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Symmetry breaking and electrical conductivity of Lag7Sro3Cro.4sMnoeO3-s

perovskite as SOFC anode material
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Cabrera, E. Torres-Moye.
Abstract

This work is focused on nanocrystalline solid oxide fuel cell synthesis and
characterization (SOFC) anodes of Lao.7Sro.3Cro.4Mno.sO3-s (perovskite-type) with Nickel.

Perovskite-type oxide chemical reactivity, nucleation kinetics and phase composition

related with Lag 7Sro.3Cro.4Mng.6O3-s —NiO to Lag.7Sro.3Cro.4MnosOs-s —Ni transformation

have been analyzed. SOFC anode powders were obtained by sol-gel synthesis, using
polyvinyl alcohol as an organic precursor to get a porous cermet electrode after
sintering at 1365 °C and oxide reduction by hydrogen at 800 °C/1050 °C for 8 hiin a
horizontal tubular reactor furnace under 10% H>/N> atmosphere. Composite powders
were compressed into 10-mm diameter discs with 25—75 wt% Ni.

Electrical and structural characterization by four-point probe method for
conductivity, scanning electron microscopy (SEM), X-ray energy dispersive
spectroscopy (EDS), X-ray diffraction (XRD), and Rietveld method were carried out.

Symmetry-breaking by phase transition from high temperature aristotype R3c to
hettotype 14/mmm has been identified and confirmed by XRD and Rietveld method
which can be produced by introducing Ni?* cations in the perovskite solid solution.

Rietveld analysis suggests that Ni contents are directly proportional to
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Lao.7Sro.3Cro.4Mno sNiO3 95 tetragonal structure cell volume and inversely proportional to
Ni cubic structure cell volume after reduction at 1050 °C.

Kinetic analysis indicated that the Johnson—Mehl-Avrami equation is able to
provide a good fit to phase transformation kinetics. The variation of electrical
conductivity reveals the presence of two types of behavior in samples reduced at 1050
°C. First, at low Ni concentration (25%), p resistivity decreases when increasing the
temperature; then, for Ni concentration higher than 25% p resistivity increases.

Keywords: composite materials, Sol-gel growth, Electrical conductivity, Crystal
symmetry.

Introduction

Alternative energy sources have been considered as an option to reduce energy
cost, because they are environment friendly and do not generate any harmful pollution.
In large-scale electricity generation systems, solid oxide fuel cells (SOFC) give several
advances over other fuel cell technologies since they have very high conversion
efficiency (35-55%) and can be used with a wide variety of fuels [1]. Nowadays, studies
have been oriented to lower operation temperature (below 800 °C) and intermediate
temperature IT-SOFC (400-700 °C) [2,3].

Furthermore, significant attention has been focused on methane electro-oxidation
by using anodes with different electrocatalysts including Cu, Ni, Co—CeOx,
Ni/Ce1-xGdxOz2-s, Ni-Co/YSZ, Ni-Cu/YSZ, Cu/YSZ [4—-6] and Ni—perovskite materials
[7]. Perovskite Lao.75Sro.25Cro.sMno.sO3-s is considered to be one of the most promising
anodes for SOFCs operated below to 700 °C [8,9]. Additionally perovskite materials
have shown promising performance for any combustible fuel including natural gas,
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liquid hydrocarbons, and even solids derived from coal or biomass [10]. Ni-doped
perovskite catalysts have been studied for hydrocarbon oxidation; attention has been
especially focused on Lao.sSro.2Cro.sMno.203-s (LSCM), which shows suitable chemical
stability but poor electrochemical performance at intermediate temperatures [11]. The
majority of these investigations have been concentrated on the application of transition
metals (Cu, Co, and Ni) due to their excellent electrochemical performance [12]. In
addition, substitutions of lanthanum for strontium cations result in an increase of
perovskite structure propane electro-oxidation [13]; but these Sr additions decrease
ionic conduction [14]. In order to increase electro-oxidation performance, a slight
increase of the Sr-doped was employed in this work in a perovskite

Lao.7Sro0.3Cro.4aMno 603-s.

