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Flame spray synthesis (FSS), a large-scale powder processing technique is used to prepare nanoscale
LapsSro4Co03_s powder for solid oxide fuel cell cathodes from water-based nitrate solutions. Influence
of processing is investigated on basis of the as-synthesised powders by X-ray powder diffraction (XRD),
thermal gravimetric analysis (TGA), nitrogen adsorption (BET) and electron microscopy (SEM and TEM).

Against the background of a nanostructured cathode morphology for an intermediate temperature
solid oxide fuel cell (IT-SOFC) at 600 °C, an optimised and high surface area flame-made LapgSrp4C005_s

IL<§y V';irdsc:o 055 (LSC) nanopowder of 29 m? g~ is used to investigate its performance and chemical reaction with common elec-
Ca‘iﬁoij 3 trolytes (Yo.16Zr0.8402_5, Ce09Gdo10,_5 and Sco20Cep01Zr0790,_s). Secondary phase analysis from XRD

measurements revealed a substantially lower La;Zr,0; and SrZrOs; formation in comparison to con-
ventional spray pyrolysed and submicron powder of about 9m? g-!. TGA and resistivity measurements
proofed that LaggSro4C005_s is non-sensitive towards carbonate formation under CO, containing atmo-
spheres. Electronic bulk conductivity of 2680S cm~" (600°C) and 3340S cm~! (500 °C) were measured in
air and as function of oxygen partial pressure (2 x 10° Pa>p(0,)> 1.2 x 1072 Pa) in the temperature range
between 400 and 900 °C. Electrochemical performance is determined by impedance spectroscopy on
symmetrical cells of screen printed nanoscale LagSro.4C003_5 on CegoGdg10,_s substrates from which
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an area specific resistance (ASR) of 0.96 2 cm? at 600 °C and 0.14 2 cm? at 700 °C were obtained.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The research field of solid oxide fuel cells (SOFCs) is chal-
lenging with the reduction of the operating temperature from
800 to 1000°C down to 550-750°C [1,2]. This so-called inter-
mediate or low temperature concept of a solid oxide fuel cell
(IT-SOFC) will increase the long-term durability of such a system
by avoiding strong temperature induced degradation phenomena,
e.g. cathode-electrolyte interdiffusion and formation of non-
conductive blocking compositions. It offers also the possibility to
reduce costs by implementation of inexpensive materials for hous-
ing components, interconnectors, sealing, etc. due to the reduction
of the thermal degradation.

The problem of increased resistance of the electrolyte at lower
temperatures can be addressed by a reduction of electrolyte
thickness or by alternative materials with a higher ionic conduc-
tivity. However, a reduction of the operating temperature of a
SOFC system increases also polarization losses associated with
the electrode. To overcome this drawback, several strategies are
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conceivable: outgoing from a cathode optimisation, the develop-
ment of new compositions or application of mixed ionic-electronic
conductors (MIEC) and that in combination with a microstruc-
ture optimisation is the most promising one and would improve
the performance at intermediate temperatures significantly. The
application of a MIEC, and here especially compositions among the
series of La;_,SrxCoO3_s outperform most other materials by their
ionic-electronic conductivity [3-5] and this in combination with
a high catalytic activity regarding oxygen reduction [6,7]. Since
several research activities have shown an enhanced performance
of nanocrystalline microstructures [8,9], it can be expected that
cathode structures made from ultra-fine particles or nanopowders
can minimize the polarization losses of the cathode layer when
applied in an intermediate temperature SOFC. High number of
grain boundaries as well as the high surface area could enhance
oxygen diffusion [10,11]. The synthesis of nanocrystalline MIEC’s
have been demonstrated by different techniques such as sol-gel
[8], glycine-nitrate [12], impregnation [13], pulsed laser deposi-
tion [14] or RF sputtering [15]. Low material output or economic
reasons restrict the transfer to industrial cell production. On the
other hand spray pyrolysis or solid state reactions have to deal with
time consuming and expensive annealing and wet grinding steps
to reach a fine graded powder, where nanocrystallinity is difficult
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to achieve or impossible to conserve during the initial preparation
steps at elevated temperatures.

This work is focusing on the flame spray synthesis (FSS) of
nanoscale Lag gSrp 4C003_g (LSC) at application relevant output (up
to 400gh~1) and at highly demanded economically production
costs by usage of low-cost processing techniques and materials
[16,17]. The aim of this work was set on the production and optimi-
sation of nanocrystalline powders with high specific surface area
(SSA) and its application as a nanostructured Lag gSrg 4Co03_; cath-
ode in an SOFC technology at intermediate temperatures of about
600°C. A comprehensive report is given here about the unique
material properties of such high temperature derived nanopow-
ders and how this affects its application. Particle size, morphology,
phase purity and composition, as well as reaction and secondary
phase formation towards common and relevant electrolyte compo-
sitions are investigated. Furthermore, material properties like bulk
conductivity, p(O,) dependency or electrochemical performance
in terms of ASR are determined and CO, sensitivity is evaluated
against the background of the synthesis route and derived particle
size.

