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a b s t r a c t

Flame spray synthesis (FSS), a large-scale powder processing technique is used to prepare nanoscale
La0.6Sr0.4CoO3−ı 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 La0.6Sr0.4CoO3−ı

nanopowder of 29 m2 g−1 is used to investigate its performance and chemical reaction with common elec-
trolytes (Y0.16Zr0.84O2−ı, Ce0.9Gd0.1O2−ı and Sc0.20Ce0.01Zr0.79O2−ı). Secondary phase analysis from XRD
measurements revealed a substantially lower La2Zr2O7 and SrZrO3 formation in comparison to con-

2 −1
lame spray synthesis
lectrolyte interaction
O2 sensitivity

ventional spray pyrolysed and submicron powder of about 9 m g . TGA and resistivity measurements
proofed that La0.6Sr0.4CoO3−ı is non-sensitive towards carbonate formation under CO2 containing atmo-
spheres. Electronic bulk conductivity of 2680 S cm−1 (600 ◦C) and 3340 S cm−1 (500 ◦C) were measured in
air and as function of oxygen partial pressure (2 × 105 Pa > p(O2) > 1.2 × 10−2 Pa) in the temperature range
between 400 and 900 ◦C. Electrochemical performance is determined by impedance spectroscopy on

en pr
e (ASR
symmetrical cells of scre
an area specific resistanc

. Introduction

The research field of solid oxide fuel cells (SOFCs) is chal-
enging with the reduction of the operating temperature from
00 to 1000 ◦C down to 550–750 ◦C [1,2]. This so-called inter-
ediate or low temperature concept of a solid oxide fuel cell

IT-SOFC) will increase the long-term durability of such a system
y avoiding strong temperature induced degradation phenomena,
.g. cathode–electrolyte interdiffusion and formation of non-
onductive blocking compositions. It offers also the possibility to
educe costs by implementation of inexpensive materials for hous-
ng components, interconnectors, sealing, etc. due to the reduction
f the thermal degradation.

The problem of increased resistance of the electrolyte at lower
emperatures can be addressed by a reduction of electrolyte

hickness or by alternative materials with a higher ionic conduc-
ivity. However, a reduction of the operating temperature of a
OFC system increases also polarization losses associated with
he electrode. To overcome this drawback, several strategies are

∗ Corresponding author. Tel.: +41 44 823 4199; fax: +41 44 823 4150.
E-mail address: andre.heel@empa.ch (A. Heel).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.04.006
inted nanoscale La0.6Sr0.4CoO3−ı on Ce0.9Gd0.1O2−ı substrates from which
) of 0.96 � cm2 at 600 ◦C and 0.14 � cm2 at 700 ◦C were obtained.

© 2010 Elsevier B.V. All rights reserved.

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 La1−xSrxCoO3−ı 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

dx.doi.org/10.1016/j.jpowsour.2010.04.006
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:andre.heel@empa.ch
dx.doi.org/10.1016/j.jpowsour.2010.04.006
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o achieve or impossible to conserve during the initial preparation
teps at elevated temperatures.

This work is focusing on the flame spray synthesis (FSS) of
anoscale La0.6Sr0.4CoO3−ı (LSC) at application relevant output (up
o 400 g h−1) and at highly demanded economically production
osts by usage of low-cost processing techniques and materials
16,17]. The aim of this work was set on the production and optimi-
ation of nanocrystalline powders with high specific surface area
SSA) and its application as a nanostructured La0.6Sr0.4CoO3−ı cath-
de in an SOFC technology at intermediate temperatures of about
00 ◦C. A comprehensive report is given here about the unique
aterial properties of such high temperature derived nanopow-

ers and how this affects its application. Particle size, morphology,
hase purity and composition, as well as reaction and secondary
hase formation towards common and relevant electrolyte compo-
itions are investigated. Furthermore, material properties like bulk
onductivity, p(O2) dependency or electrochemical performance
n terms of ASR are determined and CO2 sensitivity is evaluated
gainst the background of the synthesis route and derived particle
ize.

. Experimental

.1. Flame spray setup

The La0.6Sr0.4CoO3−ı powders were produced by a special flame
pray synthesis technique (FSS). A detailed technical description is
iven elsewhere and considerable differences from conventional
lants are explained especially in terms of usage of aqueous solu-
ions [17]. In brief, a liquid precursor mixture is atomised into

fine droplet aerosol via a variable oxygen flow (0.3–1.0 l s−1,
9.95%) and axially sprayed into an acetylene/oxygen premixed
ame (0.217 l s−1 C2H2, 99.6% and 0.283 l s−1 O2, 99.5%, both Carba-
as, Switzerland). Representative samples up to 2 g are collected by
ampling aerosol via a bypass on glass fibre filters. The main aerosol
s collected in a semi-industrial pulse-jet baghouse with an active
ltration area of 3.5 m2 (FFR 6/1.5, Friedli AG, Switzerland).