Table 1
Expected and calculated Ni concentration and cell volume, and cermet domain size. The calculated data was carried out with the Rietveld method as described in the text.
Sample
LSCM1 L5CM2 LSCM3 LSCM4 LSCM5 LSCM6G
Exp. 25 35 45 55 65 75
Ni(%) Calc. 24.3(1) 35.4(1) 44.3(1) 54.3(1) 65.3(2) 75.2(1)
Diff. 2.8 -1.1 16 13 —0.5 -0.3
Domain size
800-C Ni 780(5) 885(3) >1000 >1000 >1000 >1000
At (nm) ABO; 28(1) 32(1) 29(1) 66(1) 76(1) 89(1)
1050=C Ni 940(2) >1000 >1000 >1000 >1000 >1000
A;BOy 63(2) 61(1) 65(3) 110(4) 127(2) 143(3)
Lattice
Ni. (A) 800+°C a 3.5479(1) 3.5406(1) 3.5395(1) 3.5357(2) 3.5311(1) 3.5310(1)
ABOg, (A) a 5.4968(1) 5.4968(1) 5.4961(1) 5.4960(1) 5.4965(1) 5.4971(1)
c 13.4101(1) 13.4101(1) 13.4439(1) 13.4442(1) 13.4451(1) 13.4458(1)
Ni (A) 1050°C a 3.5479(1) 3.5408(1) 3.5396(1) 3.5359(2) 3.5310(1) 3.5311(1)
AzBOy (A) a 3.8565(1) 3.8464(1) 3.8661(1) 3.8594(1) 3.8688(1) 3.8671(1)
c 12.6291(1) 12.7007(1) 12.6122(1) 12.6594(1) 12.5990(1) 12.6452(1)
volume cell (A3) 800+:C Mi, 44.661(1) 44.384(1) 44.343(1) 44.200(1) 44.029(1) 44.028(1)
ABO3p, 350.905(1) 350.905(1) 351.694(1) 351.747(1) 351.776(1) 351.882(1)
1050+C Migs 44.661(1) 44.394(1) 44.348(1) 44.211(1) 44.028(1) 44.029(1)
AzBOs 187.833(1) 187.914(1) 188.514(1) 188.562(1) 188.584(1) 189.107(1)
Porosity @ (%) 42(2) 44(2) 45(2) 45(1) 46(1) 46(1)

(c) cubic phase, (h) hexagonal phase, (t) tetragonal phase; ¢, h at 800=C and ¢*, t at 1050°C.

The number between parenthesis represents the error of last number.
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Ni is used in SOFCs because of its excellent electro-catalytic activity for H»
oxidation reaction and high electrical conductivity [15]. Moreover, when used with
hydrocarbons at high temperature, CO electrochemical oxidation at the surface of oxide
anode must be fast enough to prevent coke deposit formation (C—C bond) [16].
Reduced carbon deposition was reported at lower temperature in cermets with high Ni
content by introducing a small quantity (1%) of molybdenum [17]. It is known that
perovskite oxides LaMOs3 (M= Cr, Mn) show high catalytic activities for CO oxidation
[18]. Therefore, as an alternative Lao.7Sro.3Cro.4Mno.eO3-s perovskite can be used with
additions of Ni and study the dynamics of these transformations by Rietveld method and
their relation with electrical properties for the possible application of these devices.

Recent studies have reported high electrochemical activity in
Lao.eSro.4Feo 8C00.203-s perovskite dispersed on NiO particles [19]. However their crystal
structure was partially modified in LazNiO4 and Sr(Feos5C00.5)O2.88. In these transition-
metal oxides, NiO reduction of by H> has been the object of the most extensive studies
[20], because NiO appears as a component in many oxidation catalysts [21]; but when
oxide is surrounded by other crystal structures the mechanism for oxide reduction can
be modified.

