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Abstract

Single-phased l@aSnCo1,Fg§035 (y = 0.2, 0.5, 0.8) nanorods exhibiting the
rhombohedral perovskite-type phase were synthesiyexdpore-wetting technique. We
studied their chemical composition, crystal ancctetsic structures, morphology and
hyperfine properties as a function of the Co/Feteanof the samples. Our results
demonstrate that Co cations exhibit a slightly Ioweidation state than Fe ones,
resulting in a higher oxygen non-stoichiomedryor Co-rich samples. In addition, the
values ofd determined in this work for nanostructured sampless much higher than
those reported in the literature for bulk materidlbis can be attributed to the high
degree of defects in nanomaterials and is probabk important factor in the high
electrochemical performance for the oxygen reductieaction of nanostructured
Lay 6S10.4C01yF803.5 IT-SOFC cathodes, which have been reported ire@iqus work.
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1. Introduction

Fuel cells are one of the most promising devicesfivironmentally clean energy
production by directly converting chemical energtoielectricity. Among them, solid-
oxide fuel cells (SOFCs) have the unique capabiiityuse different fuels such as
hydrocarbons or hydrogen. However, several isswa® ho be solved in order to
improve their efficiency and reduce their costs.e Tieduction of their operating
temperature, which is typically around 900-1000%€,0ne of the most important
concerns. For this reason, extensive research bas bevoted to develop novel
materials for intermediate temperature SOFCs (IFS€). In the case of the cathode,
the use of mixed ionic and electronic conductor$E@k) is usually preferred, because
the oxygen reduction reaction (ORR) can take pédbe entire surface of the cathode,
while in conventional electronic conductors it ollgcurs in the triple phase boundary
between oxygen, electrolyte and cathode. In paaticu & ¢St 4C01.yF80s; (LSCF)
perovskites have shown excellent electrocatalyoperties for the ORR.

In the last years, extensive research has beenatevo study the structural and
electrochemical properties of nanostructured MIE&s cathodes for IT-SOFCs
[1,2,3,4,5,6,7,8]. These materials are very intergdecause the number of active sites
for the ORR is expected to increase dramaticallg thuthe increase of the specific
surface area. Accordingly, in a recent work, weestigated the properties of LSCF
cathodes prepared from tubes and rods consistisgftf-agglomerated nanoparticles
[4]. These architectures for SOFC cathodes exMbmeich higher performance than
conventional microstructured materials and nanoregse found to have better
electrochemical properties than nanotubes. Thisamedd performance was mainly
attributed to the fact that these structures pmweiectrodes with high surface to volume
ratio, increasing the number of reaction sites whih surrounding gas, when compared
to an ordinary microstructured cathode. In addjtiwa demonstrated that the diffusivity
of oxide ions increases for decreasing grain slteis worth to point out that
nanomaterials are not employed in conventional SO$ice grain growth is expected
to occur at the high operation temperatures ofetltevices. However, their use in IT-
SOFCs has been evaluated in the last years, sirese tdevices operate at lower
temperatures (typically in the 500-700°C range).

Lowering the characteristic dimensions of materidtsvn to nanometric level

increases their structural disorder, which usuatiigzances electrochemical response but,



however, at the same time other relevant physiematal properties may be seriously
affected. For this reason, besides the electroaamaiudy carried out in our previous
work, detailed investigations on their crystal, rastructural and electronic structures
are mandatory. For this reason, the present warls &t characterizing the relevant
properties of a LSCF nanorods of varying Co/Fetirdacontent. The characterization
was performed by Rutherford Backscattering SpeatomRBS), Synchrotron X-ray
Powder Diffraction (SXPD), Scanning Electron Miacopy (SEM), X-ray Absorption
Near Edge Structure (XANES) spectroscopy and Massbspectroscopy.

2. Experimental Procedure

2.1. Synthesis of LSCF nanorods

LSCF nanorods were synthesized by a pore-wettictgnigue starting from a nitrate
solution of the desired cations and using polycaab® porous membranes as templates
[9,10,11].