.2. Precursor system

Precursor solutions were prepared by dissolving stoichiomet-
ic amounts of lanthanum(III) nitrate hexahydrate (99.99%, Auer
emy, Germany), strontium(II) nitrate (≥99.0%, Fluka, Switzerland)
nd cobalt(III) nitrate hexahydrate (99.9%, Auer Remy, Germany)
n a proper solvent. Mixture of deionised water (H2O) and acetic
cid (C2H4O2, 99%, Sigma–Aldrich, Switzerland) was used as sol-
ent in different water–fuel-ratios. Acetic acid was used due its low
rice, harmlessness and relatively high solubility of nitrates in such
mixture. Stoichiometric cation amounts of La:Sr:Co (6:4:10) were
dded sequentially as the corresponding nitrates into the solvent
ixture under stirring. As standard condition a precursor solution

oncentration of 0.75 mol l−1 was adjusted for the La0.6Sr0.4CoO3−ı

ynthesis.

.3. Cathode powder characterisation

Crystal structure and secondary phase formation was analysed
y X-ray diffraction (PANalytical X’Pert Pro MPD, Netherlands) with
u K� radiation (� = 1.540598 Å). Analyses were carried out over a
� range of 20–80◦ with a step size of 0.0167◦. Crystallite size was
etermined by Scherrer equation [18,19]:
XRD = K�

ˇ cos �
(1)

here K is a constant shape factor and ˇ is the full-width-at-
alf-maximum value (FWHM) at the corresponding Bragg angle.
rces 195 (2010) 6709–6718

Cathode–electrolyte reaction tests were carried out on pellets,
consisting of 1:1 weight ratio of La0.6Sr0.4CoO3−ı 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 125 h at 800 ◦C or for 4 h at 1000 ◦C. Quan-
titative phase analyses were carried out by Rietveld analysis
implemented in X’Pert Highscore (PANalytical, Netherlands).

Conventional La0.6Sr0.4CoO3−ı materials were synthesised
as reference by spray pyrolysis (SP) of the corresponding
nitrates and annealed for 24 h at 1050 ◦C to get phase pure
La0.6Sr0.4CoO3−ı. From subsequent high energy, liquid-based plan-
etary ball milling, a powder with a specific surface area of 9 m2 g−1

was obtained. As electrolyte composition either Y0.16Zr0.84O2−ı

(YSZ, SSA = 16 m2 g−1, TZ-8Y, Tosoh, Japan), Ce0.9Gd0.1O2−ı (CGO,
SSA = 8 m2 g−1, H.C. Starck, Germany) or Sc0.20Ce0.01Zr0.79O2−ı

(ScCeZ, SSA = 17 m2 g−1 [16]) were applied.
Specific surface area (SSA) was determined from a five-

point nitrogen adsorption isotherm at 77 K 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:

dBET = 6
�SSA

(2)

where � is 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 5 K min−1 (Baehr Thermoanalyse DIL 802, Ger-
many).

CO2 sensitivity and decomposition behaviour were investigated
by thermal gravimetric analysis (STA 409 CD thermobalance, Net-
zsch, Germany) with heating and cooling rates of 1 K min−1 up to
900 ◦C in synthetic air or CO2 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. La0.6Sr0.4CoO3−ı nanopowders
were uniaxially pressed and sintered at 1200 ◦C to reach a den-
sity above 95% with a dimension of 55 mm × 3.9 mm × 0.75 mm.
Atmosphere was adjusted by a variable flow of N2, Ar, O2 and
CO2 (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 La0.6Sr0.4CoO3−ı (platinum | La0.6Sr0.4CoO3−ı |
Ce0.9Gd0.1O2−ı | La0.6Sr0.4CoO3−ı | platinum) with an active elec-
trode area of 10 mm × 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

10−1 Hz with a polarization potential of 10 mV. Electrochemical
data were obtained by decreasing the sample temperature in 50 ◦C
steps and actually after a 1 h 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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effects resulted in a linear increase of the SSA from 12 m g
(80 nm) up to 36 m2 g−1 (26 nm) 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
ig. 1. Diffraction pattern of as-synthesised La0.6Sr0.4CoO3−ı powders as function o
ange. La0.6Sr0.4CoO3 (PDF code 01-089-5719) and (La,Sr)2CoO4 (PDF code 01-83-24

