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Fig. 1: Glycine-nitrate propellant chemistry for synthesis of predominant surface area materials.
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Abstract

Due to sluggish oxygen reduction reactions, devakaqt in the solid oxide fuel cell (SOFC)
field is stagnant. Two solutions, increasing thivacsurface or use of precious materials, can
stimulate the oxygen reduction kinetics on eleasdrhus, to gain both these benefits, the
present article addressed the synthesis of higfacaiarea mixed oxide ionic—electronic
conductor LaeSr.4CopdFen 035 (LSCF) using chemistry of the propellant glycinerate
reaction. In this study, different fuel to oxidamatios (), 2.0, 2.6, and 3.0 were used to
control the exothermicity of reaction and powdeopgarties. The maximum reaction
temperature of 1337 K aji = 3.0 resulted in coarsened powder. In contrasthparatively
less exothermicity of reaction gt = 2.0 resulted in powder with substantial Brunauer
Emmett—Teller surface area of 10.97 gi, with maximum powder compaction achieved at
sintering of 1273 K. With optimal direct current-ptane electrical conductivity of 341 S
cm}, Hx-temperature-programmed reduction showed excelbewalytic activity for the
sample obtained ap = 2.0. The electrochemical performance comparisdrelectrodes in
two different cell geometries — with and withoug@d catalytic current collecting layer (Au—
CCCL) - revealed the least polarization and cedlistance in the cell with Au—CCCL. The
electrode area specific resistance and cell coidiyctising Au—CCCL were 0.09% cmi?

and 0.15 S cif, respectively.
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1. Introduction

The miniaturization capability and advanced physi@mical properties of
nanoparticles has led to rapid growth in nanoteldgy in science and technology.
Nanotechnology offers a cost-effective approachssemble devices due to the requirement
of less materials and lower associated cost. Onadicle scale, nanoparticles are
fundamentally different from micron sizes of a fixeomposition in regard to advanced
electrical, mechanical, thermal, optical, structusamd catalytic properties [1-6]. However,
an extraordinary behavior of nanoparticles due redpminance of surface agglomeration
during high-temperature processing, making exterdlgdble applications impractical [4].
Therefore, scientific research in energy conversimal storage technologies is stagnant
concerning synthesis of pure and stable nanopastidr supercapacitors, batteries, and solid
oxide fuel cells (SOFCs). Due to considerable toetlectrical energy conversion efficiency
and environmentally benign properties, SOFCs argadciing global attention [7].
Nevertheless, SOFC technology is not yet commezeid| due to some critical issues — for
example, reduced lifetime due to chemical compégbiamong SOFC components,
inadequate densification of electrolyte mixing thedizing and reducing gases prior to cell
reaction, inferior electrolyte conductivity, and daiecre activity of electrodes for redox
reactions of the respective gases remain unso®pd[multaneously working on all these
aspects is, however, very complex, and the curtepic is restricted to synthesis of
catalytically active nanocrystalline electrodes.

Reducing degradation owing to cross-over diffusama overall system cost are key
in SOFC research, which includes checking varioossjbilities to decrease operation
temperature to as low as 773-973 K [9-11]. Forvargioxide ion conducting electrolyte of
few micron thickness, the activation loss over apgen electrode is significant, limiting the
low-temperature goal. Numerous attempts have beadenusing classical electronically
conducting Pt-metal and ha&)SrxMnOs;, and were found wanting due to restricted oxygen
reduction reaction (ORR) at the electrode—electeolpterface [12]. In such material, the
entire electrode volume is rarely utilized duringecation and, for effective operation, the
entire electrode should be in active mode. The nadteag ¢St 4C o gFey 2035 (LSCF) is one
potential mixed oxide ion electronic conductingctlede material and solution, extending
the ORR from electrode—electrolyte to electrode-igéexface due to additional oxide ion
diffusion paths [13,14]. Further improvement canniede by reducing the particles to nano

size.



The methodologies normally used to synthesize remtiofes are categorized as top-
down and bottom-up approaches. In the top-downagmbr, the nanostructure components
are considered as a basic building block of supentsire, whereas in the latter the atoms or
molecules self-assemble to build a nanostructune. Gottom-up approaches, including the
glycine—nitrate  process (GNP), co-precipitation, namhemical, spray drying,
mechanochemical, and reverse missiles are all eftesttive compared with top-down
approaches [15]. However, synthesizing a consideramount of the multi-metal oxides of
perovskite, fluorite, and pyrochlore families is mm@omplicated than for single component
metal oxides. Thus, GNP was chosen over bottomagroaches for the synthesis of
nanomaterial. The several advantages of GNP — Xample, simple and relatively fast
process to obtain the stoichiometric materials atadecular level, and no requirement of
sophisticated instrument and hence economicallgrédble — are gaining much attention
from researchers. The GNP is based on propellarhidtry, in which reaction exothermicity
is principally balanced by changing the stoichiametmong oxidizing and reducing agents
[16-18].