2. Experimental
2.1. Flame spray setup

The Lag Srp4C003_5 powders were produced by a special flame
spray synthesis technique (FSS). A detailed technical description is
given elsewhere and considerable differences from conventional
plants are explained especially in terms of usage of aqueous solu-
tions [17]. In brief, a liquid precursor mixture is atomised into
a fine droplet aerosol via a variable oxygen flow (0.3-1.01s71,
99.95%) and axially sprayed into an acetylene/oxygen premixed
flame (0.2171s~1 C;H,, 99.6% and 0.2831s~! 05, 99.5%, both Carba-
gas, Switzerland). Representative samples up to 2 g are collected by
sampling aerosol via a bypass on glass fibre filters. The main aerosol
is collected in a semi-industrial pulse-jet baghouse with an active
filtration area of 3.5 m2 (FFR 6/1.5, Friedli AG, Switzerland).

2.2. Precursor system

Precursor solutions were prepared by dissolving stoichiomet-
ric amounts of lanthanum(IIl) nitrate hexahydrate (99.99%, Auer
Remy, Germany), strontium(Il) nitrate (>99.0%, Fluka, Switzerland)
and cobalt(III) nitrate hexahydrate (99.9%, Auer Remy, Germany)
in a proper solvent. Mixture of deionised water (H,0) and acetic
acid (CoH40,, 99%, Sigma-Aldrich, Switzerland) was used as sol-
vent in different water—fuel-ratios. Acetic acid was used due its low
price, harmlessness and relatively high solubility of nitrates in such
a mixture. Stoichiometric cation amounts of La:Sr:Co (6:4:10) were
added sequentially as the corresponding nitrates into the solvent
mixture under stirring. As standard condition a precursor solution
concentration of 0.75 mol1-! was adjusted for the Lag gSro4C005_g
synthesis.

2.3. Cathode powder characterisation

Crystal structure and secondary phase formation was analysed
by X-ray diffraction (PANalytical X'Pert Pro MPD, Netherlands) with
Cu K, radiation (A =1.540598 A). Analyses were carried out over a
20 range of 20-80° with a step size of 0.0167°. Crystallite size was
determined by Scherrer equation [18,19]:

KA
dxrp = Bcosh (1)

where K is a constant shape factor and g is the full-width-at-
half-maximum value (FWHM) at the corresponding Bragg angle.

Cathode-electrolyte reaction tests were carried out on pellets,
consisting of 1:1 weight ratio of LaggSrg4Co03_s and of the cor-
responding electrolyte powder. Pellets with a diameter of 15 mm
were uniaxially pressed (29 MPa) to get an intimate contact and
were fired either for 125h at 800°C or for 4h at 1000°C. Quan-
titative phase analyses were carried out by Rietveld analysis
implemented in X'Pert Highscore (PANalytical, Netherlands).

Conventional LaggSrg4Co0O3;_s materials were synthesised
as reference by spray pyrolysis (SP) of the corresponding
nitrates and annealed for 24h at 1050°C to get phase pure
Lag gSrp4C003_s. From subsequent high energy, liquid-based plan-
etary ball milling, a powder with a specific surface area of 9m2 g~!
was obtained. As electrolyte composition either Yg 16Zrp8405_
(YSZ, SSA=16m?2 g1, TZ-8Y, Tosoh, Japan), CeygGdg;0,_s (CGO,
SSA=8m?2g-!, H.C. Starck, Germany) or Scy20C€0.01Zr9790,_s
(ScCeZ, SSA=17m? g1 [16]) were applied.

Specific surface area (SSA) was determined from a five-
point nitrogen adsorption isotherm at 77K by applying
Brunauer-Emmett-Teller theory (BET). All powders were first
dried at 180°C for 3 h in a nitrogen flow and afterwards measured
on a SA 3100 (Coulter Electronics, USA). The BET-equivalent
particle diameter can be calculated by assuming monodisperse,
spherical and non-aggregated particles:

6

7SSA (2)

dger =

where pis the density of the corresponding phase pure composition
and SSA the specific surface area.

Particles were collected directly from the flame on a car-
bon coated copper TEM grid by a pneumatic assisted particle
sampling system (University of Duisburg, Germany). Afterwards,
particle morphology and composition were investigated by HR-
TEM (Philips CM30, 300 kV, Netherlands).

Shrinkage behaviour of the as-synthesised powders and the
thermal expansion coefficient (TEC) of sintered sample bars were
determined by dilatometry in environmental air with heating and
cooling rates of 5Kmin~! (Baehr Thermoanalyse DIL 802, Ger-
many).

CO,, sensitivity and decomposition behaviour were investigated
by thermal gravimetric analysis (STA 409 CD thermobalance, Net-
zsch, Germany) with heating and cooling rates of 1 Kmin~! up to
900°C in synthetic air or CO, containing synthetic air (>99.99%,
Carbagas, Switzerland).

