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Abstract
In this study, the synthesis of Lag.75S10.25Cro4MngsRuo.103.5 a (LSCo4MRuo.1) compound is

presented and its total conductivity is measured and compared with that of
Lao.75Sr0.25Cro.sMno sO3.5 (LSCM) and the Ni-substituted compound
Lao 75S10.25Cro sMno 3Nip203.5 (LSCMy3Nip2). While the substitution of Ni decreased LSCM
conductivity under a reducing atmosphere, an increase of the total conductivity of Ru
substituted phase is evidenced. The reduction of Ni and Ru-substituted LSCM under Ar/H»
5% up to 800 °C or 1000 °C respectively leads to the exsolution of nanoparticles, but also to a
slight decomposition for the Ru-substituted compound. However, the use of these reduced
materials as anode for solid oxide fuel cell (SOFC) in symmetrical cells based on
Ce0.9Gdo.101.95 (CGO) electrolyte implies not reducing the total system at a temperature higher
than 600 °C to avoid ceria reduction. The solution consists of pre-reducing the electrode
materials at their exsolution temperature before casting them on CGO thin disk. Under
reductive atmospheres, Electrochemical impedance spectroscopy study of symmetrical cells
suggests that the exsolution approach improves the adsorption of gaseous species compared to
LSCM. LSCosMRuo.1 symmetrical cell exhibits the lowest polarization resistance, 0.087
Q.cm? under Ar/Hz (5%) and 0.044 Q.cm? under methane at 600 °C.
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1. Introduction

The development of Solid Oxide Fuel Cells (SOFC) to intermediate operating temperatures
(500-700 °C) brings the scientific community to develop new concepts to keep the good
performance of the devices [1-6]. It is particularly important to develop electrodes with
increased activity towards oxygen reduction and fuel oxidation at these temperatures.
Moreover, one of the main interests of SOFC is the direct use of carbonated fuels, thus
leading to the development of Mixed Ionic and Electronic Conductors (MIEC) anode to
replace the composite ones containing nickel. Indeed, the presence of a O»- mobility in the
electrode material can be useful against coking and for direct hydrocarbon oxidation [7-11].

Electrochemical characteristics of ceramic electrodes can be enhanced by the addition of
metallic (e.g. Nickel or Ruthenium) nanoparticles at the surface of the material [12-14]. It has
also been proved useful to limit the coking effect due to hydrocarbon cracking when using
carbonated fuels [15,16]. It is possible to add these particles as a second phase with processes
such as impregnation of a metallic salt in the porous electrode structure. This process is usual
in the field of reforming catalysis [12,17]. However, this method can lead to compositional
inhomogeneities and particle coarsening [18]. Another way to obtain these nanoparticles is to
substitute the metallic oxide in the ceramic phase and to induce the precipitation upon
reduction. This technique, named exsolution, is known for several years in the field of SOFC,
and has already been explored by substituting Ni or Ru in Lag.8Sro2CrOs-s (LSC) for example
[19,20]. Recent papers have shown that this phenomenon is related to the stoichiometry of the
different elements in the ceramic phase [21] and that it is observed not only on the surface but
also in the bulk of the phase [22] and is potentially reversible [22,23]. The exsolved particles
show a strong interaction with the support, which can lead to better stability [24], but also to a
deactivation of the particles [25]. Moreover, it is often neglected that the supporting phase
must retain its properties after metal departure from the bulk for certain applications such as
SOFC. The lanthanum strontium chromo-manganite Lag.75510.25Cr0.5sMnos503.5 (LSCM) was
reported to be a promising anode material to replace Ni-YSZ cermet, demonstrating both
good performances as a catalytic material for H, and CH4 oxidation and redox stability in low
steam to hydrocarbon ratios [26,27]. It is also considered as an efficient cathode material with
performances comparable to several optimized LSM cathodes at temperatures as low as

650°C [28].