In order to elucidate the relationship between Ni and crystal structure variation a
composite anode Lao.7Sro.3Cro.4Mno.s O3-s—NiO has been studied by TRXRD in situ
under H, atmosphere.

In the perovskite—Ni composite anode, Ni acts both as a catalyst and an
electronic conducting crystal structure, while perovskite structure mainly acts as a
matrix and catalyst. Perovskite structure materials can also improve anode
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electrochemical oxidation activity, especially when using hydrocarbon fuels. It has been
demonstrated that triple-phase boundary length (TPB) correlates well with the reaction
rate for hydrogen electrochemical oxidation; thus, TPB length becomes a determining
factor in improving anode efficiency [22]. Therefore, this can be reached by optimizing
Ni—perovskite composite anode microstructure through the adjustment of powder
morphologies and particle sizes for Ni and perovskite precursors developing a favorable
electrochemical process.

In this work phase transformations and dynamics that take place during
Lao.7Sro.3Cro.4Mno.603-s—NiO—Lao.7Sro.3Cro.4Mnos Os.s- Ni reduction and electrical
conductivity are analyzed. A detailed structural analysis has been performed through X-
ray diffraction and Rietveld method. Their structural and chemical characterization
during isothermal reduction was analyzed by in situ TRXRD which allowed knowing the
reduction kinetic process. Also, the influence of Ni/LSCM content on kinetics and
electrical conductivity behavior was examined. Microstructure was observed by
scanning electron microscopy (SEM) and its chemical composition was obtained by X-
ray energy dispersive spectroscopy (EDS).

Experimental

Sample preparation by the sol-gel method: Series of the perovskite-type
Lao.7Sro.3Cro.4Mno.603-s—Ni compounds with concentrations ranging from 25 to 75 wt%
Niwere prepared by sol—-gel method. Stoichiometric amounts of nickel acetylacetonate
Ni(CsH702)2Ni-2H20 (>99.9% purity Aldrich), lanthanum acetylacetonate
La(CH3COCHCOCHs3)3-xH20 (>99.9% purity Aldrich), strontium acetate (CH3CO2)2Sr
(>99.9% purity Aldrich), chromium(lll) acetylacetonate Cr(CsH7O2)s (>99.9% purity
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Aldrich) and manganese (Il) acetylacetonate [CH3:COCH= C(O)CHs].Mn >99.9% purity
Aldrich, were used to obtain six cermets (see Table 1). Precursors were dissolved in
“deionized water—nitric acid HNO3", ethanol CoHsOH, deionized water, “nitric acid
HNOs—deionized water” and “butanol HzC(CHz)sOH-acetic acid CsHsO7H.0O”
respectively to form homogenous, steady and transparent sol solutions at 60 °C.
Dissolved ion solutions were mixed homogenously by stirring, reflux and heating at the
same temperature. Ethylene glycol C2HeO2 was added to each sol for the enhancement
of salt dissolution. The solution pH value was tuned to 3 by adding ammonia solution.
Hydrolysis and condensation reaction were accomplished by refluxing the mixed
solution for 12 h. Gels were obtained by slow evaporation at 70 -C until dried gel was
formed. The gel was dried at 120 °C during 12 h and then calcined at 800 °C for 1 h in
air.

