceramic pellets
using both the direct MW-heating and the hybrid MW-heating methods.
Au electrodes were sputter deposited onto the pellet surfaces and covered
with Ag quick-drying paint. Impedance data were collected using a
Novocontrol Alpha-A High Performance Frequency analyzer, equipped
with a liquid nitrogen cooled sample chamber. The data were measured
at steady state conditions between 160 and 500 K, where each temper-
ature (T) was allowed to stabilize for at least 10 min before measuring the
impedance. The applied alternating voltage signal had a 100 mV
amplitude and was applied over a frequency (f) range of 1 Hz-10 MHz.
The impedance data were measured in terms of the f and T dependent
real and imaginary parts of the complex impedance Z* = Z' + iZ". The
data were converted into the format of dielectric permittivity ¢ using the
standard conversion. The data were analyzed and plotted using com-
mercial Microsoft Excel® spreadsheets developed by SSSS® and were
fitted with Zview® software [42].

3. Results and discussion
3.1. Neutron powder diffraction

Fig. 3 shows the neutron diffraction data collected at RT. Although
the sample is synthesized within only 15 min, high crystallinity and
phase purity are observed. This confirms that the MW-assisted combus-
tion synthesis route presented here offers massive time and energy sav-
ings without compromising on the sample quality.

Lag 3Cag 7Feq 7Cro 3035 was reported to crystallize in a perovskite
structure with an orthorhombic Pnma space group and v/2a,x2a,x\/2a,
unit cell dimensions (p denotes the cubic perovskite structure) [23].
Rietveld refinements of the NPD data collected at RT confirm the
long-range periodic crystal structure (Fig. 3) and give some insights
about the cation and anion sublattices. Table 1 contains the calculated

Journal of Solid State Chemistry 314 (2022) 123426

cell parameters, crystallographic positions and fitted values obtained
from the refinements. Both, A- and B- site cations are randomly distrib-
uted within the structure. An oxygen deficiency of & = 0.272(7) was
detected, which leads to an average oxidation state for the B-site cations
of +3.16, which is near the preferable Fe>* and Cr®* cation oxidation
states.

Interestingly, oxygen vacancies are located only in the O2 crystallo-
graphic sites, indicating a 2D arrangement. Since Cr>* has a strong
propensity for octahedral oxygen coordination, oxygen vacancies would
preferentially be located around the Fe3* cation. Fe®>* has a d° electronic
configuration, which may be more flexible to adopt to different oxygen
coordination numbers. In related compounds such as LaCasFe3Og or
CagFe 05 [43,44], some Fe cations situated in particular layers exhibit a
tetrahedral oxygen coordination, which may well be the case in
Lag 3Cag 7Feq7Cr 3035, too. The tetrahedral oxygen coordination may
explain the localization of the associated oxygen vacancy on the O2 sites
to some extent, whereby the tetrahedra would be randomly distributed
within the structure, at least on average. An oxygen content of § = 0.33
would require Fe cations to be surrounded by oxygen octahedra and
tetrahedra in a 1:1 ratio. Since the oxygen deficiency observed is slightly
lower, Fe is thus expected to be surrounded by more oxygen octahedra as
compared to tetrahedra. These additional Fe in octahedral coordination
would suggest a higher oxidation state, which is consistent with the extra
charge of +3.16 obtained.

The high atomic displacement parameters (Bis,) observed in both the
O1 and O2 crystallographic positions may well be associated with a
random distribution of the Fe tetrahedra and the associated oxygen va-
cancies within the layers, but also with the different oxygen environ-
ments around the Fe and Cr cations.

Fig. 4 shows the NPD data collected between RT and 900 °C. Struc-
tural details of the Rietveld refinement of the NPD data collected at 300
°C, 500 °C and 800 °C are shown in the Electronic Supplementary
Information.