In IMN Iab, we have reported the substitution of Mn or Cr by Ni in LSCM, leading to new
phases exhibiting a dispersion of Ni nanoparticles at the surface of the crystallites after
reduction, and improved catalytic activity [29]. In continuation of this work, the same
approach has been considered with the substitution of Ru on the B-site of LSCM. Ru is
explored as an alternative to Ni since it is less subject to sintering and coking [16]. This work
will focus on the new Lag75Sr0.25Cr04MnosRug.103-5 (LSCo4MRuo.1) compound. First, the
synthesis, structure and transport properties will be presented and compared to that of LSCM
and Lao.75510.25Cro.5sMno3Nig203-5 (LSCMo3Nio2). Since these properties are linked to the
oxidation states of the element, XPS analysis is also reported. The reduction of Ni- and Ru-
substituted LSCM compounds are studied by in situ XRD and post-treatment scanning
electron microscopy (SEM), putting emphasis on the exsolution process. An original way of
fabricating CGO supported symmetrical cells was proposed which consisted of using pre-
exsolved materials, in order to never expose CGO to temperature higher than 600 °C under
reducing atmosphere. This fabrication process not only solves the phase deterioration problem
of LSCo4MRuo.; during exsolution but also might be considered as an original process to
obtain nanostructured composites for electrodes with well-dispersed catalysts. We show that
this process allows making high performance anodes without the need for using a treatment
susceptible to reduce the ceria electrolyte.

In order to evaluate the applicability of such phases as fuel electrode in SOFC or Solid Oxide
Electrolyzer Cells (SOEC), this paper ends with the evaluation of the polarization resistance
(Rp) of these cells under Ar/H> 5% and CHa, allowing us to discuss the interest of exsolution

and the difference between Ni- and Ru-substituted compounds.

2. Experimental
Metal nitrates La(NO3)3-9H20, Sr(NOs)2, Cr(NO3)3-9H>O, Mn(NO3)2-4H2O and
Ru(NO)(NO3)3 (Ru 1.5% w/v) purchased from Alfa Aesar (Purity> 99.0%) were used as
received. LSCo4MRuo.1 powders were synthesized by combustion method, using citric acid as
complexing agent and fuel. The metal nitrates were mixed with citric acid in ultrapure water.
After evaporation, a gel is obtained and a combustion occurred. The resulting ashes were
calcined at 800 °C during 2 hours, milled and then heat treated at 1000 °C for 12 hours to
complete the reaction. For conductivity measurements, dense samples have realized using the

raw powders, pressed into pellets and fired at 1450 °C during 60 hours.



CGO fine powder (crystallites <60 nm) was also synthesized by a self-combustion method
using citric acid as fuel. Ce(NO3)3-4H>0 and Gd(NOs)3-4H>0 (Alfa Aesar, > 99%) were used
as precursors. After evaporation and combustion, the precursor obtained was calcinated at 800
°C and ball milled at 500 rpm during 24 h. It was possible to obtain dense cylindrical pellets
after sintering this powder at 1550 °C during 5 h.

XRD data were obtained using a Bruker “D8 Advance” powder diffractometer operating in
Bragg-Brentano geometry with a Cu anode X-ray source, a focusing Ge(111) primary
monochromator (selecting the Cu Kqi radiation) and a 1-D position-sensitive “Vantec”
detector. The experimental data were treated using the FullProf program [30] and its graphical
interface WinPLOTR.

High temperature X-ray diffraction (HTXRD) patterns were collected using a D8 Bruker
diffractometer equipped with an Anton Paar XRK 900 Reactor Chamber and a Vantec] linear
detector, with the Cu Ka radiation (A = 1.54056 A) and 20 varying from 20 to 90° by steps of
0.0146° and 0.4s counting time per step. Each pattern was collected in 30 min. Measurements
were carried out between room temperature and 800°C every 50 °C, under wet air, dry and
wet Ha flow on heating and cooling with a rate of 720 °C h™! between each temperature step.
For each temperature, the measurements were performed for 2 to 6 h to reach thermodynamic
equilibrium (4 to 12 X-ray patterns per temperature, respectively). Gas humidification was
performed by passing the gases through the water at room temperature.

Total conductivity measurements (4-probe DC) were carried out in a quartz tube heated in a
tubular oven, on dense bars (compacity > 90%) cut from pellets, over which Au electrodes
were deposited. Measurements were carried every 50 °C upon cooling at 50 °C h™! between
850 °C and 200 °C, under air and wet Ar/H> (5%).