A 1 M stoichiometric solution of La(N{s*6H.0, Sr(NQ),, Co(NG)*6H,0 and
Fe(NG)3*9H,0O was prepared by the dissolution of analyticabes#s in pure water.
Templates of porous polycarbonate films (Milliporegre used as filters in an adequate
system for syringe filtration. By this process th&al volume of the pores is filled with
the solution. Filters with average pore sizepof 200 nm were used in order to yield
nanorods, since previous studies in other matestadsved that nanotubes are obtained
if filters of larger pore sizes are used. The rieacto obtain the desired compound
proceeds by the denitration process of the confpredursor in a microwave oven. By
adjusting the time and the energy applied to tmepéait is possible to accomplish this
reaction without producing damage to the polycaaberfiim. Finally, the template is
sacrificed during a thermal treatment in a standardace with a final temperature of
800°C for 10 min. An additional thermal treatmenfl@00°C was required in order to

obtain a single-phased material.

2.2. lon Beam Analysis

The elemental composition of the samples was meddwy Particle Induced X-ray
Emission, PIXE, using a proton beam with 2.4 MeWtHerford Backscattering
Spectrometry, RBS and Resonant Elastic Scattetimg, last one to enhance the

detection of oxygen using tH&O (a, a)'°0O resonant reaction at 3.038 MeV (Gurbich



A.F., NIM B371, 2016). The measurements were madbe Laboratorio de Analise de
Materiais por Feixes I6nicos (LAMFI-USP). PIXE qtitative calibration was done
using single element thin films evaporated on Myland the X-ray spectra were
analyzed usingVinQxas[12]. RBS and EBS spectra were analyzed usingstMNRA
code [13].

2.3. Synchrotron X-ray Powder Diffraction (SXPD)

SXPD experiments were carried out using the D10BXamline of the Brazilian
Synchrotron Light Laboratory (LNLS, Campinas, BiaziA high-intensity (low-
resolution) configuration was used in order to deteeak Bragg peaks. The wavelength
was set at 1.61017 A.

Rietveld refinements were performed using EalProf code [14], assuming that
the samples exhibited the rhombohedral phase, sgame R3c, with (La®*, S
cations, (Cd', F€") cations and © anions in 6a, 6b and 18e positions, respectively.
The peak shape was assumed to be a pseudo-VowtoiunThe background of each
profile was adjusted by a six-parameter polynorfiattion in (B)", n = 0-5. Isotropic
atomic temperature parameters were used. Givenfatiethat we found a strong
correlation betweerB(O) thermal parameter and the occupancy 6f &hions, we
decided to fix the occupancy assuming the oxygemstoichiometry determined from
XANES results (see below). The thermal parametersesponding to La and Sr atoms
(A site) were assumed to be equal, as those of fdoF& atoms (B site). No other
constraints or restraints were used. The scattdaotprs were corrected considering
their anomalous parameters for the wavelength used our experiments
(http://skuld.bmsc.washington.edu/scatter/).

The crystallite size of all the solid solutions wdstermined by means of the
Scherrer equation using the first intense pealoat dngle to minimize the possible
effect of microstrains. The instrumental broadersofgtraction was performed from the
analysis of a LaBstandard (NIST-SRM 660a).

2.4. Scanning Electron Microscopy (SEM)

The morphology of LSCF nanomaterials was examingdSEM using a FEI
QUANTA 200 (Laboratorio de Microscopia Electronic&erencia de Materiales,
Centro Atdmico Constituyentes, CNEA, Argentina) an&ElI QUANTA 250 (Centro

de Investigacion y Desarrollo en Mecanica, INTIgéntina) microscopes.



2.5. X-ray Absorption Near Edge Structure (XANE®RcHoscopy

XANES studies at the Co and Fe K-edges (7709 ald@ &V, respectively) were
carried out at the DO8B-XAFS2 beamline of the LNIBrazil) using a Si(111)
monochromator crystal. All spectra were measuredramsmission mode at room
temperature (RT).

For sample preparation, the powdered materials wespended in 2-propanol and
deposited on Millipore membranes. The thicknessesevadjusted to obtain a total
absorption above the edge of 1.5. Co and Fe refeneraterials with different oxidation
states were prepared and measured in the sameMesllic foils were used as a
reference in each case for energy shift (calibnatiorrection). A combination of Athena

software and python scripting was employed for redization and data treatment.