Depending on material processing, the nature obargstalline powder, and hence
the electrocatalytic oxygen reduction propertiesnuditerial in the ultimate application,
change. Recently, combustion synthesis has becoommaon method for perovskite and
double-perovskite synthesis, with differences anlyhe varieties of fuel — e.g. urea [18,19],
glycine [17-20], citric acid [18,21,22], ethylenapl [23], sucrose [24], and alanine [25] —
used during synthesis. The synthesis based on lfaopehemistry is a thermally induced
redox reaction with reaction exothermicity, andiésermined by fuel type and fuel to oxidant
ratio [19,26]. The synthesis is completed in a famutes and produces large volumes of
gaseous products, which isolates the nanoparteldso prevents them agglomerating. Thus,
type of fuel and oxidizer [16,19,27], ignition tearpture [28], and fuel to oxidant ratig)(
[16] are principal parameters determining the puntorphology, and crystallite and particle
sizes of powder. Among various salts used as atizex, the metal nitrates remain the first
preference because the rapid oxidizing capabilitg @igher degree of water solubility
maintain the solution homogeneity at the moleclgael [29]. The fuel was selected by
fulfilling specific requirements, e.g. maximum gasolution following reaction, good
chelation ability, low ignition temperature, andjhiexothermicity of fuel [26]. Due to good
complexing ability of the carbonyl group and vigesariggering of combustion reaction on

the amino group [30], the existence of both groigpessential for maximum fuel benefit.



Among the frequently studied glycine (MEH,COOH), urea [CO(Nk),], and citric acid
[HOC(CH,)2(COOHY)] fuels, glycine is exceptionally good becauseai$ both carbonyl and
amino groups at the end of the structure. Considetine above merits, metal nitrate and
glycine were chosen as oxidizer and fuel precursespectively, comprising GNP.

In the present research, ignition temperature (&y%and type of fuel and oxidizer
were kept constant, and synthesis was performeerufuel-deficient, stoichiometric, and
fuel-rich conditions ofy to determine the effect on adiabatic temperatdreoonbustion
reaction and physiochemical properties of powdBexause as-synthesized powders include
carbon and unburned fuel residues, an intermedialenation is recommended in most
studies to remove these organic entities [21,283[l-However, these volatile and uniformly
distributed impurities in powders oxidize easilyatmospheric air sintering. Further, due to
coherence of impurities with carbon black pore fernusually obtained in incomplete or
partial combustion of hydrocarbons and petroleuadpcts, the existence of some impurities
may produce a porous structure [34,35]. Thus,ke talvantage of volatile impurities as pore
formers and to minimize the intermediate calcinatstage, the as-synthesized powder was
compacted and consolidated in one-step sinterifge Gonsolidated samples were then

analyzed for structural, morphological, and eledtemical properties.

2. Experimental

The nanocrystalline LSCF was thoroughly synthebiag the facile GNP, using the
nitrate-based precursors of La, Sr, Co, and Felnuia, and glycine as a propellant. All
nitrates were analytical grade, and ionized in deadibdistilled water to the required
stoichiometry. The resulting solution was stirrezhstantly with the dropwise addition of
glycine stock solution to providg of 2.0, 2.6, and 3.0. The solution was then hesledly
to transform the entire mass into transparent gelthen combusted at 573 K on a pre-heated
hot plate. The synthesis details were providednirearlier publication [17]. Here, the effect
of organic residue on properties of electrode uslisd. The carbon and residual fuel of the
as-synthesized powders were eliminated during mmgteat 1273 K. The in-situ removal of
organic impurities has two purposes: (i) reductidrseveral heat treatments to a single step
and (ii) COx gas released in partial oxidation afbon generates the porous microstructure,
essential in the diffusion and distribution of thas phase in electrodes of SOFC. For
convenience, the powders synthesized at diffegeot 2.0, 2.6, and 3.0 are abbreviated as
L20, L26, and L30, respectively, and correspondigered bodies are L20S, L26S, and
L30S.