The ionic conductivity has been evaluated by two electrode DC measurements with an
electron-blocking microelectrode, with the method and setup described by Zipprich and
Wiemhofer [31]. 8YSZ microelectrode has been fabricated from a Tosoh© TZ-8Y powder,
and sealed at the surface of a 1.5 mm thick, 8 mm wide pellet. Pt was painted at each
extremity of the system (Fig. 1a). Assuming no ohmic loss in the sample due to its electronic

conduction, the oxygen partial pressure at the surface of the micro-contact (P,°) is imposed

by the applied voltage according to the Nernst equation:

RT , Po,
U=—In=2%
aF P

ey

where Py is the oxygen partial pressure at the Pt electrode deposited at YSZ surface (Fig. 1a).



The ionic conductivity (o 2- (sz‘c)) has been calculated in the hypothesis of a hemispherical

contact according to the equation (2):

1 dl
In— (2)

do2-(Pg,") = 5 —In—v

where a is the radius of the microelectrode of YSZ (50 pm).

XPS measurements were obtained with a Kratos AXIS Ultra spectrometer with a
monochromatic Al Ko X-ray source (1486.6 eV), operating at 150 W. Quantification was
performed using CasaXPS (CasaXPS © 2005 Casa Software Ltd) from the photoelectron
peak areas using Shirley background subtraction. Spectra were calibrated in binding energy
with C 1s assumed to be at 284.8 eV. The base pressure in the analysis chamber was 10® Pa
and the analyzed area was 700 x 300 pm?. The hemispherical analyzer was used in Constant
Analyzer Energy (CAE) mode for all spectra. The analysis of the 3s core level zone of
manganese was carried out with a pass energy (Ep) of 20 eV, while that of the 3p core level

Ru was 40 eV.

Transmission Electron Microscopy (TEM) study was carried out with a Hitachi H90O0ONAR
electron microscope, operating at 300 kV equipped with an energy dispersive X-ray (EDX)
analyzer. The compounds were gently ground in ethanol and microcrystals were deposited on
a holed carbon film supported by a copper grid. Scanning Electron Microscopy (SEM) was
performed on a JEOL 7600 at low voltage.

EIS data were collected using a Solartron 1260 frequency response analyzer. The symmetrical
cells were held between two golden disks in a tubular oven. The impedance spectra were
recorded over a frequency range 10°-102 Hz with 10 points per decade under open circuit
conditions and wet (p(H20) = 0.025 atm) reducing atmosphere (Ar/Hz 5%) between 350 and
600 °C, every 50 °C. Two hours of stabilization time was considered between each

temperature step. Impedance data was analyzed using Zview® software.
3. Results and discussion

3.1. Structural and transport properties of LSCo.4sMRuo.1



LSCosMRug.1 powder was synthesized by combustion method. EDX analysis gives the
composition Lao.765r0.24Cro.40Mno.s1Ru0.00103-5, very close to the expected stoichiometry, and
phase adopts a rhombohedral structure (space group R3c (167), Fig. 1b), corresponding to the
literature [25]. The reliability factors (¥2, Rp, Rwp) of the refinement using the software
Fullprof are 2.25, 8.03 and 11.9, respectively. Refined cell parameters, a= 5.4751(2) A, a=
60.609(6)° and V = 117.57(1) A3, are slightly bigger than the previously reported values for
LSCM: a = 5.4562(3) A a= 60.440(9)°, V =116.00(4) A3 [26]. This can be explained by the
bigger size of Ru (IV) cation (0.62 A) compared to Cr (0.615 A) [32], suggesting the efficient
substitution of Cr by Ru. Pellets with high density (> 95%) have been obtained after sintering
at 1450 °C for 60 h.