Polyvinyl alcohol was used as pore-former in all cermets, which keeps a constant
pore volume throughout the sample. The samples were milled in an agate mortar during
1 hour, and the obtained powders were afterwards compressed into 1-cm-in-diameter
discs with 2mm in thickness using a 1-ton unidirectional axial pressure for 5 s, and
drying them at 110 °C during 24 h. Afterwards, the discs were calcinated from room
temperature to 800 °C with a heating rate of 1 °C/min in an atmospheric air-heated box
furnace for 2 h. Once the pore was formed, disc samples were sintered at 1365 °C for 1
h with a heating rate of 5 °C/min. The cooling rate for each anode was 5 °C/min. Once
the sintered samples were obtained, each one was reduced in a horizontal furnace at
800 °C under 10% H: in N2 atmosphere with a flow =150cm3/min. The atmosphere was
being reduced during cooling to inhibit oxidation layer formation on the cermet surface.
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Characterization: Once the reduction process was concluded, each sample was
analyzed by using an X-ray powder diffractometer model X‘Pert MPD Phillips, with Cu
Ka monochromatic radiation and 8—26 geometry. Powder XRD patterns were obtained
from 20 to 80° 20 angle range in step-scanning mode with a step length of 0.05° and a
stepcounting time of 10 s. Crystal structure and symmetry parameters were obtained by
the Rietveld method with the FULLPROF program [23]. Peak shape modified
Thompson—Cox—Hasting pseudo-Voigt function was used for simulation of XRD
reflection profile.

In order to obtain high-precision reproducibility; background parameters, scale
factors, instrumental effects, structural parameters, profile parameters, domain size
parameters, and crystal structure quantification were considered for refinement until
results converged into minimum values. Instrumental broadening U, V, and W was
determined by Rietveld refinement of an X-ray diffraction pattern of an Al2Os powder
standard for quantitative analysis [24]. Values obtained from refinement were used in all
patterns (U= 0.01951, V =-0.030181, and W= 0.015934). Crystal structure data for all
patterns was obtained from well-known Refs. [25-27].

Kinetic data and solid state crystallization were obtained by in situ TRXRD at 800
°C and 1050 °C in a 10% H2 and 90% N2 atmosphere, with a flow =150cm3/min.
Therefore, in order to enhance phase transformation kinetics a Lao.7Sro.3Cro.4Mno.602.85—
NiO cermet with 75 wt% NiO and 25 wt% Lao.7Sro0.3Cro.4Mno.602.85, was mixed with ethyl
alcohol and a drop was placed on Xray powder diffractometer heating holder (model
D5000 Siemens, equipped with Cu Ka monochromatic radiation, 6—8 geometry and with
a PSD detector). In situ reduction from NiO—Lao.7Sro.3Cro.sMno.602.85 to Ni—
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Lao.7Sro.3Cro.sMno 60285 and cermet time reduction were obtained by collecting an
individual diffraction pattern each 20 min, in periods of 8 h each by using a PSD-50m
MBRAUN. All XRD patterns were refined with the Rietveld method to quantify the
amount of transformed phase y(t) and to determine reaction-rate constant.

Effective porosity (@) was obtained by using cystallographic density pc
(calculated from the volume data obtained by Rietveld analysis); according the following

equation:

0
=1-(— 1
o1 (2) »

Where p is bulk density.

Lao.7Sro.3Cro.4sMnos02.85—Ni cermets electrical conductivity was investigated using
the four-point probe Van Der Pauw method [28] from room temperature to 800 °C, in a
horizontal tubular furnace equipped with Hewlett Packard 34970A digital multimeters
and with data acquisition for temperature and electrical resistivity. All cermets were
measured in a continuous flow =150cm3/min of 10% Hz/N2 gas (Praxair, 99.9%).

The micro-structural evolution and chemical composition data of the cermets
were obtained by using a JEOL-5600 Scanning Electron Microscope (SEM) in which an
EDS EDAX equipment is attached and a transmission electron microscope (TEM)
Philips CM200.