The amorphous signal at low 26 (from 300 °C to 900 °C) corresponds
to the quartz sample container. The data in Fig. 4 demonstrate that two
sets of reflections disappear as the temperature increases. Due to the few
temperatures where NPD data was taken, the resolution of the phase
transition temperature is somewhat limited. The first reflection (green
bar in Fig. 4b) may disappear at or slightly above = 300 °C, whereas the
second reflection (blue bar in Fig. 4b) is still present at 500 °C but absent
at 800 °C. The two apparent phase transitions at ~z 300 °C - 500 °C and ~
500 °C - 800 °C are discussed in the following. The high temperature
phase transition may in fact set in already at =~ 500 °C, because the
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Fig. 3. Rietveld Refinement of NPD data for Lag 3Cag 7 Feg7Crg 3035 collected at RT. Observed (red) and calculated (black) profiles, and their difference (blue) are
shown. The upper and lower tick marks in green indicate the nuclear and magnetic reflections, respectively. Black arrows indicate the most intense magnetic re-
flections. The crystal structure obtained from the Rietveld refinement data is shown in the right part of the figure O1 and O2 positions are indicated.
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Table 1

Results of the Rietveld Refinement of the crystal structure of Lag 3Cag 7Feq 7Cro 3035 from NPD data collected at RT.
Atom Wyckoff x y b4 Biso (A%) Occupancy (%)
La/Ca 4c 0.012(1) 0.25 0.996(2) 1.334(2) 28.6(8)/71.4(8)
Fe/Cr 4b 0 0 0.5000 0.37(7) 62.6(8)/37.4(8)
o1 4c 0.006(1) 0.25 0.463(1) 1.5(1) 100
02 8d 0.281(1) 0.0382(7) 0.717(1) 1.78(8) 86.1(7)

Pnma; a = 5.4501(4) A, b = 7.7089(5) A, ¢ = 5.4607(4) A
Rup = 5.73%, Ry = 4.41%, Rexp = 1.22%, Rg = 4.54%

(a)

Intensity (a.u.)

20(°)

Intensity (a.u.)

10 20 30 4 50 60
20

Fig. 4. (a) NPD data for Lag 3Cag 7 Feg 7Crg 3035 collected from RT to 900 °C and (b) enlarged details for 20 diffraction angles of 10° < 20 < 60°. Two phase transitions
are highlighted by the green and blue bars. The irregular background above RT comes from the quartz container used for data collection, permitting the sample to be

in contact with air at high temperatures.

relevant NPD peak in the blue bar in Fig. 4b is already weakened. Across
the phase transition, the respective Rietveld refinements indicate a
change from orthorhombic Pnma to rhombohedral R3c crystal symmetry,
where the latter may in fact be equivalent to the R-3c phase in the related
Lag 3Srg 7Feq.7Crg 3035 compound [27]. Fig. 5 and Table 2 show the
Rietveld refinement and the structural representation of LCFCr at 900 °C.
The evolution of the oxygen content with temperature and the structural
parameters are presented in the Electronic Supplementary Information. It
can be observed that the atomic displacement parameters (Bjs,) are large.
This is related to the increment of thermal vibrations and dynamic po-
sitional disorders of the elements at high temperature.

The oxygen content is slightly lower at 900 °C (6 = 0.333(5)) as
compared to RT (8 = 0.272(7)), which might be associated with the
reduction of Fe** to Fe>*. Generally, the change in the distribution of the

Table 2

Results of the Rietveld Refinement of the crystal structure of Lag 3Cag 7Feq.7-
Cry.303.5 from NPD data at 900 °C.

Atom Wyckoff — x y 2 Biso (A% Occupancy
(%)

La/Ca 6a 0 0 0.25 3.34(8) 28.6/71.4

Fe/Cr 6a 0 0 0.988(1)  1.58(3) 62.6/37.4

01 18b 0.128(1)  0.306(2)  0.095(2)  3.66(9) 88.9(5)