The electrical conductivity of the Ru-substituted phase has been measured by 4 points DC on
dense bars cut from pellets. The results are represented in Fig. 2 and compared to LSCM and
LSCMy3Nip2 [29]. Under air at 600 °C, the total conductivity of LSCo4MRug 1 is 14.5 S.cm™,
nearly three times higher than that of LSCM and LSCMo3Nio2 (Fig. 2a). Under reducing
atmosphere, the conductivity level of the considered compositions decreases, down to 2.2
S.cm™! for LSCp4MRuo 1, and around 0.1 S.cm™' for LSCM or LSCMy3Nio2 (Fig. 2b). These
values and their variations along with the atmosphere are in agreement with previous results
obtained for LSCM [27,33]. Our results suggest that Ru-doping at least favors a higher
conductivity. The activation energies calculated for the conductivity of LSCo4MRuo.1 under
air and wet Ar/Hz (5%) range between 0.22 and 0.30 eV (Fig. S1). Since LSCo4MRuy,; total
conductivity decreases with p(Oz) and that LSCM is a p-type conductor [33], it is fairly
believable that electron holes are also the predominant charge carriers in LSCo4MRuo.1. In all
cases, the low Ea corresponds to that of materials with a high electron transport number, since
ion diffusion migration energy is most often much higher (close to 0.5 eV for protons,
between 0.6 and 1 eV for oxygen anions). This hypothesis is supported by the fact that low
ionic transport number, typically 10#-10°, have been measured for LSCM [33].

To evaluate this assessment, the oxide ion conductivity (g 2-) level of LSCo4MRuo.1 has been
evaluated by two electrodes DC measurements with an electron-blocking microelectrode. Fig.
2¢ presents the oxide ion conductivity of LSCo4MRuo.1 as function of the oxygen activity at
the microcontact. g ,2- reaches a maximum of 4 10° S.cm™ at 600 °C or 700 °C and increases
when the oxygen activity decreases. This could correspond to the creation of oxygen

vacancies in the material structure during its reduction, increasing the charge carrier



concentration. At 600 °C, the small oxide ion transport number t, .-~ 10, confirms that

02-
LSCo4MRuy,; is mostly electronic conductor at these temperatures.

The binding energy of the Mn 3s and Ru 3p32 core level of Ru’, RuO2, LSCM, LSCosMRuo
(in oxidized and reduced states), were measured by XPS in order to gain insight on the
electric properties of the phase. They are presented in Fig. 3, while the values obtained are
resumed in Table 1. Mn valence has been calculated from the 3s exchange-splitting (AE5)

using a formula described in the literature [34]:

Uyn = 9.67 — 1.27AE5, 3)

The 3ps3.2 core level of Ru in LSCo4MRug 1 in its oxidized state is higher than that in RuOx.
Thus, its valence seems to be higher than 4. Mn valence in LSCo4MRuo is lower than in
LSCM. This indicates that the aliovalent substitution of Cr by Ru in these compounds seems
to be compensated by the reduction of Mn** to Mn?*. Under air, assuming that Mn and Ru are
both able to be present at different oxidation state in the material (vma>3) and not Cr, which
retains strongly its six-fold coordination [26], it is possible to explain the increase in total
conductivity when Cr is substituted by an increase of the potential charge carriers
concentration.

Under Ar/Hz (5%), Mn valence in LSCo.4MRuo.1 decreases to reach approximatively 3. The
total conductivity increase along with the Ru substitution seems to indicate that this element is
still present in different oxidation state though the displacement of the 3p3, core level of Ru

measured by XPS suggest that this element is fairly reduced.

3.2. Characterization of LSCMo.3Nio.2 and LSCo.4sMRuo.1 reduction process

Thermal treatment at 800 °C in Ar/Hz (5%) during 4DC measurements did not lead to the
breaking of LSCMo3Nip2 and LSCosMRuo.1 dense pellets and the measurement of their
conduction properties does not reveal any decomposition of the material. Nevertheless, our
previous experience shows that Ni-substituted powders could present exsolution in reducing
atmosphere at temperatures close to 800 °C. We thus decided to explore the reduction process
of LSCMy.3Nip2 and LSCop4MRug.1 powders. Ideally, the aim was to obtain exsolved particles
without deterioration of the bulk structure, since electrocatalytic properties are linked to the

kinetics of charge carriers’ extraction and thus electric properties.



The reduction of LSCMy3Nio. at 800 °C during 12 h under Ar/H> (5%) induces a structural
transition from a rhombohedral R3c symmetry to a cubic Pm3cm one (Fig. 4a). HTXRD
experiments under No/H> (5%) indicate that the structural transformation occurs around 300
°C (Fig. 4b), though it does not imply that metallic Ni exsolves at this temperature. Indeed, Ni
nanoparticles are observed at the surface of the grains after reduction at 800°C or above (Fig.
4c) [29]. This partial exsolution of nickel in the form of NiO is confirmed by TEM and SEM
(Fig. 4d). EDX analysis are used to confirm the composition of the particles observed at the
surface of the grains (inset, Fig. 4d).