. Results

.1. Powder synthesis

Powder quality in terms of homogeneity and phase purity but
lso particle size distribution and specific surface area strongly
epend on the synthesis condition. Here it was the author’s

ntention to focus on large-scale production of cost efficient but
anoscale powder. Because of the later cathode powders process-

ng as screen printing pastes, the specific surface area was strictly
imited to a maximum of 40 m2 g−1. Powders with higher SSA are
ritical to stabilise and this can be counterproductive, due to the
esulting paste viscosity and the solid loading of the paste, but this
s described elsewhere in detail [20]. With the following parame-
ers, i.e. precursor concentration of 0.75 mol l−1 and precursor flow
f 20 ml min−1, a powder production rate of 135 g h−1 was estab-
ished.

Powder production via flame spray synthesis (FSS) in depen-
ence of the acetic acid to water ratio in Fig. 1 revealed, that already
itrates in pure water or 0 vol.% acetic acid (AcAc) resulted mainly

n the desired La0.6Sr0.4CoO3−ı phase (PDF code 01-089-5719) [21].
owever, a secondary phase was observed, which was identified
s (La,Sr)2CoO4 (PDF code 01-83-2411) [22]. From a deconvolution
f XRD spectra and quantitative phase analysis a 27 wt% fraction
f (La,Sr)2CoO4 was determined. This amount of secondary phase
epends strongly on the combustible fraction of the solvent mix-
ure (Fig. 2). Pure water is cooling down the flame and inhibits a
omogeneous mixing of the elements on an atomic level in the

articles. Furthermore, the single nitrates possess a different sol-
bility in the solvent, what leads to a precipitation at the sprayed
roplet surface during its evaporation [23]. The interested readers
efer to a previous study on flame-made La0.6Sr0.4Co0.2Fe0.8O3 and
a0.5Sr0.5Co0.8Fe0.2O3 nanopowders [17].
combustible acetic acid fraction (0–70 vol.%) and magnification of the 2� = 30–36◦

re indicated by peak position and intensity as reference at the bottom.

Powders obtained from a flame synthesis with an increas-
ing fraction of 0 up to 70 vol.% of acetic acid showed in first
instance gradually finer particles with higher SSA and secondly
a minimum in the formation of (La,Sr)2CoO4. 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 H2O and CO2. Both

2 −1
Fig. 2. Mass of secondary (La,Sr)2CoO4 phase in the as-prepared La0.6Sr0.4CoO3−ı

powders as function of the combustible acetic acid fraction (�) and the correspond-
ing BET (©).
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lowest amount of (La,Sr)2CoO4 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.
ig. 3. Comparison of flame-made La0.6Sr0.4CoO3−ı powders derived from nitrates
orphology from pure water (left). Homogenous, spherical and nanoscale particles
agnification (50 �m vs. 20 nm). Inset shows high resolution magnification of crys

as to be mentioned, that still a bimodal particle size distri-
ution was obtained and a fraction of about 10 vol.% of the
owder consists of massive, spherical particles in the range of
0–200 nm.

The increased energy transfer from the larger fractions of
ombustible acetic acid into the flame had also a positive effect
n the secondary phase formation and optimal condition was
ound at ∼30 vol.% of acetic acid in water, where the amount of
La,Sr)2CoO4 was reduced from 27 wt% down to 12 wt% (Fig. 2).

moderate increase of (La,Sr)2CoO4 was observed again for
igher fractions of acetic acid, probably due to an enhanced
obalt evaporation and the subsequent secondary phase forma-
ion under progressively harsher flame conditions: higher flame
emperatures and longer residence times in the flame due to an
nlargement of the flame height by the larger amounts of com-
ustible substances. However, here the cobalt precipitates again
n the already formed nanoparticles by a so-called heteroge-
eous condensation process during the flame synthesis or more
recisely during the cooling phase [24]. Such an evaporation of
obalt is common and well known in powder processing and
eeds a precise control over synthesis conditions. But in a for-
er study we have already shown on several cobalt containing

anopowders like La0.6Sr0.4Co0.2Fe0.8O3 or Ba0.5Sr0.5Co0.8Fe0.2O3
ia elemental analysis by inductively coupled plasma optical emis-
ion spectroscopy (ICP-OES), that the assumed and desired cobalt
ontent is present and is not lost [17]. As a conclusion of these
bservations, we assume that this cobalt oxide is probably in
n amorphous state. It is proofed in the following Section 3.2
bout phase formation, that there is no cobalt missing, since
he expected unit cell parameter are derived by additional fir-
ng.