2.6. MOssbauer spectroscopy

>’Fe Méssbauer spectra were taken at room temperatareonventional constant
acceleration spectrometer in transmission geometiyh a °'Co/Rh source
(Departamento Fisica de la Materia Condensada, nGare Investigacion vy
Aplicaciones, Centro Atdmico Constituyentes, CNB&gentina). Measurements were
performed at two velocity ranges (6 mm/s and 10 sinThe low velocity range was
appropriate to analyze in detail the paramagnéigzacter samples. Spectra were fitted
by using theWinNormosprogram [15]. Isomer shift (IS) values were givertative to
that of metallic Fe at room temperatupeoviding information not only on the average

charge state of the iron ions but also on the oxygm-stoichiometry of the material.

3. Results and discussion

3.1. Chemical analysis by RBS

Table 1 summarizes the results of the elementdliysingperformed by lon Beam
Analysis (IBA). Data have been normalized assuntirggtotal atomic concentration in
the perovskite AB@structure is unity for both, A and B sites. Expental results are

close to the nominal concentrations.

Nominal composition | La content | Sr content | Co content | Fe content
LageSrhCpeFey:035| 0.583(3) | 0.417 (4)] 0.797 (2 0.203 (2)
Lag ¢Sl CopsFen:035| 0.584 (5) | 0.412 (4)] 0.487 (8 0.513 (6)




[ LaoeSrCosFensOss | 0.564 (5) | 0.436 (4)] 0.189 (5] 0.811 (6)

Table 1. Results of the chemical analysis by IBA, normalizssuming that the total
atomic concentration in the perovskite ABSructure is unity for both A and B sites.

3.2. SXPD data and Rietveld analysis
Qualitative analysis of our SXPD data demonstr#tetl all LCSF materials fired at

800°C exhibited the presence of secondary phaséguipe single-phased materials can
be obtained after calcination at 1000°C for onerh@ee Figure 1). These samples
exhibited the expected rhombohedral perovskite-yjpase for all compositions. The

average crystallite size, determined by the Schegaation, was about 25-28 nm in all

cases (see Table 2).
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Figure 1: Experimental SXPD patterns corresponding to thEESamples calcined at
1000°C.

Figure 2 shows the SXPD pattern corresponding o Ltk ¢Sty 4C0opFe 035
sample and the calculated profile obtained by Ridhanalysis under thR3c space
group, showing an excellent agreement among theenobgerved the presence of some
weak reflections, which are characteristic of thembohedral phase, thus confirming

our hypothesis. The same was found for the othrapkess of the series.
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Figure 2. Experimental SXPD pattern and fitting of the daibtained after Rietveld

refinements for the LaSr 4Coy Fe 035 sample. Data, fit and difference are indicated
in red, black and blue, respectively. Goodnesdt:01 188.

The results of all the structural parameters datethby Rietveld refinements for
the three compositions studied in this work ares@néed in Table 2. The cell
parameters in hexagonal axes,and c, increase monotonously with increasing Fe
content (see Figure 3), as expected accordingetodlues corresponding to pure ferrite
and pure cobaltite compounds, o8 FeQs [16] and LaeSr4Co0ss [17],
respectively. The fractionatcoordinate of the ©® anion in the asymmetric unit of the

hexagonal unit celb(O), and the isotropic Debye-Waller factors exhgitall changes

as functions of Fe content.

Lay 6S10.4C00 gF€.203.5 | Lag.eSlh.4C0.5F€.503.5 | Lao.6Shh.4C0.F&.603.5
Space group R3c R3c R3c
a(A) 5.4412 (2) 5.4505 (5) 5.4962 (2)
c(A) 13.2559 (7) 13.321 (2) 13.3917 (5)
x(0) 0.530 (1) 0.528 (2) 0.537 (1)
B(La;Sr)(A?) 0.33 (3) 0.33 (4) 0.17 (2)
B(Co;Fe)(A? 0.22 (7) 0.22 (6) 0.10 (4)
B(0O) (A% 1.1 (1) 1.2 (1) 0.40 (8)
% 2.53 2.61 1.88
D (hm) 28 (3) 25 (3) 28 (3)

Table 22 Summary of the results obtained from SXPD analysiand c are the cell
parameters in hexagonal axes determined by Rieteéltementsx(O) is the fractional
x-coordinate of the ®anion in the asymmetric unit of the hexagonal alt, B(La;Sr)
B(Co;Fe) and B(Opre the isotropic Debye-Waller factors aftis the goodness of fit.
D is the average crystallite size determined by $oberrer equation. See text for

details.
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Figure 3: Cell parameters of the rhombohedral phase, indona axes, for LSCF
nanorods. Data from the literature forgl8ry /€5 and La ¢Sip4C00s5 compounds
were included for purpose of comparison.