The results of the Rietveld refinements carried out for LSCM 0.3Ni(.2 are presented in the
Fig. S2 and the crystallographic characteristics gathered in the table S1.

Refinement of the cation and oxygen occupancy factors gives the composition
Lao.79S10.21Cro.48Mno.32Nip2103, close to the nominal composition. A lower amount of nickel
was observed in the reduced phase (0.17) compared to the oxidized phase (0.21). 0.04 mol /
mole of Ni** or 19% of the nickel present in the phase is reduced to NiO which is exsolved at
the surface.

It can be noted that the reduction of the compound induces an increase in the cell volume. The
increase in volume is due to the change from a strongly distorted rhombohedral structure to a
regular cubic structure. The Bis, of the elements in the reduced phase are higher than those
observed for the oxidized phase, especially in the case of oxygen (3.29 A? for the reduced
phase against 0.73 A? for the oxidized phase). These results can be compared to those
obtained by Tao and Irvine for LSCM (La0.75Sr0.25Cr0.5Mn0.503-8) [36] and displacement
factors for oxygen Biso = 0.82 A for the oxidized phase and Biso = 3.60 A? for the reduced
phase.

Concerning LSCo4MRuy. 1, the thermal treatment of the powder under Ar/H> (5%) induces the
same structural transition from R3c to Pm3cm, but HTXRD experiments indicated that this
transition occurs at 800 °C, a much higher temperature than for LSCMo3Nip> (Fig. 5a).
However, reducing the compound at even 900 °C during 12 h is not sufficient to induce the
exsolution of metallic particles on the surface.

Several attempts to observe exsolved particles on LSCo4MRuo.1 have been made at different
temperatures from 800 °C to 1000 °C (Fig. 5b). LSCo.4MRuo.1 has to be reduced at 1000 °C to
observe a dispersion of Ru particles at the surface of the grains as shown by TEM and SEM
images of the surface (Fig. 5c,d).

Together with the exsolution, a slight decomposition of the structure happens, and a

(La,Sr)>(Mn,Cr,Ru)O4 Ruddlesden-Popper type phase is observed by XRD. This phenomenon



is related to the role of non-stoichiometry for the exsolution process mentioned in the work
done by J.T.S. Irvine group [21]. A-site non-stoichiometry would have been useful to exsolve
Ru without damaging the bulk structure. Furthermore, Ru atom or cation is bigger than Ni,

making it harder to diffuse out of the phase.

3.3. Preparation and electrochemical tests in symmetrical cells of Ni- and Ru-doped
LSCM anodes

The fabrication and EIS study of symmetrical cells is a process that implies heat treatments
and exposition in different atmospheres, which may provoke some phase transformation and
degradation. In order to study Ru-doped LSCM compounds with exsoluted phases, we have
had to adapt the fabrication process to avoid exposing the CGO electrolyte at 1000 °C under
hydrogen atmosphere. Our objective was to propose a fabrication process as close as possible
to the one for a complete cell. In this case, the reduction of CGO electrolyte has to be avoided
to keep the integrity of the whole cell.

Cylindrical pellets of CGO have been sliced into 200-300 pum thick electrolytes with the help
of a diamond string saw. No polishing was necessary. The electrode materials were then
deposited by screen-printing. These materials were pre-exsolved powders for LSCMy3Nip.2
and LSCo4MRuo.1, meaning that they were treated under Ar/Hz (5%) at 800 °C and 1000 °C
respectively before being deposited. After sintering at 1150 °C, the electrode thickness was 20
um, on top of which 10 um of metallic Ni was screed-printed and sintered at 700 °C under N».
Following this approach, 3 different Ni/MIEC//CGO//MIEC/Ni symmetrical cells (MIEC :
LSCM, LSCp.4sMRug.; or LSCMj.3Nip2) were obtained and thoroughly studied by EIS between
350 and 600 °C under wet Ar/Hz (5%) (anodic conditions) in order to evaluate the influence
of the metal chosen for the ex-solution approach.