TGA measurements of the as-prepared nanopowders in dry syn-
hetic air confirmed that a certain fraction of combustible solvent
s indispensable to guarantee enhanced precursor decomposition
Fig. 4). Starting from nitrates in pure water, an overall mass loss
f 17.0 wt% was measured. With an increasing acetic acid fraction
his mass loss could be significantly reduced. The mass losses are
aused by undecomposed residues and were reduced down to 11.3

nd 5.2 wt% for 10 and 30 vol.% of acetic acid in the solvent mixture.
igher acetic acid fractions did not result in any further reduction.
ll powders in the as-prepared condition showed an initial mass

oss from room temperature up to 180 ◦C by physisorbed water.
fterwards a progressive and solvent fraction depending mass loss
fferent solvent mixtures. Micron-sized, porous and core–shell structured powder
30 wt% of acetic acid in water (right). The reader may pay attention to the different
nanoparticles.

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 0.1 wt% is caused by the temperature driven
change in the oxygen non-stoichiometry ı in La0.6Sr0.4CoO3−ı, as it
is typical for such perovskite materials by compensation of valence
state changes. Change of ı takes place over the whole temperature
range (see Section 3.5 about CO2 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 30 vol.% content of acetic acid and therefore the
Fig. 4. TGA analyses of as-prepared La0.6Sr0.4CoO3−ı nanopowders for a varying
acetic acid fraction (0, 10 and 30 vol.%) in water.
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F al treatment at 700, 900, 1000, 1100 and 1350 ◦C. A magnification of the representative
2 ferences are indicated by peak position and intensity at the bottom.
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ig. 5. Diffraction pattern of as-prepared La0.6Sr0.4CoO3−ı powder, and after therm
� = 31–35◦ range is given on the right hand side. La0.6Sr0.4CoO3 and (La,Sr)2CoO4 re

.2. Phase formation and powder morphology

As-synthesised La0.6Sr0.4CoO3−ı powders derived from the
ost-favoured conditions were treated in air for 3 h at various tem-

eratures between 700 and 1350 ◦C to investigate the crystalline
hase evolution, change of particle size and morphology. Already
he powder in the as-synthesised state showed strong reflections
rom crystalline phases, but crystallinity gets further improved
ith thermal treatment at 700 and 900 ◦C. In parallel the XRD
atterns indicate the formation of single phase La0.6Sr0.4CoO3−ı

erovskite at 900 ◦C and reflections attributed to (La,Sr)2CoO4 are
elow the detection limit (Fig. 5). Higher temperatures of 1000 and
100 ◦C did not affect the phase composition and only further peak
arrowing by crystal growth is observed. But different secondary
hases appeared at 1350 ◦C, which clearly indicate the progres-
ive decomposition of the desired phase. Evaporated cobalt formed
istinct blue cobalt oxide precipitations on the powder substrate
nd free cobalt oxide was identified by XRD, as well as needle like
recipitations were observed by SEM (not shown here).

Influence of the thermal treatment on the flame-made powder
orphology and grain size evolution is determined from suspended

nd dried powder layers (Fig. 6). For the as-synthesised powders
n initial average grain size of 17 nm was determined by XRD from
eak broadening analyses and Scherrer equation. This value corre-

ates very well with the primary particle size from TEM images in
ig. 3. Average grain size increased up to 29 nm at 700 ◦C. Higher
emperatures led to further but stronger grain growth and average
izes of 43 nm at 900 ◦C, 59 nm at 1000 ◦C and 73 nm at 1100 ◦C were
eached after a dwell time of 3 h in environmental air. The obtained

rain sizes after annealing are similar or even smaller if compared to
ther nanopowder synthesis routines [26]. Nanocrystals (∼50 nm)
an be kept up to 1000 ◦C, what offers the possibility for nanostruc-
ured electrode layers, but with a significant higher material output
s needed for semi-industrial applications. This clearly shows
Fig. 6. Average crystal size dXRD as function of annealing temperature with a dwell
time of 3 h (©). 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 La0.6Sr0.4CoO3−ı 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 5 K min−1, the room temperature derived hexagonal unit
cell parameters of flame-made La0.6Sr0.4CoO3−ı were determined
as a = 5.433 Å and c = 13.231 Å with a resulting unit cell volume
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Fig. 7. SEM micrographs from as-synthesised La0.6Sr0.4CoO3−ı 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 La0.6Sr0.4CoO3−ı and common
electrolytes compositions applied in an IT-SOFC.

Material composition TEC/10−6 K−1 in the temperature range of: Ref.