The high-temperature GNP evolves a tremendoustidyain gas, which conducts the
heat away from the reaction. Hence, the combustaation is not exactly adiabatic but
exchanges part of the heat with the surroundinge@as atmosphere and container.
Consequently, the reaction temperature drops béhmvideal thermodynamic value. The
actual temperature and moles of gases taking pé#neireaction at differemi were inspected
using IR-pyrometer (AST MT500) and thermogravineanalysis (TGA, SDT Q600 V20.9
Build 20) instruments, respectively. The observationade in both analyses support the
comment that “temperature deviation of the comlomsteaction from the adiabatic value is
due to increased quantity of gases at high&rrhe particle growth under reaction enthalpy
was also evaluated in a dynamic laser scatteripgraxent (Malvern 4800 Autosizer) and
performed on a suspension prepared in double |ddstivater. Alternatively, the particle
growth for individualy was visualized using field-emission scanning etectmicroscopy
(FE-SEM, JEOL JSM-6500) equipped with energy disper spectroscopy (EDS). The
specific surface areas and pore size distributmnpowders obtained at varioujs were
evaluated using a Brunauer—-Emmett-Teller (BET) yamaal After performing fundamental
characterizations on powders, L20 powder was ardlymsing transmission electron
microscopy (TEM) and Htemperature-programmed reduction setup,-TAR, Zeton
Altamira AMI-200) to determine the oxygen activgi@ithin the temperature range of SOFC.

The sintered samples were examined for phaseypusihg an X-ray diffractometer
(XRD, Bruker D2-Phaser), with diffraction angl® 2 20-80° and step size of 0.02°. The
surface of the optimized sample was scanned formoda state and composition
determination using X-ray photoelectron spectrogdo{l’S). The extreme fuel-deficient and
fuel-rich samples were chosen for direct currenC)On-plane electrical conductivity
measurement using the van der Pauw four-probe itpolinFor a measurement, a constant
current of 40 mA was passed through two probes tia@desulting potential drop across the
remaining probes was measured using an electroaltnmeter. The measurements on all
samples were performed in identical conditionsstatic air, and within the temperature
range of 298-1023 K.

3. Results and discussion
3.1. Powder characterization

High-temperature thermo-chemical and thermo-meciafailures are challenges for
prolonged operation and commercialization of SO&hmology. Hence, research is focused

on decreasing the operation temperature to a udabd. Consistent with the research



indicators, an alternative electrode material wéhst polarization and ohmic losses is of
major importance and is the aim in preparation afalytically active and advanced
nanocrystalline materials.

The catalytic activity is work function dependesatd can mainly be tuned by altering
particle size, external electrical field, or swittdpto new chemical composition of materials
[36,37]. Thus, the work function is the least amtoofrenergy required to release an electron
from the cathode surface in reducing gaseous oxygexide ions and then incorporating
them into the lattice. To serve the catalyst gited,mixed ionic—electronic conductor (MIEC)
LSCF was selected and synthesized thoroughly by @Ndifferenty. A large amount of
energy is released in synthesis as shown by tmeeflan the reaction mixture dfig. 1.
Temperature of the reaction mixture or flame is destrated in the temperature versus time
profile (Fig. 28). The progressively increasing temperature withl famount Table 1)
explains the C, H, and O abundance. At the fuakoift ratio, the oxidizing species are
though sound good, the reducing species requiredotoplete the combustion deflated,
making it difficult to reach the optimum temperauHowever, an increased amount of fuel
in stoichiometric and fuel-rich conditions respeely shifts the mode of reaction from partial
to complete combustion, and accordingly the tenipezaof reaction rises. The maximum
temperature is for reaction @t= 3.0 (1337 K), which is still lower than the valestimated
from an adiabatic reaction [17]. The significanvidéon in reaction temperature may due to
the dissipation of heat by the large volume of @aslved in the reaction, which is very large
for the higher fuel amount. These gases exert tlatuthe bottom of the combustion vessel
and blow a small quantity of powder. Similar theustre also observed in TGA of the
precursor Fig. 2b), showing the weight gain about an ignition tenapare of glycine of 453
K. The magnitudes of thrust observed in synthekis26 and L30 powders are 6.6 and 22.4
times that gained in L20 synthesis, respectivelygpsrting the comment that “increased
gaseous quantity in combustion at higher fuel arhdetermines the temperature of reaction
mixture and properties of final powders.”