For the resistivity measurements between 25 and 900°C a
four-point DC setup with data acquisition system (Keithley Instru-
ments 2750, Germany) was used. LaggSrg4C003_s nanopowders
were uniaxially pressed and sintered at 1200°C to reach a den-
sity above 95% with a dimension of 55 mm x 3.9 mm x 0.75 mm.
Atmosphere was adjusted by a variable flow of N,, Ar, O, and
CO, (all >99.95%, Carbagas, Switzerland) regulated by mass-flow-
controller (Voegtlin Instruments, Switzerland). The oxygen content
of the atmosphere was recorded at the gas inlet of the furnace
via a Rapidox 2100 oxygen analyser (Cambridge Sensotec Limited,
United Kingdom). Electrochemical impedance spectroscopy (EIS)
was carried out on screen printed symmetrical cells out of flame-
made, nanoscale LaggSrp4C003_g (platinum | LaggSrp4Co03_5 |
Ce9Gdp10,_s | LageSrp4Co03_g | platinum) with an active elec-
trode area of 10 mm x 10 mm placed in a Probostat unit (NorECs,
Norway) in environmental air. A frequency response analyser
(Solartron 1260, Ametek, UK) was used at frequencies of 106 to
10-1Hz with a polarization potential of 10mV. Electrochemical
data were obtained by decreasing the sample temperature in 50 °C
steps and actually after a 1h time period to allow sample equili-
bration: afterwards impedance spectra were collected during an
acquisition time of 4 h at which stable performance was observed.
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Fig. 1. Diffraction pattern of as-synthesised LagSro4Co03_s powders as function of the combustible acetic acid fraction (0-70vol.%) and magnification of the 26 =30-36°
range. Lag Sro4Co03 (PDF code 01-089-5719) and (La,Sr); CoO4 (PDF code 01-83-2411) are indicated by peak position and intensity as reference at the bottom.

3. Results
3.1. Powder synthesis

Powder quality in terms of homogeneity and phase purity but
also particle size distribution and specific surface area strongly
depend on the synthesis condition. Here it was the author’s
intention to focus on large-scale production of cost efficient but
nanoscale powder. Because of the later cathode powders process-
ing as screen printing pastes, the specific surface area was strictly
limited to a maximum of 40 m2 g~!. Powders with higher SSA are
critical to stabilise and this can be counterproductive, due to the
resulting paste viscosity and the solid loading of the paste, but this
is described elsewhere in detail [20]. With the following parame-
ters, i.e. precursor concentration of 0.75 mol =1 and precursor flow
of 20mlmin~!, a powder production rate of 135gh~! was estab-
lished.

Powder production via flame spray synthesis (FSS) in depen-
dence of the acetic acid to water ratio in Fig. 1 revealed, that already
nitrates in pure water or 0 vol.% acetic acid (AcAc) resulted mainly
in the desired Lag gSrp 4C003_g phase (PDF code 01-089-5719) [21].
However, a secondary phase was observed, which was identified
as (La,Sr);Co04 (PDF code 01-83-2411) [22]. From a deconvolution
of XRD spectra and quantitative phase analysis a 27 wt% fraction
of (La,Sr);Co04 was determined. This amount of secondary phase
depends strongly on the combustible fraction of the solvent mix-
ture (Fig. 2). Pure water is cooling down the flame and inhibits a
homogeneous mixing of the elements on an atomic level in the
particles. Furthermore, the single nitrates possess a different sol-
ubility in the solvent, what leads to a precipitation at the sprayed
droplet surface during its evaporation [23]. The interested readers
refer to a previous study on flame-made Lag gSrg 4CogFegg03 and
Bag 5Srg 5Cop.gFeg203 nanopowders [17].

Powders obtained from a flame synthesis with an increas-
ing fraction of 0 up to 70vol.% of acetic acid showed in first
instance gradually finer particles with higher SSA and secondly
a minimum in the formation of (La,Sr),Co04. The higher the
acetic acid fraction, the more combustion enthalpy is provided
to the flame reactor and the more the aerosol gets diluted by
the decomposition of acetic acid into gaseous H,0 and CO,. Both
effects resulted in a linear increase of the SSA from 12m?2g!
(80nm) up to 36m2g-! (26nm) as well as in a particle mor-
phology with better homogeneity. The large irregular shaped
and several microns large particles are reduced and spherical,
crystalline, nanoscale particles are dominating (Fig. 3). But it
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Fig. 2. Mass of secondary (La,Sr),CoO4 phase in the as-prepared LageSro4Co0O3_s
powders as function of the combustible acetic acid fraction (®) and the correspond-
ing BET (O).
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Fig. 3. Comparison of flame-made Lag¢Sro4Co03_s powders derived from nitrates in different solvent mixtures. Micron-sized, porous and core-shell structured powder
morphology from pure water (left). Homogenous, spherical and nanoscale particles from 30 wt% of acetic acid in water (right). The reader may pay attention to the different
magnification (50 wm vs. 20 nm). Inset shows high resolution magnification of crystalline nanoparticles.

has to be mentioned, that still a bimodal particle size distri-
bution was obtained and a fraction of about 10vol.% of the
powder consists of massive, spherical particles in the range of
50-200 nm.

The increased energy transfer from the larger fractions of
combustible acetic acid into the flame had also a positive effect
on the secondary phase formation and optimal condition was
found at ~30vol.% of acetic acid in water, where the amount of
(La,Sr);Co04 was reduced from 27 wt% down to 12 wt% (Fig. 2).
A moderate increase of (La,Sr),Co0O4 was observed again for
higher fractions of acetic acid, probably due to an enhanced
cobalt evaporation and the subsequent secondary phase forma-
tion under progressively harsher flame conditions: higher flame
temperatures and longer residence times in the flame due to an
enlargement of the flame height by the larger amounts of com-
bustible substances. However, here the cobalt precipitates again
on the already formed nanoparticles by a so-called heteroge-
neous condensation process during the flame synthesis or more
precisely during the cooling phase [24]. Such an evaporation of
cobalt is common and well known in powder processing and
needs a precise control over synthesis conditions. But in a for-
mer study we have already shown on several cobalt containing
nanopowders like LaggSrg4CogaFegg0O3 or BagsSrgsCoggFeg203
via elemental analysis by inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES), that the assumed and desired cobalt
content is present and is not lost [17]. As a conclusion of these
observations, we assume that this cobalt oxide is probably in
an amorphous state. It is proofed in the following Section 3.2
about phase formation, that there is no cobalt missing, since
the expected unit cell parameter are derived by additional fir-
ing.