3.3. Sample morphology

Figure 4 displays SEM micrographs of the LSCF saspfter calcination at
1000°C for 1 h, showing their rod-like nanostruetuit can be observed that similar
morphologies were found in all cases, with no ddpece on composition. The rods
exhibited typical lengths of about 0.8pn and were formed by nanoparticles with
diameters in the range of 100-180 nm, with averpgsicle size of about 140 nm
independently of the sample composition. Sinceehmeopatrticles are larger than the
average crystallite sizes determined from SXPD ,dataan be assumed that the
particles are aggregates of crystallites. Additicsiacussions on the morphology of
nanostructured samples synthesized by the poréagddchnique can be found in our

previous paper [4].



Figure 4. Rod-like nanostructure of LSCF samples. (a).dS#.4CoysFe 035 (b):
Lao 6S10.4C00 5F€ 503, (C) Lap.eS10.4C 0. oF & 6055,

3.4. XANES analysis

Figure 5 shows XANES spectra and their first deies for Co (a, b) and Fe (c, d)
K-edges respectively, for all the samples. Our Itessuggest that the local chemical
environment and the mean oxidation state are aoaotpr all samples, irrespective of
the thermal treatment or Co/Fe ratio, indicated thg common features in the
absorption edges: close the same pre-peaks pogégsociated to transitions Co/Fe
1s— g 1 and g | transitions) and post edge features (correspomdsansition of
electron from Co/Fe 1s> 4p orbital hybridized with different orbitals) ddube shown
in Figures 5a and 5c and the same behavior is fautite derivatives, Figures 5b and
5d, for the different compositions. The standard/iateon for each one of the

experimental points above the edge jump was |less4Po.
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Figure 5: XANES average spectra and their first derivatif@sCo (a,b) and Fe (c,d)
K-edges: LagSnLomegFen 035 Iin blue, LagSnLopsFensOs5 in wine and
Lag.6S1y.4Cop oFey 8035 in black lines.

The fact that K-edge spectra for Co and Fe showeilbs features indicates that Co
and Fe occupy a similar octahedral site in thecttre, despite the change in the Co/Fe
ratio. Pure LgaesSthMO3 (M: Fe, Co) exhibits comparable characteristic8,19]
because the symmetry of the unit cell is determimethe La/Sr proportion [18].

The average oxidation state of Co and Fe ions weétained by the integral
methodology proposed by Capehart et al [20] whieeeehergy axis from the flattened
normalized data were shifted by placing the absamptdge at O eV. The corresponding
values were calculated by calibrating the energiy gith respect to the origin between

the sample and a metallic referen6&<(dEr) at a selected area under the curve for



different metallic oxides [21,22], as shown in Fgu6. A rebinding of data was

required in order to minimize the integration errdhe absorption coefficients of Co
present a main jump between 7705 and 7725 eV. &lwellated Co average oxidation
states were close to 3.0 for all the Co/Fe relatatms studied in this work. Meanwhile
for Fe, the main absorption jump is in the rang@0¢f1130 eV, and the calculated Fe
average oxidation states resulted close to 3.2hthree compositions studied in this
work. Table 3 summarizes the results of this amglymcluding the values of the

oxygen non-stoichiometryd) of each composition determined imposing the radityr

condition.

6.0 -

55 T T T T T T 55 T T T T T T
20 22 24 26 28 30 20 22 24 26 28 30
Average Oxidation State Average Oxidation State

Figure 6: Calibration curves for XANES analysis determinethg cobalt (a) and iron
(b) oxides as references.