The high-temperature results in particle agglomenatHowever, the soft and loosely
bonded agglomerates formed at lowecan disperse on sonication and hence improve the
electrocatalytic applicability [38,39]. In electtwamistry, the electrochemical processes
function due to the active sites available for tieas — they are much higher for materials of
huge surface areas, which provide a large numbdaigling electrons while tightly bonded
bulk electrons remain isolated [40]. Thus, the twtete surface determines the activity,



mainly due to large numbers of unpaired surfacetelas, and hence performance during
application in SOFC. In the present study, the ifipesurface areas of materials are
estimated from the MNadsorption—desorption experiment. The adsorptieseiption
isotherms and pore distributions obtained in expents are presented Hig. 3. The
isotherms resemble the H1/H2-hysteresis of the I0Rfandard and of areas demonstrating
high specific surface areas. The shape of the alemetes the mesoporous powder generated
as a consequence of random access of gas in caorbj4kl].

The N-adsorption on the walls of pores results in theggish increment in
adsorption Fig. 3). The adsorption reaches a plateau at about=PR70. At P/R>0.70,
further adsorption follows the nitrogen condensatio pores. Thus, the estimation of
adsorbed and desorbed nitrogen species gives #dragey specific surface area of samples
and it is shown iMable 1. The maximum surface area is obtained for the 4€@ple, which
is the result of decreased reaction temperaturetadw®luminous gas products. These gas
products restrict direct contact among the padieled hence material sintering [19]. Ko
2.0, the gas products are not effective in overognthe sintering, resulting in materials of
minimum surface area. The pore size distributiofig 3 illustrates peak maxima at about
21, 16, and 14 nm for L20, L26, and L30, respetfivEhe maximum pore volume of 4.95 x
10 cm® gm™nm ™ occurs for the L20 sample with average pore diemet about 21 nm.
The maximum pore volume is the consequence of loveaction temperature and
simultaneously less gas evolution by combustioa mwery. Whereas, in the cases f=
2.6 and 3.0, the increased reaction temperaturgrelies the effect of gaseous products and
densifies the fluffy foam. These results are cdastswith FE-SEM images showing dual-
scale morphology, the foam-like interconnected oeks with overgrown particled=(g. 4).
The dual-scale morphology with co-existing largezesvoids reflects the quantity of gas
expelled in combustion, which is larger with ing®g amount of fuel [27]. However, the
local sintering due to the temperature generatecombustion at an elevated fuel level is
unavoidably accompanied by overgrown particleszg 400 nmIig. 4d). Thus, sintering of
the interconnected network with accommodation afgda particles is truly a high-
temperature phenomenon [19]. Further, the TEM a&malyacross particles of interest
demonstrates the highly oriented crystalline plafés 4€. These planes are 0.272 nm apart
and are assigned tod interplanar spacing of L20. The close matching @f; dalues

obtained for TEM and XRD techniquesTaple 2) implies that a nanocrystalline



rhombohedral perovskite is formed in as-synthesipewvders with inevitable residual
carbon.

The catalytic activity is defined by presence ofop@&les, superoxide, hydroxyl
radical, singlet oxygen, and alpha-oxygen speciBlsus, to elucidate the chemical
environment (hydroxide or carbonate species) ofenwdf the oxide ionic mobility was
studied under a reducing atmosphere and within SOp&®ating temperatures. It has been
well established that oxide ions diffuse along acef grain-boundary, and lattice pathways,
and these are categorized depending on the natw#fesion asal-, a2- and-oxygen,
respectively. Under partial reducing conditiong tbosely bonded chemisorbed-oxygen
condensed on the surface of the materials elimsnaigorously during the initial stage of
heating, whereag2-oxygen bonded with trivalent Co and Fe in vigirof grain-boundaries
eliminates at a later stage. The lattiz®xygen is strongly bonded and participates in the
diffusion process only at elevated temperature.sT laletailed knowledge of degree ai-,
02-, andB-oxygen and temperature of activation helps inbecation of the surface and bulk
oxide ionic diffusivity of electrodes, and hencee tlapplicability of materials over a
temperature range.