TGA measurements of the as-prepared nanopowders in dry syn-
thetic air confirmed that a certain fraction of combustible solvent
is indispensable to guarantee enhanced precursor decomposition
(Fig. 4). Starting from nitrates in pure water, an overall mass loss
of 17.0 wt% was measured. With an increasing acetic acid fraction
this mass loss could be significantly reduced. The mass losses are
caused by undecomposed residues and were reduced down to 11.3
and 5.2 wt¥% for 10 and 30 vol.% of acetic acid in the solvent mixture.
Higher acetic acid fractions did not result in any further reduction.
All powders in the as-prepared condition showed an initial mass
loss from room temperature up to 180°C by physisorbed water.
Afterwards a progressive and solvent fraction depending mass loss

up to 750°C took place, which origins from several overlapping
decomposition steps of intermediates, i.e. nitrate decomposition,
loss of crystal water, etc. Between 750 and 900 °C a further minor
mass loss of about 0.1wt% is caused by the temperature driven
change in the oxygen non-stoichiometry § in Lag gSrg 4C003_g, as it
is typical for such perovskite materials by compensation of valence
state changes. Change of § takes place over the whole temperature
range (see Section 3.5 about CO, sensitivity), but due to the super-
position with the precursor caused mass loss, it gets only obvious in
the high temperature range. However, the less acetic acid, the more
core-shell, hollow and porous particles are formed by precipitat-
ing nitrates [23,25]. The resulting large mass loss can be explained
by such porous or hollow particle morphology, in which the pre-
cursors are partially enclosed and survived the flame spray process
(Fig. 3, left). But with increasing acetic acid amounts, droplets get
disrupted more effectively by the acetic acid combustion and the
liquid-to-gas transfer is less hindered. As a result a more homoge-
neous nanoscale powder is produced (Fig. 3, right).

For all investigations in the following sections, powder from a
production with 30vol.% content of acetic acid and therefore the
lowest amount of (La,Sr),Co04 were used. The desired specific sur-
face area and hence the particle size was adjusted by choosing
processing parameter as given in the beginning of this section.
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Fig. 4. TGA analyses of as-prepared LaggSro4Co03_s nanopowders for a varying
acetic acid fraction (0, 10 and 30 vol.%) in water.
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Fig. 5. Diffraction pattern of as-prepared LaggSro4C0o05_s powder, and after thermal treatment at 700, 900, 1000, 1100 and 1350°C. A magnification of the representative
260=31-35° range is given on the right hand side. LagsSro4Co03 and (La,Sr),Co04 references are indicated by peak position and intensity at the bottom.

3.2. Phase formation and powder morphology

As-synthesised LaggSrg4Co03_s powders derived from the
most-favoured conditions were treated in air for 3 h at various tem-
peratures between 700 and 1350°C to investigate the crystalline
phase evolution, change of particle size and morphology. Already
the powder in the as-synthesised state showed strong reflections
from crystalline phases, but crystallinity gets further improved
with thermal treatment at 700 and 900°C. In parallel the XRD
patterns indicate the formation of single phase LaggSrg4Co05_g
perovskite at 900 °C and reflections attributed to (La,Sr),CoO4 are
below the detection limit (Fig. 5). Higher temperatures of 1000 and
1100°C did not affect the phase composition and only further peak
narrowing by crystal growth is observed. But different secondary
phases appeared at 1350°C, which clearly indicate the progres-
sive decomposition of the desired phase. Evaporated cobalt formed
distinct blue cobalt oxide precipitations on the powder substrate
and free cobalt oxide was identified by XRD, as well as needle like
precipitations were observed by SEM (not shown here).

Influence of the thermal treatment on the flame-made powder
morphology and grain size evolution is determined from suspended
and dried powder layers (Fig. 6). For the as-synthesised powders
an initial average grain size of 17 nm was determined by XRD from
peak broadening analyses and Scherrer equation. This value corre-
lates very well with the primary particle size from TEM images in
Fig. 3. Average grain size increased up to 29 nm at 700 °C. Higher
temperatures led to further but stronger grain growth and average
sizesof43 nm at900°C,59 nmat 1000°Cand 73 nmat 1100 °Cwere
reached after a dwell time of 3 h in environmental air. The obtained
grain sizes after annealing are similar or even smaller if compared to
other nanopowder synthesis routines [26]. Nanocrystals (~50 nm)
can be kept up to 1000 °C, what offers the possibility for nanostruc-
tured electrode layers, but with a significant higher material output
as needed for semi-industrial applications. This clearly shows

100 rda
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Fig. 6. Average crystal size dxgp as function of annealing temperature with a dwell
time of 3h (). As-synthesised crystal size is given as reference at 25°C (®).

the superiority of the FSS process over conventional processing
routes.