200–650 ◦C 650–1000 ◦C 200–1000 ◦C

La0.6Sr0.4CoO3−ı 18.0 30.2 22.5 This work
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Fig. 8. Diffraction pattern of conventional (SP) and flame-made (FSS)
La0.6Sr0.4CoO3−ı powders fired for 125 h at 850 ◦C and 4 h at 1000 ◦C with
Y0.16Zr0.84O2. La0.6Sr0.4CoO3−ı (LSC) and Y0.16Zr0.84O2 (YSZ) are given as reference
at the bottom and identified reaction products are marked by the denotation of –
(SrZrO3) and b (La2Zr2O7).

Fig. 9. Diffraction pattern of conventional (SP) and flame-made (FSS)
La0.6Sr0.4CoO3−ı – – 20.5 [29]
Y0.16Zr0.84O2 11.6 11.6 11.6 [16]
Sc0.20Ce0.01Zr0.79O2−ı 10.6 12.5 11.4 [16]
Ce0.9Gd0.1O2−ı 13.8 15.3 14.4 [16]

f 338.22 Å3. The application of such powders as screen printing
astes and the later detailed electrochemical and morphological

nvestigation of porous and nanostructured electrode layers are
iven elsewhere [20,27].

.3. Electrolyte interaction

Despite the excellent properties of La0.6Sr0.4CoO3−ı in terms of
onic and electronic conductions [3,28] and its oxygen exchange
inetics [6,29], considerable problems will arise during the pro-
essing and/or the later thermal recycling procedure [30]. Layer
racking and delamination takes place at the interface, due to the
ntrinsic shrinkage behaviour of nanopowders [17,27] as well as to
he strong mismatch in the thermal expansion coefficient (TEC) of
a0.6Sr0.4CoO3−ı and that of common electrolytes (Table 1) [30].
o adapt the TEC and to reduce the mechanical stress a certain
mount of the electrolyte material is mixed with the cathode pow-
er, from which insulating, because ionic and electronic blocking
eaction products (La2Zr2O7 and SrZrO3) can be formed during the
rocessing at elevated temperatures [31,32]. Further advantages of
uch composites are enhanced three-phase-boundary (TPB) length
33,34], better adhesion [35] and suppressed grain growth and
oarsening [36]. The focus of our experiments was set on the inter-
sting preparation temperature range of 850–1000 ◦C, which is
pplied to the cathode–electrolyte mixture. The here initially cre-
ted blocking phases reduce the cell performance substantially,
hile the later lower operation temperature of 600 ◦C avoids strong
aterial diffusion.
As-synthesised FSS powder with a high specific surface area

f 29 m2 g−1 as well as conventional spray pyrolysed and ball-
illed La0.6Sr0.4CoO3−ı powders (9 m2 g−1) were mixed with three

otential low temperature electrolyte compositions to determine
heir reaction: Y0.16Zr0.84O2 (YSZ) the most common electrolyte
nd secondly Sc0.20Ce0.01Zr0.79 (ScCeZ) was used [37,38]. The lat-

er is a promising electrolyte candidate for an IT-SOFC technology
t 600 ◦C due to its improved conductivity performance. Addition-
lly, Ce0.9Gd0.1O2−ı (CGO) was used, which is known as a material
howing no interaction with La0.6Sr0.4CoO3−ı and hence widely
sed as an intermediate layer to prevent secondary phase forma-
La0.6Sr0.4CoO3−ı powders fired for 125 h at 850 ◦C and 4 h at 1000 ◦C with
Sc0.2Ce0.01Zr0.79O2. La0.6Sr0.4CoO3−ı (LSC) and Sc0.2Ce0.01Zr0.79O2 (ScCeZ) are given
as reference at the bottom and identified reaction products are marked by the
denotation of – (SrZrO3) and b (La2Zr2O7).

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 4 h at 1000 ◦C and
125 h 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 La2Zr2O7 secondary phases calculated from diffraction patterns of 1:1 La0.6Sr0.4CoO3−ı–electrolyte mixtures annealed for 125 h at 850 ◦C
and 4 h at 1000 ◦C.

Electrolyte Temperature FSS made: 29 m2 g−1 La0.6Sr0.4CoO3−ı SP made: 9 m2 g−1 La0.6Sr0.4CoO3−ı

SrZrO3 La2Zr2O7 SrZrO3 La2Zr2O7

YSZ 1000 ◦C 13% 7% 28% 39%
850 ◦C 11% 5% 19% 14%

ScCeZ 1000 ◦C 12% 3% 27% 12%
850 ◦C 8%

CGO 1000 ◦C 0%
850 ◦C 0%

Fig. 10. Diffraction pattern of conventional (SP) and flame-made (FSS)
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not the dominating reaction product anymore. Here, especially the
a0.6Sr0.4CoO3−ı powders fired for 125 h at 850 ◦C and 4 h at 1000 ◦C with
e0.9Gd0.1O2. La0.6Sr0.4CoO3−ı (LSC) and Ce0.9Gd0.1O2 (CGO) are given as reference
t the bottom.