R3¢; a = 5.5130(3) A, ¢ = 13.4866(9) A
Rup = 3.77%, Ry = 2.78%, Rexp = 1.77%, Rp = 5.38%

oxygen vacancies to a more isotropic scenario at and above 800 °C and
the variation in oxygen content with temperature indicate a considerable
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Fig. 5. Rietveld Refinement of the NPD data for Lag 3Cag 7 Feg 7Crg 3035 collected at 900 °C. Observed (red) and calculated (black) profiles and their difference (blue)
are shown. The structure of the perovskite phase obtained from the Rietveld refinement data is shown in the right part of the figure.
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mobility of the oxygen vacancies, which may well be beneficial for the
ionic charge transport. The decrease in oxygen content is consistent with
the thermogravimetric analysis (TGA) results (see Electronic Supple-
mentary Information), which confirm the weight loss during heating and
the associated oxygen loss. The second transition at =~ 300 °C may be
associated to magnetic ordering around 300 °C. A relationship between
the magnetic and structural transitions is not indicated from the data
acquired here in this work, although it cannot be discarded. The mag-
netic reflections lie on the same position as the nuclear ones, which
suggests a propagation vector k = [0 0 0], or in other words, both the
magnetic and nuclear structures present the same dimensions
(\/iapx2apx\/§ap). Analysis of the irreproducible representations sug-
gests a 3-dimensional G-type antiferromagnetically ordered arrangement
of the spins, orientated along the long a axis. A representation of the
magnetic structure is shown in Fig. 6.

At RT, an average magnetic moment of 1.52(3) pB for Fe and Cr
cations was determined, while the calculated magnetic moment would
result in p = (0.7x5pB-0.3x3pB) = 2.5 pB, which is higher than the
experimental value obtained. This may be ascribed to several possible
factors such as a certain degree of disorder in the competing ferro- and
anti-ferromagnetic interactions, thermal spin fluctuations at 300 K, the
extra electron charge observed in some of the Fe cations to compensate
oxygen vacancies and a perceptible covalent character of the bonding
between the transition metals and oxygen on tetrahedral Fe sites.

3.1.1. Scanning electron microscopy (SEM)

A sponge-like microstructure of the MW ultra-fast synthesized LCFCr
powder can be observed from the SEM micrograph shown in Fig. 7a. This
is essential for RSOFC electrodes, because porosity helps maximizing the
number of electrochemical reactions sites and improves the gas diffusion
rate to enhance electrochemical performance. The powder microstruc-
ture presented here is typical for phases obtained from combustion
processes. It should be noted here that the phase obtained was highly

Fig. 6. Magnetic structure of Lag 3Cag ;Feq 7Crg 303.5 at RT.
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crystalline, which is not always the case in combustion processes [45].
The observed porosity may be ascribed to the exothermic reaction
occurring during combustion, which leads to the generation and expul-
sion of gases such as CO3, Ny, and H,O. This in turn leads to the formation
of pores and an increased specific surface area of the material.

This may be regarded a major advance, because in conventional
combustion synthesis a second calcination process is necessary to obtain
crystalline material, whereby the high degree of porosity often disap-
pears or is diminished considerably. The ultra-fast MW synthesis route
developed here allows the fabrication of highly crystalline and phase
pure material, without compromising on the high level of porosity.
Fig. 7b and ¢ shows the microstructure of the sintered pellets using the
direct and hybrid MW-sintering processes, respectively. No significant
differences in the morphology of the samples were detected and the
samples were considered to be sufficiently dense for reliable impedance
spectroscopy measurements.

3.2. Impedance spectroscopy of sintered pellets

Impedance spectra collected from a pellet sintered by the direct MW-
sintering method are presented in Fig. 8 shown in different formats.
Fig. 8a displays the data in the format of the real part of the impedance Z'
vs f, where the open symbols correspond to the data and the solid lines
and full circles represent the curves that were fitted to the data by
applying the equivalent circuit model depicted in Fig. 8b.