SEM micrographs of temperature treated powders show, that
particle necking led to a fine network at 900°C but with coexist-
ing larger, spherical particles from the synthesis process (Fig. 7).
A homogenous structure with a rather too low open porosity is
formed at 1100°C. From the overall data set it can be assumed
that preparation of a porous electrode layer has to be carried out
at about 900°C for the flame-made powders. One the one hand,
the LagSrp4Co003_s powder is phase pure and particle necking is
observed, but on the other hand still a nanostructured and fine
morphology is obtained and strong particle coarsening is avoided.
After thermal treatment between 900 up to 1100°C and a cooling
rate of 5Kmin~!, the room temperature derived hexagonal unit
cell parameters of flame-made LaggSrg4Co03_s were determined
as a=5.433A and c=13.231A with a resulting unit cell volume
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Fig. 7. SEM micrographs from as-synthesised Lag sSro.4C003_s powder (left) and after a dwell time of 3 h at 900 °C (middle) and 1100 °C (right), showing the change in powder

morphology and particle size.

Table 1
Thermal expansion coefficient (TEC) of flame-made LaggSro4C003_s and common
electrolytes compositions applied in an IT-SOFC.

Material composition TEC/10-®K-! in the temperature range of:  Ref.

200-650°C 650-1000°C 200-1000°C

LapsSro4Co03_s 18.0 30.2 225 This work
Lao‘ssl'uA C003_5 = = 20.5 [29]
Y0.16Zr08402 11.6 11.6 11.6 [16]
SCO_20CEO_01 Zr0_7902,3 10.6 125 114 [16]
Ce09Gdo107 5 13.8 15.3 14.4 [16]

of 338.22 A3. The application of such powders as screen printing
pastes and the later detailed electrochemical and morphological
investigation of porous and nanostructured electrode layers are
given elsewhere [20,27].

3.3. Electrolyte interaction

Despite the excellent properties of LaggSrg4Co0O5_g in terms of
ionic and electronic conductions [3,28] and its oxygen exchange
kinetics [6,29], considerable problems will arise during the pro-
cessing and/or the later thermal recycling procedure [30]. Layer
cracking and delamination takes place at the interface, due to the
intrinsic shrinkage behaviour of nanopowders [17,27] as well as to
the strong mismatch in the thermal expansion coefficient (TEC) of
LaggSrp4C003_g and that of common electrolytes (Table 1) [30].
To adapt the TEC and to reduce the mechanical stress a certain
amount of the electrolyte material is mixed with the cathode pow-
der, from which insulating, because ionic and electronic blocking
reaction products (LayZr,07 and SrZrOs3) can be formed during the
processing at elevated temperatures [31,32]. Further advantages of
such composites are enhanced three-phase-boundary (TPB) length
[33,34], better adhesion [35] and suppressed grain growth and
coarsening [36]. The focus of our experiments was set on the inter-
esting preparation temperature range of 850-1000°C, which is
applied to the cathode-electrolyte mixture. The here initially cre-
ated blocking phases reduce the cell performance substantially,
while the later lower operation temperature of 600 °C avoids strong
material diffusion.

As-synthesised FSS powder with a high specific surface area
of 29m?2g-! as well as conventional spray pyrolysed and ball-
milled Lag gSrp 4C003_s powders (9m? g—!) were mixed with three
potential low temperature electrolyte compositions to determine
their reaction: Yg16Zrog40> (YSZ) the most common electrolyte
and secondly Scqg29Ceq.01Zro.79 (ScCeZ) was used [37,38]. The lat-
ter is a promising electrolyte candidate for an IT-SOFC technology
at 600 °C due to its improved conductivity performance. Addition-
ally, Ceg9Gdp10,_s (CGO) was used, which is known as a material
showing no interaction with LaggSrg4Co03_s and hence widely
used as an intermediate layer to prevent secondary phase forma-
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Fig. 9. Diffraction pattern of conventional (SP) and flame-made (FSS)
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as reference at the bottom and identified reaction products are marked by the
denotation of - (SrZrOs) and B (La;Zr,07).

tion between zirconium, lanthanum and strontium. Cathode and
electrolyte powders were mixed in a 1:1 weight ratio in a mortar to
guarantee a homogeneous mixture and intimate contact. Diffrac-
tion patterns of such pellet mixtures, fired for 4h at 1000°C and
125h at 850°C are given in Figs. 8-10. A complete overview of
formed reaction products and their amounts are given in Table 2.
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Table 2

Weight percentages of SrZrO3 and La,Zr,07 secondary phases calculated from diffraction patterns of 1:1 LagSro4C003_s—electrolyte mixtures annealed for 125 h at 850°C

and 4h at 1000°C.

Electrolyte Temperature FSS made: 29 m? g~! LaggSro4Co05_; SP made: 9m? g~! LaggSro.4Co05_;
SI’ZI’O3 LaZZl’207 Sl’Zl’Og LazZr207
YSZ 1000°C 13% 7% 28% 39%
850°C 1% 5% 19% 14%
ScCeZ 1000°C 12% 3% 27% 12%
850°C 8% 1% 17% 6%
CGO 1000°C 0% 0% 0% 0%
850°C 0% 0% 0% 0%
N J ' ! ' ' ' ! firing step to reach the desired phase. In addition, nanopowders
| JI , SP 1000°C exhibit a much higher surface area and hence a larger amount of
O SO S| (PSS, N | ST O (O o I s v possible reactive sites. Both properties let one assume a higher reac-
A 1 | tivity for nanomaterials, but the opposite tendency is observed.
5 | I 4 ‘\ AN SP 850°C It can be presumed at this point, that the unique temperature
s q history causes a non-equilibrated and high temperature related
> “ | ESS 1000°C oxygen non-stoichiometry (6). Furthermore, quenching-related
"7) 4.L‘__‘FL_4/ ;.__Jl '\._JPL :
8 | bulk defects [41] as well as defects on the particle surface from the
Pé ) J' ) . strong curvature of the nanoparticles are created [42,43], which
= L L I I YN Fes 85(2_(3\ can cause such exceptional behaviour. It is worth to mention here,
| | | | ‘ C\GCI) that flame-made powders often show such exceptional character-
LSC istics (cf. Section 3.4). Here, phase analyses of the powders in the
L ' | — - —d | ’ — 1 ‘ as-synthesised condition show that the main perovskite phase can
20 30 40 50 60 70 80 be correlated with the expected hexagonal Lag gSrg 4C005_g struc-
26 / deg ture, but the determined unit cell parameters of a=5.430A and