Results and discussion

Rietveld analysis and porosity: Powder XRD patterns of the samples
Lao.7Sro.3Cro.4sMno.s O2.85—Ni prepared from 25% Ni to 75% Ni indicated its amorphous
nature at 120 °C (dried gel). Crystal structure formation of the sintering samples in air at
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1365 °C for 1 h shows essentially crystallographic planes of the crystal family hexagonal
perovskite Lao.7Sro.3Cro.sMno.s02.85 and NiO cubic structure. Results with the Rietveld
method for Lao.7Sro.3Cro.4Mno.603-s—Ni compounds were obtained using the space group
R3c for hexagonal phase, 14/mmm for the tetragonal phase and Fm3m for the cubic
phase [29]. As an example, Fig. 1A shows the final cermet fitting with 45% Ni (sample
LSCMB3) after the first cycle of reduction process at 800 °C in H>—N> a atmosphere;
clearly confirms the formation of Lao.7Sro.3Cro.4Mno.6O2.g5 perovskite structure and the
absence of NiO crystals. The experimental profile was indicated by (+), the cal culated
one by (-), and the difference plot between the observed and calculated intensities are
shown in each case. In these figures, an acceptable adjustment for the differences
between the observed and calculated profile intensities was registered. Perovskite
structure is not altered by this treatment. However when the cermets were treated by a
second cycle of reduction at 1050 °C, perovskite crystal structure is clearly altered from
Lao.7Sro.3Cro.4sMno 0285 to A2BO4type structure [30] (see Fig. 1B). As it is observed in
Fig. 1, almost flat differences were obtained between the observed and calculated
profile intensities. Adjustment degree for fitting patterns was from 5 to 10 (Rup).

At 800 °C the phase is hexagonal perovskite and contains six formula units per
unit cell. However, at 1050 it has only two formula units per cell. This leads to an
oxygen content reduction from 0.58% to 0.56%. Assuming Lao.7Sro.3Cro.4Mno.sNiO3.95
and Ni as the main reduction products of the reaction, the possible reaction mechanism

with S = 0.15 can be considered as follows:

3+ 2+ 3+ 3+ 12— 2+ 2 1+
Lag 55155 g3 Mng e 0576 + Ni*" 0“7 + Hy

— LaghSiZh it Mnd NI 02 5o + NPT 4+ (1.15 - $)HI 0% (2)
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Recent studies have shown that perovskite structure can be stabilized by low-
level doping with Ni [31]. However, this study indicated that excessive amounts of Ni
contained in the solid solution causes symmetry-breaking. XRD patterns with A2BO4
type structure were refined on a lower symmetry body centered tetragonal crystal
structure, consistent with a structure Lao.7Sro.3Cro.4Mng.eNiO3.95 (I4/mmm). This lowering
of symmetry by phase transition from aristotype R3c to hettotype 14/mmm can be
caused by the tilting of adjacent layers of the rigid BOs octahedra about the threefold
rotation axes of hexagonal perovskite [32,33]. Thus, the obtained results support the
symmetry proposed for structures type perovskite with tilted octahedra and distortion
from R3c (anti-phase) to 14/mmm (in-phase) [34]. The presence of O vacancies leads to
an increase in adsorption energy of H> and substantially lowers the energy barrier
associated with the H-Hbond cleavage [20]. Therefore, displacement of <La3*-Sr?*>
and <Cr3*-Mn3*> cations by the presence of O vacancies and incorporation of Ni?*
cations along crystallographic directions [2 2 1] off center can induce a phase
transformation mechanism to the new tetragonal phase; only in a controlled and
reduced atmosphere (10% H2/N2). Acceptable and good adjustment for the differences
between the observed and calculated profile intensities was registered. Fig. 1B shows
the final cermet fitting with 45% Ni (sample LSCM3) calculated by the Rietveld method
after second treatment.

The percentage of Ni in each of the 6 samples after reduction process is
indicated in Table 1 together with the one calculated with Rietveld method and cermet
domain size (At). Some differences were observed for the average domain size
between samples treated at 800 °C and 1050 °C. Ni crystals domain size at 800 °C
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does not change considerably (around 780 nm) for samples with 25% and 35% of Ni
after the reduction process, whereas in the rest of the samples it increases to >1000
nm. nm.When temperature was increased to 1050 °C, the domain size was 940nm for
the 25% Ni sample, and the rest increased to >1000nm too. This behavior is normal due
to grain coalescence of elongated grains of Ni [35-37]. However, the rhombohedral
perovskite phase domain size (ABO3) increased from 28nm (25% Ni) to 89nm (75% Ni)
at 800 °C, whereas for the tetragonal phase (AB204, 1050 °C) it was from 63nm (25%
Ni) to 143nm (75% Ni), almost twice (see Table 1). Domain size increase can be directly
related to Ni amount and its nucleation to form tetragonal structure.