The low-f limit shown in Fig. 8a in form of an f-independent plateau
corresponds to the direct current (DC) limit. At low T of 160-180 K, the
two clearly distinct plateaus in Fig. 8a can be assigned to two distinct
dielectric contributions of extrinsic grain boundary (GB) and intrinsic
bulk, as indicated. Due to the high conductivity or low resistivity, the
intrinsic bulk contribution is clearly visible only at low T < 200 K, where
the conduction process is sufficiently slow. The extrinsic GB contribution
is the dominant contribution in terms of the electrical resistivity and,
therefore, dominates the impedance data plotted in the format of Z” vs Z'
in Fig. 6b, which displays one main asymmetric semicircle. The diameter
of the semicircle is a measure of the resistivity of the GBs at the respective
T =160 K, whereas the asymmetry is a manifestation of the occurrence of
in fact two similar and overlapping GB contributions. These two GB
dielectric contributions can only be fitted satisfactorily with two non-
ideal RC elements, where the ideal capacitor had been replaced by a
constant-phase element (CPE) to account for the dielectric non-ideality in
terms of a certain distribution of the dielectric relaxation times 1 [46,47].

The presence of two similar GB dielectric contributions implies that
the extrinsic GBs are dielectrically not uniform, which may well be
explained by the ultra-fast MW synthesis and the direct MW-sintering
processes that both occur far away from thermodynamic equilibrium.
This dielectric inhomogeneity had not been reflected though in the
microstructural characterization of the sintered pellets in section 3.2.
using SEM, and neither in the structural analysis in section 3.1. using
NPD. This suggest that the dielectric inhomogeneity encountered may be
restricted to the extrinsic GB areas, which may be rather thin. The stoi-
chiometric differences between the different GB dielectric contributions
would be restricted to such small areas and may thus not be detectable in
the standard structural data. The microstructural differences between the
two different types of GBS may be small, since no clear difference can be
observed by SEM.

The equivalent circuit model used for impedance spectroscopy data
fitting consists of a total of 3 non-ideal R-CPE elements in series, one for
the bulk and two for the GB contributions, where good agreement be-
tween data and model is indicated in Fig. 8a and b. The resistivity p
values extracted from the equivalent circuit model for the bulk (R1) and
the two GB contributions (R2 & R3) are plotted on a log-scale vs 1/T in
Fig. 6¢, together with a plot of the real part of the impedance log (Z') at 1
Hz vs 1/T, which corresponds to the low-f plateau in the Z’ vs f curves in
Fig. 6a. As mentioned before, this plateau can be interpreted as the DC
resistivity limit and gives thus a reliable picture of the DC resistivity. All
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Fig. 7. SEM micrographs of LCFCr: (a) powder, (b) pellet sintered by the direct MW process, (c) pellet sintered by the hybrid MW process using SiC crucible as a

microwave susceptor.
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Fig. 8. Impedance spectroscopy data for a direct MW-sintered ceramic in the formats of (a) Z' vs f, and (b) Z” vs Z'. The figure inset shows the equivalent circuit model,
(c) log(p) vs 1/T extracted from the equivalent circuit fits, where the continuous lines are guide to the eyes to indicate good linearity, and (d) €' vs f. Open symbols
correspond to the data and solid lines and full symbols represent the curves fitted to the equivalent circuit model.

curves in Fig. 6¢ exhibit reasonable linearity, which indicates semi-
conducting thermally activated charge transport. The bulk resistivity p is
considerably smaller than the GB resistivity, which implies that the GBs
act as barriers for the electronic charge transport. Still, the resistivity is
generally rather low, especially at higher T, and the material may be
regarded sufficiently conducting for potential application as an electrode
in reversible SOFCs. From the slopes of the corresponding Arrhenius plots
of In(p) vs 1/T (not shown here), the activation energies E5 were deter-
mined to be E = 0.24 eV for the bulk and in the range of E = 0.27-0.29
eV for the two GB contributions. The DC resistivity is dominated by the
two GB contributions and exhibits an activation energy of E, = 0.28 eV at
low and intermediate T. At higher T, the two GB contributions cannot be
distinguished and can be fitted with one R-CPE element only (data not
shown), where the log(p) vs 1/T curve would be practically identical with
the DC curve. It is important to note that the DC curve shows clear
transitional features near 320 K and displays a higher activation energy
of E5 = 0.41 eV above ~320 K. This obvious transition at ~ 320 K may
well be correlated with the magnetic transition observed in the NPD data
at ~ 300 K.