In order to evaluate the influence of the cell fabrication and EIS study on LSCMy3Nio> and
LSCo4MRug.1, powders of these two exsolved materials were submitted to the same
conditions in atmosphere controlled ovens and studied in XRD at each different step. The
results are presented in Fig. 6.

While the first firing at 1150 °C induces a transition back to a rhombohedral symmetry, the
reduction at 600 °C that corresponds to the conditions of the characterization induces the
transition back into a cubic symmetry without observing the Ruddlesden-Popper phase.
However, Ru particles were still observable at the surface of the electrode material after EIS

experiments as will be shown thereafter. This allows us to discuss the properties of the



LSCo4MRuy,; electrode with the light of the measurements previously presented in this study.
It is also another proof of the complexity of the reversibility of the exsolution process. We use
in this study the fact that we do not completely re-oxidize the phase material during the firing
of the electrode.

The Nyquist plot at 600 °C of the three symmetrical cells are shown in Fig. 7, along with the
equivalent circuit used to fit the impedance spectra, and subtracted from Rs.

Rp; and CPE; are ohmic resistance and constant phase element of the phenomenon i. The (R-
CPE): and (R-CPE); corresponds to the medium frequency arc (2300-3900 Hz) and the lower
frequency arc (500-1300 Hz) respectively. The fit obtained with this model is in good
agreement with experimental data for the 3 different cells at 600 °C under wet Ar/H». Refined
parameters, resistance, capacity and frequency are listed in Table 2.

Considering the characteristic frequencies of the two arcs, we assume that (R-CPE); is
associated to the charge transfer at the reactional interfaces, while (R-CPE); is attributed to
gas adsorption. The polarization resistance Rp mentioned afterwards is the sum of these
processes, as an arc associable to gas diffusion is not always observable and will not allow the
comparison of the results. The smallest Rp is observed for LSCo4MRuo (0.087 Q.cm?) while
those of LSCM and LSCMy 3Nio are equivalent (0.2 Q.cm?). However, the low frequency arc
resistance is smaller for LSCMo3Nio> and LSCosMRuo.1 (Rp2 = 0.049 and 0.098 Q.cm?,
respectively) than for LSCM (Rp> = 0.127 Q.cm?). Therefore, the exsolution process of Ni
and Ru particles seems to influence gas adsorption.

Indeed, nanoparticles are observable on postmortem SEM images. Images of the cross-section
of the NI/LSCM//CGO//LSCM/Ni cell, along with the different cell’s electrode, after EIS
experiments, are shown in Fig. 8. The dense electrolyte is 200-300 pm thick and the porous
electrode is composed of 20 pm of MIEC and <10 um of Ni’. The interface between the
electrode material and the electrolyte is correct, whereas the nickel current collector seems to
be inconsistently connected at the top of the electrode layer. This can be related to the low
sintering temperature used to attach the current collector and the post-mortem breaking of the
cell necessary for obtaining such images. The electrode microstructure is porous and it is
possible to observe Ni and Ru particles at the surface of LSCMy3Nio2 and LSCo4Ruo.1 grains,
respectively.

Concerning EIS results, the slightly higher value of Rp; observed for LSCMy3Nip2 (> LSCM
> LSCo.4MRuy.1) can realistically be associated with the lower conductivity level of this phase
in this environment (Fig. 2). The lower polarization resistances observed for the Ru-

substituted material compared to that of the Ni-substituted one can be associated with a better



conductivity and gas adsorption due to the Ru-substituted bulk and nanoparticle properties.
The Rp values of every cell evolve in a similar way with temperature (Fig. S3), following the
Arrhenius law with an activation energy of 1.36-1.39 eV.

The Rp measured are low compared to those usually found for LSCM alone in the literature
[26,37]. For example, Rath et al. [38] found a polarization resistance of 0.247 Q.cm? under
pure H> at 800 °C for symmetrical cells while using lanthanum doped ceria as electrolyte
material but low frequency phenomena such as diffusion seem to be limiting their
performances meaning that our electrode microstructure seems to be better. Table 4 presents
the typical reported polarization resistance of A-site and B-site doped LSCM, STFN and LSC

anode materials.