Nominal composition | Co oxidation state | Fe oxidation state 0

Lao.eS10.4C00.eF€.203.5 2.96 (6) 3.23 (9) 0.19 (3)
Lao.eSro.4C00.sF.:03.5 2.98 (6) 3.22 (9) 0.15 (4)
Lap.eSr0.4Co.oFen 6035 3.01 (6) 3.20 (9) 0.12 (4)

Table 3: Results of the XANES analysis for Co and Fe catiohhe values of the
oxygen non-stoichiometry) of each sample were determined imposing neutralit
Figure 7 shows as a function of Fe content in the B site of tleeopskite-type
structure, showing a decreasing trend. The samavim@hhas been reported by other
authors in similar materials, which can be attroluto the fact that Co on the B site has

a smaller binding energy for oxygen compared t¢2Be24,25]. This is probably related



to the higher electrochemical performance found lfay ¢St 4Cop sFen 035 cathodes
found in our previous work [4].

Remarkably, the values of oxygen non-stoichiometeyermined in the present
work for our nanostructured samples are much highan those reported in the
literature for conventional bulk materials [24,2527,28]. This is probably due to the
higher degree of disorder and structural defect®afomaterials. This can also be
related to the high performance of nanostructuréxedionic-electronic conducting
cathodes for the oxygen redox reaction, even thaugtactors can be also playing an
importance role, such as the higher specific sarfacea and an enhanced grain
boundary ionic diffusivity [1,2,3,4].
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Figure 7: Oxygen non-stoichiometry of the LSCF samples swidn this work as a
function of Fe content in the B site of the perateskype structure.

The weak Fe pre-edge peak observed in Figure % (mlated to 1s—3d electric
guadrupole transitions. This transition is forbiddey selection rules for metal ions with
octahedral coordination, i.e. when there is an nsie@ center [29,30], but systems
where the inversion symmetry is broken have dippliedrupole mixing [31]. The pre-
edge features are sensitive to local symmetry [@jecially for F&€ coordinated by six

oxygen ions in an octahedral site [33]. Therefardhe present work, Fe has been used



as probe for octahedral environment symmetry. Aabse of the pre-edge contribution
with an increase of iron concentration can be ofegkin Figure 8. The large pre-edge
contribution for low Fe concentration indicatestthantro-symmetry of the octahedral
site is distorted. By replacing Co with Fe in therqwskite structure, the rhombohedral
unit cell parameters changed unevenly and as a&qaesce, there is an enhancement in

the point symmetry around the absorbing metal.
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Figure 8: Fe K-edge XANES pre-edge spectra for differentéiecentrations.

3.5. Mossbauer spectroscopy

Figure 9 displays the Mdssbauer spectra at roonpeesture in the large velocity
range (10 mm/s). The richer Fe content samples &(@) L& .Sl 4Cop Fe 035 and
(b) Lap gSr.4ConsFey5035) were fitted to two broad quadrupole split doubl@d1l and
D2); meanwhile the less Fe-content sample wadfitbetwo doublet components (D1,
D2) and a distribution of magnetic hyperfine fi€®) (Fig. 9(c)). Hyperfine parameters
are summarized in Table 4. Isomer shift (IS) valioe1 are characteristic of Feand

those for D2 are typical of Fspecies.



It is noteworthy that the two richer Fe content plas are paramagnetic whilst the
less Fe content sample has a magnetically ordevetfilsution at room temperature.
Indeed, the spectrum of this sample reveals thactexh of the compound which is
evident comparing the percent relative area ofsffextra in Table 4. In this compound
almost all F&" is reduced to P&, then the magnetic contribution may be due tchigh
strength of F&-Fe** interaction which results in stronger superexcleaimeractions
relative to those of P&Fe™ [34]. Moreover, two different Bé contributions are
distinguished from the 16aSr.4CodFen-Oss spectrum, denoting two types of *Fe
sites. The sextet has an IS characteristic 8f ifeoctahedral coordination while that of
the D1 doublet is characteristic oftén coordination lower than octahedral (usually
observed in oxygen-deficient perovskites [35]). STmformation is in tune with the
change in symmetry suggested by XANES results.eS8XPD data confirmed that all
the samples are single-phased, the presence af thestypes of F& sites can be
understood in view of the fact that MOssbauer gpecbpy is sensitive to the local
structure while SXPD studies the long-range ataoniter.