The two distinct GB contributions can be identified most clearly by
plotting the data in the format of the real part of the dielectric

permittivity € vs f in Fig. 8d. At low and intermediate f, two distinct
permittivity plateaus can be identified, which can be associated with the
two GB contributions. The rather high ¢’ values of the two plateaus allow
the association of these contributions to an extrinsic origin, typical for GB
dielectric contributions [46,48]. The bulk dielectric contribution cannot
be resolved, because the ¢’ vs f curve does not fully relax towards the bulk
permittivity plateau as a result of the high-f experimental limit of the
impedance spectroscopy technique. In a rather crude extrapolation the
bulk permittivity may be expected to be in the range of roughly ¢’ ~ 40.

Fig. 9a—d shows the equivalent data and fitted curves as in Fig. 8 but
for a pellet that was MW-sintered by the hybrid method using SiC cru-
cibles. Fig. 9a shows the plateau features of the DC limit at low f and the
presence of two distinct dielectric contributions of bulk and GBs,
equivalent to the pellet sintered by the direct sintering method.

The equivalent circuit applied was identical, and again, good agree-
ment was displayed between data and the fitted curves shown in Fig. 9b.
The main GB semicircle displayed in plots of Z” vs Z' in Fig. 9b is slightly
less asymmetric, which implies that the two GB contributions show rather
similar time constants t here, and the GB properties are dielectrically more
homogeneous. The plots of log(p) vs 1/T in Fig. 9c display a slightly lower
bulk activation energy Ep = 0.22 eV, and slightly lower GB activation
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Fig. 9. Electrical impedance spectroscopy (EIS) data for a pellet that was treated by Hybrid Sintering in SiC crucibles. The data are displayed in the formats of (a) Z' vs
f, (b) Z" vs Z', the figure inset shows the equivalent circuit model, (c) log(p) vs 1/T extracted from the equivalent circuit fits, where the continuous lines are guide to
the eyes to indicate good linearity, and (d) €' vs f. Open symbols correspond to the data and solid lines and full symbols to the equivalent circuit fitted curves.

energies in the range of Ex = 0.26-0.27 eV. The transition at ~ 320 K is less
pronounced in the hybrid sintered pellet, where the DC activation energy
Ex = 0.35 eV at high T'is considerably lower here as compared to the direct
MW-sintered pellet. The transition is more difficult to detect in the hybrid
MW-sintered pellet and may in fact be less abrupt or more gradual. The two
GB plateaus in the €' vs f plots in Fig. 9d are less clearly pronounced as in
Fig. 8d, confirming the dielectrically more homogeneous GB properties in
the hybrid MW-sintered sample.

In a nutshell, although SEM micrographs and densities were very
similar for both types of MW-sintered samples, perceptible differences in
the dielectric properties were detected by impedance spectroscopy. The
hybrid MW-heating might improve the temperature homogeneity across
the pellet during sintering, and, therefore, the dielectric properties of the
pellet would be more homogeneous.

4. Conclusions

Perovskite Lag3CagyFeg7Crg3035 powder was synthesized by an
ultra-fast one-step MW-assisted combustion process, offering massive
time and energy savings. Pressed pellets were sintered by MW-assisted
techniques. The temperature dependent powder NPD data revealed an
orthorhombic Pnma to rhombohedral R3c phase transition upon heating,
starting at ~ 500 °C. The oxygen content decreases from 8 = 0.272(7) at
RT to & = 0.333(5) at 900 °C. The magnetic structure of the sample was
resolved at RT, showing 3-dimensional G-type antiferromagnetism.
Impedance spectroscopy revealed two different grain boundary type (GB)
dielectric contributions in the direct MW-sintered sample, where such
inhomogeneity may be restricted to thin GB areas since it was not
detectable in the standard structural and microstructural data. The
occurrence of this dielectric inhomogeneity may still be regarded a
confirmation that MW-heating processes occur far away from thermo-
dynamic equilibrium that can lead to dielectric inhomogeneity. The two
GB dielectric contributions were found to be more similar for hybrid MW-
sintered ceramics.
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