Since catalytic activity is surface dependent, otilg sample with high specific
surface area of 10.97°m * was chosen. The oxygen activity resolved undei% B, + 90%
Ar atmosphere and at constant flow of 56*enin™* is shown inFig. 5. The H-TPR result
demonstrates two sets of major signals (accompgngeveral minor kinks) respectively
within two temperature ranges, 523-673 and 773—-X07the few minor peaks also occur in
the low-temperature region, explaining tlee-oxygen condensed in the carbonate or
hydroxide forms. The first set of major peaks (32%83-K) represent contemporaneous’Co
— Cd" and F&" — Fe* charge transfer reactions, whereas the secon@&t1073 K) of
Co®* — Cd and Fé" — Fé transformations are attributed to semiconductanédallic-like
transition [42]. Thus, the reduction of cationsldwer oxidation state accompanies thg H
consumption owing taxl-, a2-, and(-oxygen species active in a respective temperature
range; and the area of individual peaks quantifiescorresponding oxygen loss, foremost for
lattice oxygen at about 937 K. The quality of FPR in combination with an earlier,&@PO
result [17] indicates the potential of LSCF for asean electrode in symmetrical SOFC.
3.2. Characterization of sintered samples

Because high-temperature performance of SOFCs nisitse to impurities, the

materials being considered should be pragmaticiignosed. The X-ray crystallographic



study was carried out on all samples sintered @8 Kfor 2 h. The obtained data are indexed
and compared with ICDD 00-048-012Bid. 6). The reflections (012), (104), (202), (024),
(116), (300), (208), and (128) at the Bragg's diftion angles of 23.17°, 32.98°, 40.59°,
47.31°, 53.28°, 58.81° 69.16°, and 78.79°, respagt confirm that all samples are of
rhombohedral perovskite structure (space group )RaBd no remnant carbon or secondary
impurities occur within the resolution limit of tegique. The crystallite sizes and X-ray and
Archimedes densities are all summarizedrable 2, demonstrating the dominance of high
surface area samples. The X-ray and Archimedesitd=nboth show similar trends with
maxima for L20S.

The densification is essentially determined by pinesence of organic impurities,
initial particle size, and material sinterabilig3]. It should be recalled that all samples have
identical chemical composition and hence commotesability behavior, and so particle size
and degree of leftover organic impurities become timly factors determining sample
compaction. The powders synthesized at Ipwacquire high specific surface area and
consequently the particles are smaller. Hence, enigtompressibility and inter-particle
reactivity of the green body due to improved contmong the fine nano-sized particles
eliminates the intermittences at moderate sintetamgperature. In contrast, the powder
synthesis at highap results in harder and coarser particles sepatataduch larger voids.
Additionally, the powder synthesis at highpradds a significant amount of carbon residue,
which produces CQgas during sintering. The evolved gases and pecesehsuch intrusions
hinder the densification to much higher temperat(4d]. Thus, the sample acquiring larger
particles and organic impurities retains the porousrostructure, which results in inferior
densification for powders obtained at high

The SEM topography of samples sintered at 1273 K Zoh shows compact
morphology for L20S, but L26S and L30S contain dsrgand non-uniform particle
distributions Fig. 7). Additionally, the hexagonal rods found on theface and bulk of L20
remain a mystery. The rods are pfh long and 50-280 nm widd-ifj. 7d and ¢. The
elemental analysid=(g. 8 andTable 3) shows that the rods are composed of La, Sr, @, a
Fe cations, but with different stoichiometry to theecursor (3:2:4:2). A Sr-rich surface is
proposed on the basis of cationic radii, compasjtemd oxo-basicity. Due to size misfit of
A-site dopants @ = 149 pm, r, = 115 pm) and at extensive Sr-dopirk.4), the LSCF
perovskite remains under lattice strain. In addito lattice strain (a driving force responsible

for diffusion of cations) due to misfit of A-siteodant and Sr-doping above a threshold limit,
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the unbalanced chemical potential due to surfacanaes drags the alkaline solutes to the
surface, effectively maintaining equilibrium.

Alkaline and rare earths have a stronger diffuspropensity in neutralization,
forming the less reliable R®,(CO;) and Re(OHy) products on exposure to air, E@r a
hydrated atmosphere [31]. The sensitive XPS tectenigas utilized in quantification of the
chemical composition, electronic states of constits, and extents of chemisorbed and
lattice oxygen species of the surface. The chenuoatposition determined from the full
width at half maxima peak intensities is givenTiable 3, exhibiting the deviation from
precursor stoichiometry with the Sr-rich surface.