The fact that the IS of the Fedoublet varies with Fe content also points ou# to
possible different degree of oxygen deficiencyhia samples [36]. When the compound
reduces, oxygen deficiency should increase. Comsgyl Lay ¢Sry.4Cop ey s035 and
Lag 6Slh4CopsFey 5035 samples which show paramagnetic spectra would estigg
oxygen-rich Fe environments relative to that oflthgsSr 4Con gFey 2035 sample. From
Table 4 it is also seen that the estimated linettwidalues for the P& doublet
component increase with decreasing Fe concentrafinoe again, this may result from
increasing disorder due to an increasing oxygemvag concentration.

Average iron oxidation states were calculated froehative areas of the
contributions in the spectra, obtaining®*£efor the La Srh.4CopFesOss and the
Lao.6Sr.4C 0o sk 5035 sample and Bé** for the La ¢St 4Coo sFey 035 sample.

Nominal composition Oxidation w IS Qs Bhs 2¢€ Relative
P state [mm/s] | [mm/s] | [mms] | [T] | [mm/s] | area [%]
D1 Fe3* 0.31 0.29 0.28 - - 69
L30.6570.4C00.2 08056 |75 Fe™ 0.29 006 | 026 | - : 31
D1 Fe®* 0.43 0.27 0.30 - - 70
L20.65r0.4C00sF€0503.5 - =1y Fe™ 0.27 012 | 015 | - : 30
D1 Fe3* 0.65 0.22 0.25 - - 32
Lag eSro4Co0sFe0,035 | D2 Fe* 0.25 0.12 0.16 - - 4
S Fe3t - 0.37 - 40.0 | -0.11 64




Table 4. Hyperfine parameters at room temperature. Parasti@gdoublets (D1 and
D2) - W: line widths, IS: isomer shift, QS: quadolg splitting. Magnetically split
sextet (S) - B: average magnetic hyperfine field; Zuadrupole shift.

1.00

0.994
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Figure 9: Fitted Mossbauer spectra corresponding to (a)s®@4Co ey g0s35, (D)
Lao.6S10.4C00 sk 5035 and (€) La.eSro.4Cop.sFe 2Oz, respectively.

4. Conclusions

The present study shows that single-phased LSClBrods with rhombohedral
perovskite-type phase can be obtained by the pespbp®re-wetting technique. An
increase of the lattice parameters was observddingteasing Fe content, as expected
according to the data reported in the literature tftee pure Co and Fe samples.
Nanometric crystallites of around 25 nm mean di@metere obtained. It is worth to
point out that, even though several entries cafolied in crystallographic databases for
LSCF materials with similar compositions, only awfevere measure at room-

temperature and none of them correspond to nartatlige samples.



The resulting material showed a rod-like submicrsimestructure, which has been
shown to be optimum to develop cathodes for IT-SQHDe particles that form those
rods are of around 140 nm of diameter in averagehsse particles are formed by
several nanocrystals.

The results from XANES spectroscopy showed that @e and Fe average
oxidation states and chemical environment are amhdr all samples. The fact that both
K-edge spectra are similar also indicates that @ FBe occupy the same octahedral
site. The changes in the pre-edge of the speatraa@rsistent with the substitution of
Co by Fe. The average oxidation states resultesecto 3 and 3.2 for Co and Fe,
respectively, for all the compositions studiedhis twork.

From the results of XANES analysis, the oxygen stmehiometryd of the samples
was determined, finding that it decreases with aasing Fe content, as expected
according to the higher Fe-O bond energy compdadidat of Co-O one. The values of
0 found in this work are much higher than those regabin the literature for bulk
materials, probably due to the high degree of defet nanomaterials. This can be
related to the excellent electrochemical perforneasfcnanorod-like cathodes [4].

The average oxidation states of Fe obtained fronsd¥dauer spectroscopy resulted
in agreement with those obtained by XANES. By ttashnique, we also obtained
evidence of two types of Feions, one in octahedral coordination and the ottién
lower coordination, a typical characteristic of gey deficient samples. Regarding the
magnetic interactions, a paramagnetic to a partiailagnetic ordered behavior is
observed from rich to poor Fe content samples.