Fig. 10. Diffraction pattern of conventional (SP) and flame-made (FSS)
LagsSrp4Co03_s powders fired for 125h at 850°C and 4h at 1000°C with
CepoGdg107. LageSro4Co03_g5 (LSC) and CepoGdp 10, (CGO) are given as reference
at the bottom.

As expected and therefore carried out as a reference, conven-
tional spray pyrolysed, phase pure Lag Srg 4C005_s and YSZ reacted
strongly to SrZrO3 (19%) and LayZr,07 (14%) after 125h at 850°C.
The overall amount of these phases is even doubled (28% and
39%) when treated for 4 h at 1000 °C and is also observed by many
research groups [31,39,40]. The FSS synthesised LaggSrg4C005_g
used in the as-prepared condition and treated in the same way
with the same YSZ is showing a significantly lower amount of
reaction products, and this in spite of a much higher SSA and
expected increased reactivity. At both temperatures the deter-
mined amounts were substantially lower, 11% and 5% for SrZrO3
and La,Zr, 07, respectively. It is worth to mention, that the flame-
made Lag gSrg4Co05_s nanopowder is not only less reactive but an
increase in the treatment temperature from 850 to 1000 °C did also
cause only a marginal increase in the amounts of secondary phases.
Especially, if it is compared to the doubling for the conventional
spray pyrolysed powder at 1000°C, where the LaggSrg4Co05_g
reflections are nearly completely diminished, e.g. (012) at 23°
or (110) and (104) at 33°. The same intensity reduction is
observed for the YSZ reflections and supports the strong reaction
of the spray pyrolysed LaggSrp4Co03_s powder with YSZ at
1000°C.

A final explanation for the observed behaviour is difficult to
state on basis of the carried out reactivity analysis and further
microstructure related elemental analysis will be carried out, but
such research is beyond the scope of this work. However, the sup-
pressed reaction for the flame-made powders probably origin from
the unique flame conditions: temperatures of about 3000°C and
cooling rates in the order of 500000Ks~! conserve high temper-
ature conditions. This kind of flame-made nanopowders in the
as-synthesised condition are less crystalline than spray pyrolysis
derived powders, since the latter always includes a subsequent

c=13.274A are slightly larger in comparison to the reference (PDF
code 01-089-5719). This also indicates a probably non-equilibrated
and therefore higher oxygen non-stoichiometry. Some authors pro-
posed a cubic structure, even at room temperature [3,21], but the
temperature history and the created defects are here again of high
relevance: Petrov et al. also discussed the influence of defects con-
centration on the formation of perovskite related microdomains
with defect ordering, but mentions also clearly that they are not
visible by common XRD techniques [3].

Among the substituted zirconates, ScCeZ is one of the most
promising electrolyte for an intermediate temperature SOFC tech-
nology [37,44]. A higher conductivity than that of YSZ [37,45],
minimised phase transition due to absence of a tetragonal phase
[46] and hence better long-term stability emphasize this composi-
tion as a very promising candidate. The diffraction patterns of both
LaggSrp4Co003_5 powders in interaction with ScCeZ are shown in
Fig. 9 and reaction products are summed up again in Table 2. The
formed amounts of reaction products are again substantially lower
for the high surface area flame-made powder. About 17% of SrZrO3
and 6% La;Zr,07 were formed at 850 °C from the conventional spray
pyrolysed LaggSrp4Co03_g, and 27% of SrZrOs and 12% LayZr,07
at 1000°C. In contrast to that, only 8% SrZrO3 and 1% La;Zr,07
at 850°C, and 12% SrZrOs; and 3% La;Zr,07; at 1000°C, respec-
tively, were detected by XRD from the flame-made nanopowders.
The flame-made Lay gSrg.4Co05_s powder is again considerably less
reactive to this electrolyte material, pointing out that this process-
ing route is resulting in a powder with superior thermal behaviour.
Even with a 3 times higher accessible SSA, which offers more reac-
tive sites, less ionic-electronic blocking products are formed. A
more general advantage of ScCeZ over YSZ is based on its reduced
activity with Lag gSrg 4Co03_gs powders in terms of La; Zr, 07 forma-
tion. While more or less the same SrZrO3 amounts can be found for
the interaction experiments with YSZ and ScCeZ, the La;Zr,07 is
not the dominating reaction product anymore. Here, especially the
nanoscale flame-made powder is outperforming the conventional
powder by 4-5 times lower amounts of La;Zr, 0.