The Cls, La3d, Sr3d, Co2p, Fe2p and Ols XPS spectrshaken inFig. 9. For the
analysis, the Cls peak located at 284.4 eV is ased reference. The deconvolution of the
O1s peak is ascribed to the latticé IGand chemisorbed (QPspecies at the binding energies
(BEs) of 527.6 and 530.1 eV, respectively [45]. Tdteemisorbed species indicate the
strongly interacting surface oxide ionic vacancisus, the ratio among chemisorbed to total
oxygen content determines the degree of surfacgevxyacancies and hence the surface
exchange kinetics, which is 56.63% in the presasecSuch a large ratio may also result
from the additional basicity contribution due toedrichment at Sr 0.4, which leads to a
lower La/Sr ratio Table 3). Within the range of 0.2 x < 0.4, when S¥ is substituted with
La®" in perovskite structure of LSCF, the oxidationtestaf the B-site cation varies from tri-
to tetra-valence in maintaining charge neutratitywever, B* is not a normal oxidation state
and releases oxygen in achieving the staBfe(ige. formation of oxide vacancy by eq. 1 and
2). Additionally, higher composition and relativelless oxygen affinity (covalent

characteristic) of Co makes the oxygen desorptasiee compared to Fe [33].

2Co;, +0f = 2CoZ, +%O2 +V' (1)
' X X 1 .o
2Fe.,+0OJ = 2Fel, + EOZ +V; (2)

The chemical composition reveals a Sr-rich sutfashich responds readily to
atmospheric C®or H,O [46,47]. Thus, for each Srggland Sr3¢. core-level spectra, the
spin-orbital doublets corresponding to normal State (134.7 and 135.9 eV) and state owing
to charge transfer among the strontium andG® OH ligands (132.4 and 133.9 eV) are
expected [48]. Types of doublets have also beeorteg for La3d, and La3dg,, core-levels,
first at the BEs of 832.2 and 850.4 eV, and seairn®B4.7 and 852.1 eV, respectively [49].

11



However, the peak intensities corresponding to" G OH species are lower, illustrating
the surface deficiency of La.

The BE for Co2B, and Co2R, core-levels are 777.9 and 792.8 eV, respectively,
with no shake-up contribution, evidencing the lopins Co(lll) [31]. Because the Fe
composition is lower, the peak intensities corresiiag to Fe2R, and Fe2R), are inferior.
Furthermore, the BE gap of 10.6 eV indicates lowm $@(I1l), and no shake-up contribution
due to C3™ or OH species.

Fig. 10 shows the logarithmic DC in-plane electrical coctduty of extreme samples
measured as a reciprocal function of temperatuve. to less oxide ionic transport, the major
portion of the electrical conductivity measuredhwihe van der Pauw technique may be
regarded as electronic. The conductivity plots shbe Arrhenius trend to 873 K, which
decreases with further rises in temperature. Thelection within the Arrhenius region is
due to polaron hopping in the B—O-B electrical lstarwhich principally depends on the
degree of overlapping of the 3d-transition metdlitat and the 2P-orbital of oxygen [33].
However, the high-temperature deviation873 K) is explained by the oxygen loss
(generation of oxide ion vacancy) owing to semiaadr to metallic-like transition. These
thermally induced vacancies hamper the chargeecdrdle concentration and mobility [50].
These results are consistent with those of XPS HadPR, and show the maximum
electrical conductivity, 341 S crhat 873 K, is achieved only in L20S. The maximum
conductivity is attributed to the connectivity inopement due to compressibility of
nanoparticles. The activation energy of L20S calimd within 623-873 K is £ 4.05 kJ
mol™, lower than the values reported in single-phas€f.&nd composite with gadolinium-
doped ceria electrolyte [32,51].

3.3. Electrochemical characterization of L20S

In the ORR evaluation, electrochemical impedance speapms¢(EIS) measurement
was performed on electrodes in ambient air. All soe@aments were performed in a
symmetrical cell with the GeGdy 10;.05 (CGO) electrolyte, already sintered at 1823 K4or
h. The L20S sample, selected on the basis of high€sconductivity, was pulverized and
then deposited on CGO by the thick film screen{prqntechnique. The preparation of slurry,
thick film deposition, and fabrication of the symim@al cell are all described in a previous
publication [52]. Special care was also taken tmimize ambiguity because of particle
coarsening during the second time of consolidatiothick film, which was done at 1173 K

for 2 h, lower than the previously attempted sintgicondition in densification of L20S.
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The lower in-plane electric conductivity greatiyvered ORR, deviating the electrode
features from the standard SOFC, in which the amfditly used catalytic current collecting
layer (CCCL) [53] and interconnectors [54,55] amdidved to promote the ORR due to
augmented electron transport through. Therefore, tého distinct experiments, with and
without use of CCCL, were conducted to match tHeecence with SOFC. In previous study,
priority was given to Au over Pt, Ag, and Pd metads other metals are recognized
electrodes and known for overwhelming ORR in lowyperature fuel cells [56-58], which
increases the complexity in assessment of actouty to MIEC. Curled Au-wire was also
used to carry the electronic current from electraaidace to the EIS instrument.