Acknowledgements

The present work was partially supported by thezleam Synchrotron Light
Laboratory (LNLS, Brazil, proposals XPD 10152 andBS1 9886), Agencia Nacional
de Promocion Cientifica y Tecnoldgica (ArgentindCP 2015 No. 3411), CONICET
(Argentina, PIP 00362) and CAPES-MinCyT bilaterabperation.

References

! M.G. Bellino, J.G. Sacanell, D.G. Lamas, A.G. LayW.E. Walsde de Recd. Am.
Chem. Socl29, 3066-3067 (2007). https://doi.org/10.1021/ja068115

2J. Sacanell, A.G. Leyva, M.G. Bellino, D.G. Lam&sPower Source$95, 1786-1792
(2010)._https://doi.org/10.1016/j.jpowsour.20090UD




3 L.M. Acufia, J. Pefia-Martinez, D. Marrero-LépezORFuentes, P. Nufiez, D.G.
Lamas. J. Power Sources 196, 9276-9283 (2011).
https://doi.org/10.1016/j.jpowsour.2011.07.067

* A. Mejia Gémez, J. Sacanell, A.G. Leyva, D.G. Lan@eram. Int.42, 3145-3153
(2016)._https://doi.org/10.1016/j.ceramint.2015104.

®>S.A. Muhammed Ali, M. Anwar, N.A. Baharuddin, M.Bomalu, A. MuchtarJ. Solid
State Electrochen22, 263-273 (2018). https://doi.org/10.1007/s10008-8154-5

®M. Acosta, F. Baiutti, A. Tarancén, J.L. MacManuBriscoll. Adv. Mater. Interfaces
6, 1900462 (2019). https://doi.org/10.1002/admi. Z0H2

”'S.U. Rehman, A. Shaur, R.-H. Song, T.-H. Lim, JHBng, S.-J. Park, S.-B. Led.
Power Sourced29, 97-104 (2019). https://doi.org/10.1016/].jpows8049.05.007

8 A.E. Mejia Gémez, D.G. Lamas, A.G. Leyva, J. SalaCeram. Int.45, 14182-
14187 (2019). https://doi.org/10.1016/j.ceramint204.122

® P. Levy, A.G. Leyva, H.E. Troiani, R.D. Sanchéppl. Phys. Lett83, 5247-5249
(2003)._http://dx.doi.org/10.1063/1.1635663

9 A.G. Leyva, P. Stoliar, M. Rosenbusch, V. Lorengo, Levy, C. Albonetti, M.
Cavallini, F. Biscarini, H.E. Troiani, J. Curiale,D. Sanchez]. Solid State Chem77,
3949-3953 (2004). https://doi.org/10.1016/].jss64£08.015

1. Sacanell, M.G. Bellino, D.G. Lamas, A.G. LeyPays. B Condens. Matt&98,
341-343 (2007). https://doi.org/10.1016/j.physb20d.039

12 p_ van Espen, K. Janssens, |. Swen#®X$L X-Ray Analysis softwar€amberra
Packard, Benelux (1986).

13°'M. Mayer.AIP Conf. Proc475, 541-544 (1999). https://doi.org/10.1063/1.59188
14 J. Rodriguez-Carvajal. Phys. B Condens. Matter192, 55-69 (1993).
https://doi.org/10.1016/0921-4526(93)90108-I

15R.A. Brand. WinNormos for Igor v.2010, http://wwmissel-gmbh.de.

'® S.E. Dann, S.E, D.B. Currie, M.T. Weller, M.F. Thas, A.D. Al-RawwasJ. Solid
State Cheml09, 134-144 (1994). https://doi.org/10.1006/jssc.12083

" N.M.L.N.P. Closset, R.H.E. van Doorn, H. Kruidhod, Boeijsma.Powder
Diffraction 11, 31-34 (1996). https://doi.org/10.1017/S088571D0@B73

18 0. Haas, U. Vogt, C. Soltmann, A. Braun, W.-S. NoX. Yang, T. GrauleMat Res
Bulletin. 44, 1397-1404 (2009). https://doi.org/10.1016/j. masibull.2008.11.026
9y, Orikasa, T. Ina, T. Nakao, A. Mineshige, K. Aragva, M. Oishi, H. Arai, Z.
Ogumi, Y. Uchimoto. J. Phys Chem C. 115, 16433-16438 (2011).
https://doi.org/10.1021/jp2029642