Crystal structure data for Ni obtained with Rietveld analysis during the reduction
process at 800 °C showed a slight change in lattice parameters and cell volume. Table
1 shows a decrement in Ni cubic unit cell volume when Ni% increased after the
reduction process. Ni structure cell volume decreased from 44.661 A3 to 44.028 A3. It
can be explained by oxidation states; taking into account the Ni different ionic radius,
which can be changed from Ni2*(0.69 A) to Ni*® (0.55A), volume decrease results in the
increasing content of the smaller Ni®* cations which dimensions of the lattice might be
compensated by larger Ni?* cations. During the second reduction process at 1050 °C,
cermets Ni cell volume was quite comparable.

Crystal structure data for Lao.7Sro.3Cro.4sMnoe02.85 obtained with Rietveld analysis
during the reduction process at 800 °C shows a change in lattice parameters and a
slight increase in cell volume. This small increase of unit cell volume may be a

consequence of entering larger Ni?* cations in perovskite structure [31,38].
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However, during the reduction process at 1050 °C the Lao.7Sro.3Cro.4Mno.sNiO3.95
crystal structure showed a unit cell parameter distortion (a, b) and a slight increase in
cell volume too. This behavior can be explained through cations interchange, which is
ordered in amore close-packed A>2BO4 tetragonal structure when Ni content increases in
Lao.7Sro.3Cro.4Mno sNiO3.95s—Ni compounds.

The Rietveld analysis suggests that Ni contents are directly proportional to
Lao.7Sro.3Cro.4Mno sNiO3 95 tetragonal structure cell volume and inversely proportional to
Ni crystal structure cell volume after reduction at 1050 °C with H>—N2> atmosphere for 8
h.

Furthermore, anode porosity was proportional to the cermet NiO amount. This
increase can be attributed to Ni amount and volume size change during the reduction
process. 25 wt% Ni (LSCM1) cermet porosity was around 40%. Its adequate to optimize

triple phase boundary and increase electro-oxidation reaction of the SOFC’s anodes

[39].
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Fig. 2. Time-resolved XRD for the isothermal reduction Lap7SroaCrpsMngg
0285-NiO — Lag7Sr03CrpsMng 02 85-Ni at 800°C under N-H; atmosphere (sample

LSCMS).
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Fig. 2 shows an hkl relative intensity plot vs. diffraction angle for
Lao.7Sro0.3Cro.4Mno 602.85—NiO—Lao 7Sro.3Cro.4Mno602.85—Ni at 800 °C (ABOs3
+AO—A2BO4, LSCMB6) isothermal reduction reaction. (1 1 1)NiO X-ray crystallographic
reflection intensity decreases while a symmetrical and simultaneous (1 1 1)Ni plane
increases during the first 60 min, but only after an induction period of 10 min. After 120
min, (1 1 1)nio plane intensity continuously decreases but at a slow rate and (1 1 1)ni
plane intensity increases at the same rate. During the first 180 min the reaction was
completed. Crystal structure for both phases remains unchanged for 8 h after reduction
process.

Similar behavior was obtained by thermogravimetric techniques for other authors
in compounds with NiO reduced to temperatures lower than 1000 °C [40], however, the
maximum reduction rate is smaller than Lao.7Sro.3Cro.4Mno.602.85—Ni. Therefore, high and
lower profile reduction can be obtained by Lao.7Sro.3Cro.4Mno.602.85 content, because
they are surrounding the NiO particles. This behavior is not obtained in works with
single NiO particles underHz reduction; therefore there is a diffusion problem [41].