The electrode activity was determined in a symroekicell using an EIS (HP 4284A
LCR Meter) instrument, within SOFC working temperat of 873—-1073 K, and at intervals
of 25 K (frequencies from 20 Hz to 1 MHz, and atamstant rms voltage of 0.5 V). The
spectra, initially corrected and normalized forde&u-wire resistances and electrode area,
respectively, were analyzed using Z-view softwéBeriper Associates Inc). The method is
effective in separating the different electrochehigrocesses, e.g. adsorption and
dissociation of oxygen by charger transfer reagtaxygen gas and oxide ionic diffusions in
electrode, and then ionic transport across thetreie—electrolyte interface of the device.
Each process has a fixed time constart RC = 1/f) related to the specific resistances (R )
and capacitances ( C ), resonating at frequepncyhuus, stimulation of the device over a
frequency range gives tentative information abbatdctive processes.

For convenience and to minimize complexity, thegdigt plots of L20 electrodes in
two different geometries are presented aloriéign 113 and the rest of the data are displayed
in terms of the temperature-dependent electroda apecific resistance (ASR) and cell
conductivity. As depicted in the insetleig. 11a an equivalent circuit consisting of a series
resistance (B, inductance (L), and the two parallel branchesafstant phase elements
CPE: and CPEx and resistances Rand Ry, respectively corresponding to the charge
transfer reaction and ionic diffusion processess waed to fit the data. The spectra are
depressed and deconvoluted into the processesanedtabove using complex non-linear
least square fittingHig. 113. All fittings overlapping exactly to the spectmaplies the
lowest electrode ASR for L20 with Au—CCCL. Alterivaly, the performance augmentation
can also be envisaged from the ohmic resistaneeertes of the cells prior to and after Au—

CCCL application.
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The dependence of electrode polarization resistancapplied current and potential
has been studied for electrode materials [59-6he Tesults of earlier studies showed
disturbed current distribution in electrode andcetdyte of the cell due to higher in-plane
resistance and discrete connectivity due to porstugcture of electrode affecting the
polarization and cell resistances. Due to higheplame resistance [62,63], the bare L20S
fails to distribute the electrons uniformly throwgih the structure, resulting in only a small
part of the electrode surface enabling the ORR thed oxide ionic transport through the
electrode and electrolyte components. In contrdst, increased contact area between
electrode and CCCL reduces the in-plane resistaittes, Au—CCCL not only improves
ORR but also the consequential oxide ionic diffasibrough electrode and electrolyte,
clearly shown in the high frequency interceptstanZ-axis of the EISHig. 113.

The ASR and cell conductivity are all thermallyiaated, and therefore the fitting
outcomes are illustrated simply in terms of tempeea dependence ifrig. 11b. An
exponential ASR decay is a characteristic of chdrgasfer and ionic diffusion relaxion
processes with increasing temperature. A substah8& difference is found between bare
L20S and L20S with Au—CCCL. In fact, the gap redudeastically at higher temperatures.
At higher temperatures, the increased conductoits to localized semiconductor (thermally
activated carrier hopping with charge fluctuatioms transition Co and Fe metals) to
delocalized metal-like transition of LSCF accelesalORR [64,65]. Interestingly such a
transition in LSCF cannot exceed the electricaldemtivity of Au metal (~10S cmi® [66])
[33]. In addition to relatively lower electrical mductivity, the porous microstructure of L20S
leads to poorer and uneven current distributiorelécttrode and electrolyte of the cell [67].
This poorer and uneven voltage or current distidouaffects the ionic diffusion through the
cell and hence overall conductivity. A similar reape is also seen in the net conductivity of
cell, in which the resistive contribution is mairdye to more difficult ionic transport in the
electrolyte component of the cell. At 1073 K, theasured cell conductivity using the L20S
electrode with Au-CCCL is 0.15 S ¢halmost four-fold that of the cell with bare L20S.
The ASR and activation energy of L20S with Au—CCé&le 0.097Q cm? at 1073 K and
146.66 kJ mol', respectively. The activation energy is well witlihe 133.15-159.2 kJ mbl

spectrum reported for an analogous system in elgwdémical studies [61,68—70].