As expected and therefore carried out as a reference, conven-
ional spray pyrolysed, phase pure La0.6Sr0.4CoO3−ı and YSZ reacted
trongly to SrZrO3 (19%) and La2Zr2O7 (14%) after 125 h at 850 ◦C.
he overall amount of these phases is even doubled (28% and
9%) when treated for 4 h at 1000 ◦C and is also observed by many
esearch groups [31,39,40]. The FSS synthesised La0.6Sr0.4CoO3−ı

sed in the as-prepared condition and treated in the same way
ith the same YSZ is showing a significantly lower amount of

eaction products, and this in spite of a much higher SSA and
xpected increased reactivity. At both temperatures the deter-
ined amounts were substantially lower, 11% and 5% for SrZrO3

nd La2Zr2O7, respectively. It is worth to mention, that the flame-
ade La0.6Sr0.4CoO3−ı nanopowder is not only less reactive but an

ncrease in the treatment temperature from 850 to 1000 ◦C did also
ause only a marginal increase in the amounts of secondary phases.
specially, if it is compared to the doubling for the conventional
pray pyrolysed powder at 1000 ◦C, where the La0.6Sr0.4CoO3−ı

eflections are nearly completely diminished, e.g. (0 1 2) at 23◦

r (1 1 0) and (1 0 4) at 33◦. The same intensity reduction is
bserved for the YSZ reflections and supports the strong reaction
f the spray pyrolysed La0.6Sr0.4CoO3−ı powder with YSZ at
000 ◦C.

A final explanation for the observed behaviour is difficult to
tate on basis of the carried out reactivity analysis and further
icrostructure related elemental analysis will be carried out, but

uch research is beyond the scope of this work. However, the sup-
ressed reaction for the flame-made powders probably origin from
he unique flame conditions: temperatures of about 3000 ◦C and

ooling rates in the order of 500000 K s−1 conserve high temper-
ture conditions. This kind of flame-made nanopowders in the
s-synthesised condition are less crystalline than spray pyrolysis
erived powders, since the latter always includes a subsequent
1% 17% 6%

0% 0% 0%
0% 0% 0%

firing step to reach the desired phase. In addition, nanopowders
exhibit a much higher surface area and hence a larger amount of
possible reactive sites. Both properties let one assume a higher reac-
tivity for nanomaterials, but the opposite tendency is observed.
It can be presumed at this point, that the unique temperature
history causes a non-equilibrated and high temperature related
oxygen non-stoichiometry (ı). Furthermore, quenching-related
bulk defects [41] as well as defects on the particle surface from the
strong curvature of the nanoparticles are created [42,43], which
can cause such exceptional behaviour. It is worth to mention here,
that flame-made powders often show such exceptional character-
istics (cf. Section 3.4). Here, phase analyses of the powders in the
as-synthesised condition show that the main perovskite phase can
be correlated with the expected hexagonal La0.6Sr0.4CoO3−ı struc-
ture, but the determined unit cell parameters of a = 5.430 Å and
c = 13.274 Å 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
La0.6Sr0.4CoO3−ı 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% La2Zr2O7 were formed at 850 ◦C from the conventional spray
pyrolysed La0.6Sr0.4CoO3−ı, and 27% of SrZrO3 and 12% La2Zr2O7
at 1000 ◦C. In contrast to that, only 8% SrZrO3 and 1% La2Zr2O7
at 850 ◦C, and 12% SrZrO3 and 3% La2Zr2O7 at 1000 ◦C, respec-
tively, were detected by XRD from the flame-made nanopowders.
The flame-made La0.6Sr0.4CoO3−ı 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 La0.6Sr0.4CoO3−ı powders in terms of La2Zr2O7 forma-
tion. While more or less the same SrZrO3 amounts can be found for
the interaction experiments with YSZ and ScCeZ, the La2Zr2O7 is
nanoscale flame-made powder is outperforming the conventional
powder by 4–5 times lower amounts of La2Zr2O7.

To avoid the above-described formation of ionic-electronic
blocking compositions of SrZrO3 and La2Zr2O7, lower preparation
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ig. 11. Electrical conductivity of flame-made La0.6Sr0.4CoO3−ı as function of tem-
erature in dry synthetic air (p(O2) = 0.21 bar).

nd operation temperatures have to be applied or a barrier/blocking
ayer is usually used. CGO is widely applied as a barrier layer
nd well known as non-reactive to La0.6Sr0.4CoO3−ı [47–49]. As
xpected, both powders showed independent of particle size, phase
urity or synthesis route no secondary phases or a shift in the
iffraction patterns (Fig. 10 and Table 2). Such a barrier layer of
GO is highly needed even for IT-SOFCs, as long as cell prepara-
ion temperatures are in the investigated high temperature range
f 850–1000 ◦C.