3.4. Electrochemical tests in symmetrical cells under wet CH4

To evaluate the interest of the substituted materials as MIEC anode material and the influence
of the exsolved metal under methane, LSCo4sMRuo.1 and LSCMy3Nig2-based symmetrical
cells (Differing from those presented before because a gold mesh was used as current
collector) have been studied by EIS at 600 °C under wet CH4. Nyquist plots were fitted using
the model as above. The calculated data are in good agreement with experimental data for the
two cells (Fig. 9). Refined parameters, resistance, capacity and frequency are listed in Table 3.
At 600 °C under pure CHs4, symmetrical cells present Rp values lower than under Ar/H> (5%),
which can be the consequence of using a pure gas instead of diluted hydrogen. The
LSCo4MRug i-based cell presents the smallest Rp (0.044 Q.cm?), once again due to a smaller
Rpi and Rpo. It is interesting to observe that the ratio Rp2/ Rp: increases for LSCMjo3Nio.2-
based symmetrical cell whereas it decreases for LSCo4MRug.1-based one. Consequently, the
resistance to gas adsorption decreased even more for this cell. This is in agreement with the
reported good catalytic activity of Ru towards CH4 [45]. Labhsetwar et al. [46] confirms the
high thermal stability of Ruthenium when incorporated in perovskite type structure for high

temperature applications like methane combustion.

Conclusion



The electrode material LSCM has been successfully substituted with Ru on the B-site of the
perovskite, in order to obtain a SOFC anode material with improved catalytic properties
towards fuel oxidation. The new compound LSCosMRuo.1, presents a dispersion of Ru
particles on the surface of its grain after reduction at 1000 °C, indicating partial exsolution of
Ru from the phase, along with a slight deterioration. This is a significant difference with the
reduction of LSCMy3Nip2, a material previously developed with the same approach, which
exsolves Ni® upon reduction at 800 °C. The total conductivity of LSCo4sMRuo; is mainly
electronic and is much higher than that of LSCMjy3Nip> and LSCM. An original way of
fabricating CGO supported symmetrical cells was proposed based on the partial irreversibility
of the reduction process. EIS study shows that the exsolution approach improves the
adsorption of gaseous species compared to LSCM. The symmetrical cell with LSCo4MRuo.1
as anode material exhibits an Rp as low as 0.087 Q.cm? at 600 °C. Under methane, the
comparison of the proportion of the different contributions to the polarization resistance
seems to point towards a better behavior of LSCo.4sMRuo.1 towards oxidation of CH4 compared
to LSCMy3Nio.. Finally, it is important to state that it is difficult to compare phases with
exsolved particles with the phases from which they are issued since the substitution of

metallic oxide also changes the intrinsic properties of the phase.
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Table captions

Table 1: Results of XPS experiments: Ru 3ps» and Mn 3s energy splitting of the different
materials studied and some literature references, along with the corresponding
valence calculated with eq. (1).

Table 2: Calculated values of the Rp and its different contributions at 600 °C under wet Ar/H>
(5%), obtained from fitting the impedance with the equivalent circuit proposed.

Table 3: Calculated values of the Rp and its different contributions under methane at 600 °C,
obtained from fitting the impedance with the equivalent circuit proposed.

Table 4: typical reported polarization resistance of A-site and B-site doped LSCM, STEFN and

LSC anode materials.

Figure Captions

Fig. 1: (a) Representation of the O> conductivity setup using an electron-blocking
microelectrode. (b) Refined XRD pattern of LSCo4MRuo.1 obtained by combustion
method and calcined at 1000 °C/12h. Difference between the observed () and
calculated profiles (solid lines) is plotted at the bottom in blue. Green ticks indicate
the position of the calculated Bragg reflections.

Fig. 2: Evolution of the total conductivity of LSCo4MRuo.1, LSCM3Nip> and LSCM upon
cooling at 50 °C h'! under (a) dry air and (b) wet Ar/Ha (5%), (c) O* ionic
conductivity of LSCp4MRug.; as function of oxygen activity at the surface of the
microcontact at different temperatures.

Fig. 3: Background-substracted XPS spectra of (a) Ru 3ps» core level and (b) Mn 3s core
level of different compounds.