Kinetic analysis and microstructure: In order to elucidate the transformation
phase at 800 °C and 1050 °C and to get the proper reaction mechanism, reaction order
and reaction rate kinetic parameters were obtained by using the Johnson—Mehl-Avrami

(JMA) theory [42], where the reacted fraction y(t) is given as a function of time t, by

y(t) =1 —exp[—(kt)"], (3)

where k is the temperature-dependent rate parameter and n is the reaction order.
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Kinetic parameters such as concentration y(t) were calculated by Rietveld

method and the reaction rate can be determined through the relations [43]:

yolt) =1~ 20 (4)
Cﬁ(ﬂ
yg(t) e (5)

where a and (3 are the fraction consumed and formed at any time t respectively.
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Fig. 3. Reaction kinetics from the TRXRD analysis fitted by Johnson-Mehl-Avrami
equation in Lag75rp3Crg4Mnp0255-Ni system.

The experimental and isothermal fractional data y(t) obtained from TRXRD is
shown in Fig. 3. It is seen that the rate of conversion increases at the beginning and
decreases after the flex point and tends to zero when the transformation goes to
completion; after subtraction of the induction period the growth is a diffusioncontrolled
process.

Data point dependence of In[In(1-y)] on In(t) gives a straight line (R? = 0.99) in
the whole investigated dwell time region, meaning that NiO particles decomposition in
Lao.7Sro.3Cro.sMnos O2.85 perovskite composite obeyed to the JMA equation well. The
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linear fit of experimental data gives an Avrami exponent n close to 1 (1.3) and a
constant rate of k = 0.004 min~* during the Lao.7Sro.3Cro.4Mno.602.86sNiO—
Lao.7Sro.3Cro.4Mno.602.85—Ni reduction reaction at 800 -C.

Fig. 4 displays time resolved XRD data under isothermal conditions at 1050 °C
for 8 h after reduction process at 800 °C. During the first 2 h, no major changes are
seen in reflection profile intensity for Lao.7Sro.3Cro.4Mno.6O2.s5, therefore, perovskite
crystal structure remains unchanged. However, after this incubation period exhibits
symmetry breaking; perovskite crystallographic planes then begin to disappear and
simultaneously crystallographic planes for tetragonal Lao.7Sro.3Cro.4MnosNiO3.95 appear
without diffraction features for an intermediate suboxide crystal structure. It showed that
the time taken to complete symmetry breaking reaction was 2 h after incubation period.
After this time tetragonal structure remains unchanged. This crystal structure
transformation by splitting of the hexagonal (1 1 0) reflection into (1 1 0)/(1 0 3)
tetragonal structure doublet can be due to the relative stability of the Mn3* on the
surface (first layer) and subsurface (second layer) regions of (0O O I) hexagonal structure
which induce the beginning of cation movement (La**, Sr?*, Cr3*) to O vacancies
stability and to perovskite interaction with Ni at high temperature withH, atmosphere,
which is re-ordered in a new structure with an oxygen reduction of 2% in a closer-
packed A>BOg tetragonal structure.

All the cermets’ microstructure observed with TEM and SEM before and after the
reduction process was very similar. In Fig. 5 anode microstructure with 25 wt% Ni
before and after reduction process is shown. Morphological analysis showed that the
cermets had the same morphology and an average perovskite particle size of
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approximately 0.5um. Perovskite structure particles analyzed with EDS, were observed
surrounding NiO particles. These NiO particles have sizes from 1 to 2um. These
observations are consistent with the reduction process kinetics behavior, which is

obstructed by perovskite particles.
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Fig. 4. Time-resolved XRD for the isothermal reduction LapzSrg3CrgaMnpg
0z 5—Mi — Lag75rg 3 Crg 4MnggMi0s a5—Ni at 1050+C under N-H; atmosphere (sam-
ple LSCME).