4. Conclusion
In the present investigation, the reaction kireettd GNP are shown in detail for

synthesis of nanocrystalline materials. This tiraeisg and efficient approach can produce a
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multi-metal oxide powder with considerable surfacea in its as-synthesized form. The data
acquired in measurement of reaction temperatureannIR-pyrometer shows that the
combustion clearly deviates from an adiabatic matwith a highery. Due to less
exothermicity of reaction at a lowdr, the powder synthesis at limited fuel exposure, fo
example atp = 2.0, leads to weakly bonded agglomerates tleahetive enough to reduce the
molecular oxygen into radicals. The higher catalgctivity of nanocrystalline powder is
shown by the area of PR peaks, which originate as the charge transfaction
consequences of transition metals in low and reghperature bands.

The organic residual impurities of as-synthesipedders are used as a pore former
in the second half of the study. This results poaous microstructure, with higher electrode
porosity for the samples prepared from powdersh®gired at increasingly highar The
porosity effect is also noticeable in DC in-plarectrical conductivity of samples, with
highest electrical conductivity in L20S due to lessidual carbon and higher compressibility
of the nanoparticles. Despite variable porosity, tae samples surpass the electrical
conductivity requirement of 100 S ¢h The electrochemical studies on L20S in two
different configurations (with and without use ofi-ACCCL) show the oxygen reduction
capacity of the electrode surface. The study setsadditional constraint of CCCL
requirement for the application of LSCF in low-teamgture SOFCs — meaning that a LSCF

electrode alone is not sufficient for low-temperatuses.
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Figures

Fig. 1. Photograph of combustion reaction taking pladeeltto oxidant ratioy) of 2.0.
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Fig. 4. FE-SEM images of (a) L20, (b) L26, and (c) L30 plews; (d) higher magnified FE-
SEM image of L30; and (e) TEM image of L20 powder.
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Fig. 7. Surface SEM micrographs of (a) L20S, (b) L26S, @)d_30S pellets; and magnified
SEM micrographs of surface (d) and cross-sectipof(the L20S sample.
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Fig. 9. X-ray photoelectron spectra of L20S sample.
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Fig. 11.(a) EIS spectra of L20S electrodes without and withuse of Au—CCCL at 971 K,
in air, with an equivalent circuit used in fittitige data shown in inset; (b) plots of the
electrode area specific resistance and the cetluadivity results obtained in symmetrical
cells.

Tables

Table 1 Sample acronyms, fuel to oxidant ratio, adiabatempgerature,
hydrodynamic radius, and BET surface area of sasngyathesized at various fuel

conditions.

Sample Fuel to oxidant Adiabatic  Hydrodynamic @ BET  surface

acronym  ratio () temp. (K)  radius (nm) area (mfg ™)
L20 Deficient 751 598 10.97
L26 Stoichiometric 854 825 4.12
L30 Rich 1337 1111 2.84

Table 2 Sample acronyms, crystallite sizejod interplanar spacing, and
Archimedes, X-ray, and relative densities of samgiatered at 1000 °C for 2 h.

c ’ Density

rystallite

Sample o dio(R)  Archimedes (g X-ray (g Relative

size (nm) - -1
cm ) cm ) (%)

L20S 27.65 2.7185 6.20 6.64 93.37
L26S 27.60 2.7135 5.98 6.62 90.33
L30S 27.60 2.7145 5.73 6.54 87.61

Table 3 Elemental analysis estimated from XPS and EDS
spectra of the surface and nanorods of L20S sample,
respectively.

Elemental composition (%)

La:Sr Co:Fe
Elements La Sr Co Fe
XPS surface 2359 26.20 40.31. 9.88 0.90 4.07
EDS rod 19.93 45.00 27.25 7.34 0.44 3.71
Precursor 30 20 40 10 15 4
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Highlights:

» Propellant chemistry detailed for active electregisthesis

» Glycine—nitrate process retained a maximum read¢gomperature of 1337 K

* Nanocrystalline LgsSr 4Cop sF&y 2035 ensured in as-synthesized powder by HR-TEM
« Large electrode surface area, 10.9Gm resulted in excellent HTPR activity

» EIS showed the catalytic current collector requeatfor SOFC electrode
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