To avoid the above-described formation of ionic-electronic
blocking compositions of SrZrO3 and La,;Zr,07, lower preparation
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Fig. 11. Electrical conductivity of flame-made LaggSrp4C005_s as function of tem-
perature in dry synthetic air (p(0O,)=0.21 bar).

and operation temperatures have to be applied or a barrier/blocking
layer is usually used. CGO is widely applied as a barrier layer
and well known as non-reactive to LaggSrg4Co05_s [47-49]. As
expected, both powders showed independent of particle size, phase
purity or synthesis route no secondary phases or a shift in the
diffraction patterns (Fig. 10 and Table 2). Such a barrier layer of
CGO is highly needed even for IT-SOFCs, as long as cell prepara-
tion temperatures are in the investigated high temperature range
of 850-1000°C.

3.4. Bulk conductivity properties

Electrical bulk conductivity and p(O,) dependency at vari-
ous temperatures were characterised by four-point DC method
on the cooling branch (1Kmin~!). The electrical bulk conductiv-
ity in dry air reached its maximum with 3600Scm~! at 400°C
and decreased then over 2680Scm~! at 600°C to 1150Scm™!
at 900°C (Fig. 11). This reflects the expected metallic-like
conductivity and the decrease in the electron-hole concen-
tration with increasing temperature. At the aimed operating
temperature of about 600°C, the observed electrical conductiv-
ity of the flame-made Lag4SrggCoO5;_s is considerable higher
than the 2000Scm~! reported by various groups [30,50], but
even lower values of 1400 down to 800Scm~! are reported
[5,51]. Within this temperature range of 400-900°C electrical
conductivity is determined as function of oxygen partial pres-
sure p(0,), which changes along the cathode thickness during
operation: from air (0.21bar=2.1x 10°Pa) down to 0.12ppm
(1.2 x 10~7 bar=1.2 x 10~2 Pa) (Fig. 12). A constant but weak linear
slope over the whole p(0;) range is observed in the log o — log p(05)
plot. With a temperature increase from 400 to 900°C the p(0;)
dependence gets stronger: a dependency of —0.017 is determined
at 400°C which increases progressively to —0.023 at 600°C and
—0.029 at 900 °C. This results from an increase of §, caused by the
reduction of oxygen vacancies with temperature and is consistent
to Mizusaki et al. [52]. Further on, the absence of any plateau or
inflection point in the investigated temperature range indicates a
metallic behaviour and that electrons are not localised to the Co
ions [52,53].

One should note that at temperatures below 400°C electric
bulk conductivity decreases again towards room temperature. Such
semiconductor-like temperature dependence is usually observed
for Sr contents of x < 0.4 in La;_,SrxCoO5_g, although Mizusaki et al.

3.8 T T T T T T T T

3,64 i

T v T T T v T T T T T T T T T

0 1 2 3 4 5 6 7 8
-log (p(0,) / bar)

Fig. 12. Electrical conductivity of flame-made LagsSro4Co03_s as function of the
negative logarithm of p(O, ) in the temperature range of 400-900 °C in dry synthetic
air.

[54] also found a change from metallic to semiconductor behaviour
in the range of 0.3 <x<0.5, but with a less pronounced maximum
in the electrical conductivity at about 300 °C. Also Bucher et al. [55]
found a positive activation energy for larger § under low oxygen
contents in Lag 4Srg §Co03_g. This metal-insulator (M-I) transition
is related to changes in Co-O distance and Co-0-Co angle [56]
and is strongly influenced by oxygen vacancies, strontium (hole)
doping or operation temperature and all of them are affecting
this transition. Mineshige et al. [57] found a change from metal-
lic to semiconductor behaviour as function of the quenching rate
of a Lag 7Srg3Co05_5 sample, which was explained by a conserved
oxygen non-stoichiometry condition and by annealing at lower
p(0z).

This leads again to the assumption that a high temperature con-
dition (>3000°C) in terms of a higher oxygen non-stoichiometry
(6) and additional defects are preserved in the flame-made mate-
rial by the huge quenching rates (>500000Ks~1). This results
in a lattice distortion and the observed larger unit cell param-
eters in this work. This would also explain the wide range of
observed materials properties in literature (electrical conductiv-
ity, oxygen deficiency or M-I transition) due to the substantially
different processing conditions, e.g. cooling rate, calcination tem-
perature and dwell time [30,50,56]. Some literature even refers
to samples prepared at 1390°C [30], where the here presented
flame-made material shows a very strong decomposition and do
not reflect the LaggSrg4Co05_s characteristics anymore (Fig. 5).
However, deviations in the phase composition can be excluded
from our XRD measurements, and hence we can attribute the
observed electrical characteristics to the particular synthesis rou-
tine. Additionally it is well known, that flame-derived materials,
synthesised at such high temperatures with the subsequent strong
quenching, often show outstanding properties, i.e. significant
higher doping and substitution levels compared to conventional
solid state preparation methods [41,58,59], emphasised con-
ductivity properties as it is observed in this work as well as
better homogeneity in the elemental distribution in the crystals
[17].

3.5. Symmetrical cell measurement and CO, sensitivity

Fig. 13 shows the area specific resistance (ASR) as function
of temperature of screen printed symmetrical LaggSrg4Co03_g
electrodes prepared at 900°C on a 1.5 mm thick CeygGdg 10, elec-
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Fig. 13. Temperature dependence of ASR for screen printed LaggSro4CoOs
nanopowder prepared at 900°C on a Ce9Gdg 10,_s substrate in air.

trolyte. An ASR of 0.96 2 cm? at 600°C and 0.14 2 cm? at 700°C
are encouraging and promising results, keeping in mind that this
is a relatively dense and non-optimised microstructure (cf. Fig. 7).
Tao et al. [50] reported minimal higher ASR of 0.17  cm?2 at 700°C,
but a significant lower conductivity (see Section 3.4) for the same
annealing temperature. Nevertheless, they reported comparable
values for a nanostructured Lag 4Srg gC003_g cathode by a complex-
ing method, although it has to be stated clearly, that this synthesis
has to deal with the drawback of upscaling, while the here pre-
sented process can provide up to 400gh~1 [17].