Fig. 4: (a) XRD patterns of LSCMy3Nio., before and after reduction at 800 °C under Ar/H>
(5%) (b) Structural transition and evolution of the cell parameters of LSCMjy3Nio.
with the temperature under N2/H» (5%), heating to 750 °C and cooling down to room

T °C, with the deviation to the cubicity. (c) SEM and (d) TEM image of the surface



Fig. 5:

Fig. 6:

Fig. 7:

Fig. 8:

Fig. 9:

of LSCMy3Nip 2 reduced under Ar/Hz (5%) for 12h.

(a) Evolution of the cell parameters of LSCMo3Nip> with the temperature, with the
deviation to the cubicity (b) XRD patterns of LSCosMRuo.1, before and after
reduction at different temperatures under Ar/Hz (5%) (¢) TEM and (d) SEM images
of the surface of LSCo.4MRuy, after reduction at 1000 °C/12h.

XRD pattern of LSCo4MRuo.1 after each step of the thermal treatment used in the
fabrication of symmetrical cells.

Nyquist plot of the impedance obtained at 600 °C under wet Ar/H> (5%) for (a)
LSCM-, (b) LSCo4MRuo.1- and (c) LSCMo3Nio2-based symmetrical cell, fitted with
the equivalent circuit (d) proposed and subtracted from R;.

(a) Cross sectional SEM image of a Ni/LSCM//CGO//LSCM/Ni symmetrical cell
along with details of the cells electrodes based on (b,c) LSCM (d,e) LSCo4Ruo.1 (f,2)
LSCMoy3Nio. after EIS measurements.

Nyquist plot of the impedance obtained at 600 °C under wet pure CH4 for (a)
LSCosMRug - and (b) LSCMopsNipz-based symmetrical cell, fitted with the

equivalent circuit proposed in Fig. 7d and subtracted from R;.



Table 1

AE5g Vi Compound Ru 3ps2 (eV)
4.8 3.6 LSCM
4.9 3.4 LSCo4MRuy.1 as prepared 464.8
5.4 2.8 LSCo.4MRuy 1 red. at 800°C 462.1
5.3 2.9 Mn;03
RuO> (This work) 463.7
RuO: (literature) [26] 462.3- 463.2
Ru’ (This work) 461.46
Table 2
. Gelec Rp fi Ci Rp; f C, Rp:
Material ¢ nl) (@em2) (Hz) (Fem?) (Qem?) (Hz) (Fem?)  (Qem?)
LSCM 2,6.102  020(1) 3000 3.7.10% 0.072(7) 447 1.4.10° 0.127(7)
LSCo.sMRuy.1 2.4.102  0.087(4) 2287 1.1.10° 0.038(2) 666 2.9.10° 0.049(2)
LSCMy.3Nip.» 2.8.102  0.20(1) 3862 2.0.10° 0.105(5) 1348 6.0.10* 0.098(5)
Table 3
Electrode Gelec Rp fi Rp; f Rp>
Material (S.em™?)  (Q.em?)  (Hz) Cir(®) (Q.cm?)  (Hz) G (F) (Q.cm?)
LSCMosNio2  5.24.10°  0.124(6) 31850 9.10.10° 0.055(3) 1804 1.28.103 0.069(3)
LSCosMRuo;  2.46.102% 0.044(2) 30863 2.09.10* 0.023(1) 6166 1.23.103 0.021(1)




Table 4

Composition T(C) Rp (Qcm?) Oxidant Electrolyte Ref
LSCMy3Nio. 600 0.087 Ar/H> (5%) CGO this work
LSC0.4MRu0.1 600 0.044 CH,4 CGO this work

Ce-LSCM 800 0.11 H>-3% H>0 YSZ 7
Ba-LSCM 800 5 H>-3% H>O YSZ 39
Bi-LSCM 800 1.04 wet 5% Hr-Ar LSGM 40
Ga-LSCM 850 0.69 wet 5% H, YSZ 41
Cu-LSCM 900 0.38 wet 5% Hr-Ar YSZ 8
CGO20-Ni 650 0.12 wet Ha- No YSZ 42
Sro_gs(Tio_3F60_53Nio_o7)03_5 800 0.21 3% HzO/HzAr LSGM 43
Lao,6Sro_4CoO3 750 0.53 wet 5% Hz—Ar YSZ 44
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