.4. Bulk conductivity properties

Electrical bulk conductivity and p(O2) dependency at vari-
us temperatures were characterised by four-point DC method
n the cooling branch (1 K min−1). The electrical bulk conductiv-
ty in dry air reached its maximum with 3600 S cm−1 at 400 ◦C
nd decreased then over 2680 S cm−1 at 600 ◦C to 1150 S cm−1

t 900 ◦C (Fig. 11). This reflects the expected metallic-like
onductivity and the decrease in the electron-hole concen-
ration with increasing temperature. At the aimed operating
emperature of about 600 ◦C, the observed electrical conductiv-
ty of the flame-made La0.4Sr0.6CoO3−ı is considerable higher
han the 2000 S cm−1 reported by various groups [30,50], but
ven lower values of 1400 down to 800 S cm−1 are reported
5,51]. Within this temperature range of 400–900 ◦C electrical
onductivity is determined as function of oxygen partial pres-
ure p(O2), which changes along the cathode thickness during
peration: from air (0.21 bar = 2.1 × 105 Pa) down to 0.12 ppm
1.2 × 10−7 bar = 1.2 × 10−2 Pa) (Fig. 12). A constant but weak linear
lope over the whole p(O2) range is observed in the log � − log p(O2)
lot. With a temperature increase from 400 to 900 ◦C the p(O2)
ependence gets stronger: a dependency of −0.017 is determined
t 400 ◦C which increases progressively to −0.023 at 600 ◦C and
0.029 at 900 ◦C. This results from an increase of ı, caused by the

eduction of oxygen vacancies with temperature and is consistent
o Mizusaki et al. [52]. Further on, the absence of any plateau or
nflection point in the investigated temperature range indicates a

etallic behaviour and that electrons are not localised to the Co

ons [52,53].

One should note that at temperatures below 400 ◦C electric
ulk conductivity decreases again towards room temperature. Such
emiconductor-like temperature dependence is usually observed
or Sr contents of x < 0.4 in La1−xSrxCoO3−ı, although Mizusaki et al.
Fig. 12. Electrical conductivity of flame-made La0.6Sr0.4CoO3−ı as function of the
negative logarithm of p(O2) 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 ı under low oxygen
contents in La0.4Sr0.6CoO3−ı. This metal–insulator (M–I) transition
is related to changes in Co–O distance and Co–O–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 La0.7Sr0.3CoO3−ı sample, which was explained by a conserved
oxygen non-stoichiometry condition and by annealing at lower
p(O2).

This leads again to the assumption that a high temperature con-
dition (>3000 ◦C) in terms of a higher oxygen non-stoichiometry
(ı) and additional defects are preserved in the flame-made mate-
rial by the huge quenching rates (>500000 K s−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 La0.6Sr0.4CoO3−ı 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
2

Fig. 13 shows the area specific resistance (ASR) as function
of temperature of screen printed symmetrical La0.6Sr0.4CoO3−ı

electrodes prepared at 900 ◦C on a 1.5 mm thick Ce0.9Gd0.1O2 elec-
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Fig. 14. Thermo-gravimetric analysis of flame-derived powder in CO2-free dry syn-
thetic air and in dry synthetic air with 5% CO2 (heating rate: 1 K min−1).

powder was revealed by electrolyte interaction experiments. The
ig. 13. Temperature dependence of ASR for screen printed La0.6Sr0.4CoO3−ı

anopowder prepared at 900 ◦C on a Ce0.9Gd0.1O2−ı substrate in air.

rolyte. An ASR of 0.96 � cm2 at 600 ◦C and 0.14 � cm2 at 700 ◦C
re encouraging and promising results, keeping in mind that this
s a relatively dense and non-optimised microstructure (cf. Fig. 7).
ao et al. [50] reported minimal higher ASR of 0.17 � cm2 at 700 ◦C,
ut a significant lower conductivity (see Section 3.4) for the same
nnealing temperature. Nevertheless, they reported comparable
alues for a nanostructured La0.4Sr0.6CoO3−ı cathode by a complex-
ng method, although it has to be stated clearly, that this synthesis
as to deal with the drawback of upscaling, while the here pre-
ented process can provide up to 400 g h−1 [17].