Itis expected that a more open porous structure performs better
due to an optimised gas distribution in the electrode. An exten-
sive microstructure investigation as well as a strategy towards a
further improvement and its influence on the electrochemical per-
formance of this flame-derived powder is given elsewhere [27]. Due
to their outstanding shrinkage behaviour, it has to be clearly stated
at this point, that the control over microstructure seems to be the
most important factor during electrode layer processing via screen
printing of nanopowders [20].

During long-term operation at 600 °C, typical CO, concentra-
tions of 385ppm in air in combination with an accessible high
specific surface area can cause carbonate formation from the high
amount of strontium, similar to the carbonate formation of barium
containing cathode materials [17,60]. For this reason CO, sensitiv-
ity of nanoscale Lag gSrg4C005_s powder was investigated by TGA
of powders and by long-term conductivity measurements in 5% CO,
containing atmosphere.

TGA in dry and CO,-free synthetic air shows progressive loss
of weight from room temperature (RT) to 900 °C on, indicating the
ongoing oxygen loss and increasing § in Lag gSrg.4Co03_g (Fig. 14).
A slightly lower mass loss is observed in 5% CO, in air, probably due
to a reduced oxygen exchange kinetic caused by the CO, [60], but
no indicator for carbonate formation was found. No mass uptake
can be observed at all, what means that no formation of electronic
blocking SrCO3 takes place under the investigated conditions. This
is supported by measured electrical bulk resistivity under same
atmospheric conditions in Fig. 15. Reference bulk resistivity was
measured for an initial phase of 48 h in CO,-free dry synthetic air at
600 °C to obtain a stable reference conductivity value. To decouple
possible strontium hydroxide caused effects [61], gas composition
was switched from dry, CO,-free synthetic air to a dry, CO,-rich
atmosphere with 5% CO,. Within the next 132 h a marginal change
of —3.7 x 1077 Q cm per 24 h (—0.1% per 24 h) was observed, what
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Fig. 14. Thermo-gravimetric analysis of flame-derived powder in CO,-free dry syn-
thetic air and in dry synthetic air with 5% CO, (heating rate: 1 Kmin").
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Fig. 15. Electrical bulk resistivity of LagsSro4Co03_s as function of time at 600°C in
CO,-free and 5% CO; in dry synthetic air.

is interpreted as a stable operation. LaggSrg4Co03;_s seems to be
non-sensitive towards CO, uptake and the formation of any car-
bonate phase at 600°C, even at such high CO, concentrations of
about 5%.

4. Conclusion

Flame spray synthesis (FSS) technology was used to synthe-
sise nanoscale Lag Srg 4C003_g powder with a specific surface area
of 29m? g1 at industrial relevant large-scale production scale of
135gh~1. Cost-effective nitrates were used as precursor and dis-
solved in a water-based solvent with 30 vol.% of acetic acid. These
conditions were identified as an optimum for the suppression of
secondary (La,Sr),Co04 phase formation as well as this improved
the homogeneity of the power.

Although not phase pure in the as-synthesised condition, phase
purity can be obtained at temperatures between 800 and 900°C
and nanocrystallinity (~50nm) can be conserved up to 1000°C.
A remarkable characteristic of the flame-made LaggSrg4Co03_g
powder was revealed by electrolyte interaction experiments. The
flame-made, nanoscale Lag gSrp4C005_s in the as-synthesised and
non-phase pure condition showed a significantly lower reactivity
with Yg.16Zr9840,_s and Scg20Ceq.01Zr0.790,_s if compared to con-
ventional spray pyrolysed Lag Srg 4C005_s ofabout 9 m? g~1. An up
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to 6 times lower amount of LayZr,07 and 2 times lower amount of
SrZrO3; were detected for the flame-made Lag gSrg4C003_g, in spite
of its high surface area and hence more contact sites.

TGA (25-900°C) and long-term conductivity measurements
(600°C) gave no evidence for a tendency to form carbonates from
LaggSrp4C003_g, even in 5% CO, containing atmosphere.

Screen printed cathode layers were sintered at 900°C and
resulted in relatively dense and nanoporous layers but with good
electrochemical performance at intermediate temperatures. ASR
values of 0.96Qcm? at 600°C and 0.14 Q2 cm? at 700°C were
obtained in air from symmetrical cells on base of a Ceg9Gdg.10,_s
electrolyte. Conductivity as high as 2680 S cm~1 at 600 °C and rather
semiconductor-like behaviour were observed, probably caused by a
anomalous oxygen non-stoichiometry or defect-related distortions
related to the outstanding flame synthesis conditions, namely very
high synthesis temperatures about 3000 °C and extreme quenching
rates of 500000 K s~1. Against the background of the morphological
observations, it is believed to further increase the performance of
the nanostructured Lag Srg4C003_g layers by improving porosity
orusing Lag 4SrgsCo03_5/Cen.9Gdg 10,_s composite, to consider the
TEC mismatch and to enhance the three-phase-boundary length.
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