Fig. 5. TEM and SEM images of sample LSCM1 cermets composite sintered at 1365+C for 1 h in air. Before (a) and after (b) reduction process.
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Electrical conductivity: Electrical conductivity of cermets isothermally crystallized
at 800 °C and 1050 °C was measured in function of Ni content according to
Lao.7Sro.3Cro.4Mno.602.85 content in Hz, and a direct effect of the

Lao.7Sro.3Cro.4Mno sNiO3.95 phase formation on cermets’ electrical properties was found.
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Fig. 6. Logo vs 1T graphs for Lag7Sro3CroaMngsOzs5—Ni cermets at 800°C with
Hy-Ny atmosphere.

Cermet electrical conductivity behavior obtained by 4-probe measurements from
room temperature to 800 °C is plotted in Fig. 6. This figure represents a
semiconductortype behavior for the samples from 25 to 75 wt% of Ni. The change of
electrical conductivity in Fig. 6 can be attributed to the height increment of Ni, because
when nickel increases electrical conductivity too; electrical conductivity is significantly
lowered in low Ni concentrations (<<1Q'cm?). Ni compositions from 65 to 75% show a
tendency to form a maximum in conductivity dependence versus temperature (~3Q™*
cm™). On the contrary, Ni compositions from 25 to 55% show a tendency to conductivity
minimums in the whole temperature range 25-800 °C. For Lao.7Sro0.3Cro.4Mno.602.85—Ni
based phases, the experimental conductivity tendency data suggest that samples with
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35 and 45% of Ni are more closed for SOFC anode applications [12,44]. Also, other
studies indicated that Ni in anode electrode increases the polarization resistance when
concentration exceeded the 50% [45].

On the contrary, isothermally crystallized cermets at 1050 °C showed a
semiconductor-type behavior when the Ni concentration was 25%. However, when Ni
concentration increases, the electrical conductivity profile changes from semiconductor
to metallic-type behavior (see Fig. 7). This study indicates that metallic-type behavior ior
dominates when Ni concentration increases from 35 to 75%. Thus, our results support
the conductivity behavior proposed for tetragonal structures type LazCuo.7C00.304+s
[46,47] whereas Ni concentration does no go over 25%. After this value the process is
controlled by ametallic-type behavior. Unambiguously the brokensymmetry from
hexagonal perovskite (Lao.7Sro.3Cro.4Mno.602.85) to tetragonal structure

(Lao.7Sro.3Cro.4Mno.sNiO3.95) showed a drastic diminution of electrical conductivity.
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Fig.7. Logo vs 1/Tgraphs for Lagy 513 CrgaMng sNiO3 95— Ni cermets at 1050 «C with
Hz-M; atrmosphere.
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Conclusions

Composites of Lao.7Sro.3Cro.4Mno.602.85s—Ni cermets with good electrical properties
were synthesized by sol—-gel method and the chemical reactivity of perovskite oxide
SOFC anodes under a H, atmosphere was evaluated its possible application as anode
in solid oxide fuel cells. The results of in situ timeresolved XRD show a direct
Lao.7Sr0.3Cro.4Mno.602.85—NiO—La 0.7Sr0.3Cro.4Mno.602.85—Ni transformation without
accumulation of any intermediate crystal structure at 800 °C. Reduction Kinetics in
these cermets follows a high and low profile reduction while hexagonal perovskite
particles are surrounding and then reduction process is obstructed, therefore there is a
diffusion problem. When increasing the temperature to above 1050 °C, the
symmetrybreaking defect can be produced by introducing Ni?* cations in the perovskite
solid solution, but only after an induction period. Surface sites defects may be created
by adsorption ofH2 and by oxygen vacancies which induce cation movement and a
phase transformation mechanism to the new tetragonal phase.

The results of electrical conductivity and phase transformation kinetics in Ni—
Lao.7Sro.3Cro.4Mno 602.85—Ni anodes, compared with other works, allow us to conclude
that samples with 35 wt% and 45 wt% of Ni phase are the most acceptable material for
application as anode in solid oxide fuel cells due to their similar performance.
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