It is expected that a more open porous structure performs better
ue to an optimised gas distribution in the electrode. An exten-
ive microstructure investigation as well as a strategy towards a
urther improvement and its influence on the electrochemical per-
ormance of this flame-derived powder is given elsewhere [27]. Due
o their outstanding shrinkage behaviour, it has to be clearly stated
t this point, that the control over microstructure seems to be the
ost important factor during electrode layer processing via screen

rinting of nanopowders [20].
During long-term operation at 600 ◦C, typical CO2 concentra-

ions of 385 ppm in air in combination with an accessible high
pecific surface area can cause carbonate formation from the high
mount of strontium, similar to the carbonate formation of barium
ontaining cathode materials [17,60]. For this reason CO2 sensitiv-
ty of nanoscale La0.6Sr0.4CoO3−ı powder was investigated by TGA
f powders and by long-term conductivity measurements in 5% CO2
ontaining atmosphere.

TGA in dry and CO2-free synthetic air shows progressive loss
f weight from room temperature (RT) to 900 ◦C on, indicating the
ngoing oxygen loss and increasing ı in La0.6Sr0.4CoO3−ı (Fig. 14).
slightly lower mass loss is observed in 5% CO2 in air, probably due

o a reduced oxygen exchange kinetic caused by the CO2 [60], but
o indicator for carbonate formation was found. No mass uptake
an be observed at all, what means that no formation of electronic
locking SrCO3 takes place under the investigated conditions. This

s supported by measured electrical bulk resistivity under same
tmospheric conditions in Fig. 15. Reference bulk resistivity was
easured for an initial phase of 48 h in CO2-free dry synthetic air at

00 ◦C to obtain a stable reference conductivity value. To decouple

ossible strontium hydroxide caused effects [61], gas composition
as switched from dry, CO2-free synthetic air to a dry, CO2-rich

tmosphere with 5% CO2. Within the next 132 h a marginal change
f −3.7 × 10−7 � cm per 24 h (−0.1% per 24 h) was observed, what
Fig. 15. Electrical bulk resistivity of La0.6Sr0.4CoO3−ı as function of time at 600 ◦C in
CO2-free and 5% CO2 in dry synthetic air.

is interpreted as a stable operation. La0.6Sr0.4CoO3−ı seems to be
non-sensitive towards CO2 uptake and the formation of any car-
bonate phase at 600 ◦C, even at such high CO2 concentrations of
about 5%.

4. Conclusion

Flame spray synthesis (FSS) technology was used to synthe-
sise nanoscale La0.6Sr0.4CoO3−ı powder with a specific surface area
of 29 m2 g−1 at industrial relevant large-scale production scale of
135 g h−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)2CoO4 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 (∼50 nm) can be conserved up to 1000 ◦C.
A remarkable characteristic of the flame-made La0.6Sr0.4CoO3−ı
flame-made, nanoscale La0.6Sr0.4CoO3−ı in the as-synthesised and
non-phase pure condition showed a significantly lower reactivity
with Y0.16Zr0.84O2−ı and Sc0.20Ce0.01Zr0.79O2−ı if compared to con-
ventional spray pyrolysed La0.6Sr0.4CoO3−ı of about 9 m2 g−1. An up
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[59] W.Y. Teoh, R. Amal, L. Madler, S.E. Pratsinis, Catal. Today 120 (2007) 203–213.
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o 6 times lower amount of La2Zr2O7 and 2 times lower amount of
rZrO3 were detected for the flame-made La0.6Sr0.4CoO3−ı, in spite
f 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
a0.6Sr0.4CoO3−ı, even in 5% CO2 containing atmosphere.

Screen printed cathode layers were sintered at 900 ◦C and
esulted in relatively dense and nanoporous layers but with good
lectrochemical performance at intermediate temperatures. ASR
alues of 0.96 � cm2 at 600 ◦C and 0.14 � cm2 at 700 ◦C were
btained in air from symmetrical cells on base of a Ce0.9Gd0.1O2−ı

lectrolyte. Conductivity as high as 2680 S cm−1 at 600 ◦C and rather
emiconductor-like behaviour were observed, probably caused by a
nomalous oxygen non-stoichiometry or defect-related distortions
elated to the outstanding flame synthesis conditions, namely very
igh synthesis temperatures about 3000 ◦C and extreme quenching
ates of 500000 K s−1. Against the background of the morphological
bservations, it is believed to further increase the performance of
he nanostructured La0.6Sr0.4CoO3−ı layers by improving porosity
r using La0.4Sr0.6CoO3−ı/Ce0.9Gd0.1O2−ı composite, to consider the
EC mismatch and to enhance the three-phase-boundary length.
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