20 T.W. Capehart, J.F. Herbst, R.K. Mishra, F.E. Bitdn. Physical Review E52,
7907-7914 (1995). https://doi.org/10.1103/PhysRBZE.907

2L G. Krylova, L.J. Giovanetti, F.G. Requejo, N.M.ni}rijevic, A. Prakapenka, E.V.
Shevchenko. J. Am. Chem. Soc. 134, 4384-4392 (2012).
https://doi.org/10.1021/ja211459p

22.C. Huck-Iriart, L. Soler, A. Casanovas, C. Maridi,Prat, J. Llorca, C. Escuedero.
ACS Catal8, 9625-9636 (2018). https://doi.org/10.1021/acd&i82666

2 Q. Shen, S. Li, G. Yang, B. Sunden, J. Yud&mergies 12, 410 (2019).
https://doi.org/10.3390/en12030410

24 M. Katsuki, S. Wang, M. Dokiya, T. HashimotSolid State lonicd56, 453-461
(2003)._https://doi.org/10.1016/S0167-2738(02)00833

> D. Mantzavinos, A. Hartley, I.S. Metcalfe, M. SaradaSolid State lonic34, 103-
109 (2000). https://doi.org/10.1016/S0167-2738(03)B-9




6| -W. Tai, M.M. Nasrallah, H.U. Anderson, D.M. Sfa, S.R. SehlinSolid State
lonics 76, 273-283 (1995). https://doi.org/10.1016/0167-183%00245-N

27 J.W. Stevenson, T.R. Armstrong, R.D. Carneim, LFRderson, W.J. Webed.
Electrochem. So0d43, 2722-2729 (1996). https://doi.org/10.1149/1.18870

28 X H.J.M. Bouwmeester, M.W. Den Otter, B.A. BoukardSolid State Electrochem.
8, 599-605 (2004). https://doi.org/10.1007/s10008-0888-3

29T, YamamotoX-Ray Spectron87, 572-584 (2008). https://doi.org/10.1002/xrs.1103
%0 F. de Groot, G. Vanké, P. Glatzdl. Phys Condens. MatteR1, 104207 (2009).
https://doi.org/10.1088/0953-8984/21/10/104207

31|, Bai, M. Pravica, Y. Zhao, C. Park, Y. Meng, SSinogeikin, G. Shenl. Phys.
Condens. Matter4, 435401 (2012). https://doi.org/10.1088/0953-898413/435401

32T .E. Westre, P. Kennepohl, J.G. DeWitt, B. Hednkam. Hodgson, E.l. Solomod.
Am. Chem. S0d.19, 6297-6314 (1997). https://doi.org/10.1021/ja962%85

%3 V.A. Shuvaeva, I.P. Raevski, O.E. Polozhentsev\VYZ&ubavichus, V.G. Vlasenko,
S.I. Raevskaya, H. ChendMater. Chem. Phys. 193, 260-266 (2017).
https://doi.org/10.1016/j].matchemphys.2017.02.026

3 J.B. Goodenoughylagnetism and the Chemical Boridterscience, London, p. 154
(1963).

% T.C. Gibb. J. Chem. Soc. Dalton Trans.7, 1455-1470 (1985).
http://dx.doi.org/10.1039/DT9850001455

% F.J. Berry, J.F. Marco, X. Renl. Solid State Cheml78, 961-969 (2005).
https://doi.org/10.1016/j.jssc.2004.10.003




Highlights

* Single-phased LSCF nanorods with rhombohedral perovskite-type phase were
synthesized.

« Co and Fe average oxidation states and chemical environment are similar for all the
compositions studied in this work.

» Co exhibit adlightly lower oxidation state than Fe, resulting in a higher oxygen non-
stoichiometry & for Co-rich samples.

e Our nanorod-like samples exhibit higher & than bulk materials reported in the
literature, probably due to high structural disorder.

* These results explain the high performance of nanostructured LSCF cathodes

reported in our previous works.
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