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Abstract

Lag ¢Srg 4Cog oFe 035 powder was synthesized by a combined EDTA-citrate complexing process via low-temperature auto-combustion
synthesis with NH4NOj as an oxidizer and a combustion trigger. Two novel methods were explored to improve this auto-combustion technology
with reduced NH4NOj3 addition: the use of Lag ¢Srg 4C002Feq 03 _5 as the combustion catalyst and the application of asymmetric sol—gel process
to provide the precursor with different NH4;NOj3 concentrations. The prepared perovskite powder was characterized by BET, SEM, XRD and
iodometric titration techniques. The catalytic performance of the powder was also examined in the decomposition of peroxide hydrogen.
Experimental results indicate that powders from catalytic combustion and asymmetric precursor routes have more advantages in terms of better
crystallites, higher specific surface area, higher B-site valence state, improved sintering capability and better catalytic performance in peroxide
hydrogen decomposition than that from the synthesis with uniform NH4NOj distribution.

© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Oxygen ionic conducting perovskite oxides have attracted
much attention from many academic or industrial researchers
for their potential applications as oxygen selective membranes
for air separation, catalytic membrane reactor for high
temperature oxidations, gas partial oxidations and electrode
catalyst for solid oxide fuel cells (SOFC) [1-5]. Since the early
1980s when Teraoka et al. [6,7] demonstrated that high oxygen
permeation flux could be achieved from SrCoggFej,03
perovskites, an increased interest has been generated to
develop new perovskite membranes with improved phase
stability and oxygen permeation flux by optimizing the metal
oxide compositions in the perovskite structure with a general

stoichiometric formula of A},Aél_y)BxB’(lfx)OQ,a). Recently,
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mixed conducting perovskites were also applied as cathode
material for solid oxide fuel cells and exhibited excellent
performance both in dual and single chamber configurations
[8—11]. This further spurred the research interest of investigat-
ing these perovskites as promising materials for future energy
saving and environmental conservation.

In general, applications of these ionic conducting perovskite
materials always start with the synthesis of the corresponding
ceramic powders, and the conventional solid state reaction
route is often applied. In this method, the starting materials like
carbonates or metal oxides, mixed in a stoichiometric ratio to
yield the given composition, are ball-milled, ground and
sintered at a high temperature [12]. Such a synthesis method
often leads to the following disadvantages: (1) a micro-
homogenous phase structure can hardly be obtained due to large
and strongly bonded powder agglomerates; (2) contamination
can hardly be avoided during milling and grinding, resulting in
a detrimental effect on the material properties; and (3) the
mechanically ground mixture requires prolonged calcination at
high temperatures (usually >1200 °C), which is undesirable in
the fabrication of dense fine-grained ceramics due to the
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promotion of abnormal crystallite growth. Consequently, both
the electrical and mechanical properties of the final sintered
ceramic products by the conventional standard method are not
adequate for many advanced applications. In order to obtain
homogeneous fine powders, other different methods via various
wet-chemistry routes such as freeze-drying, co-precipitation
and combustion of metal-organic precursors, have been
proposed [13-22]. Among these techniques, the combustion
method based on water-soluble chelated complexes as
precursors to obtain the homogeneity of the metal ion
distribution on the atomic level, is currently attracting
considerable attention. Such a water-soluble complex precursor
synthesis route has shown to be advantageous for obtaining
carbonate-free, chemical homogeneous oxide compounds with
a high relative density and a high bending strength [18-22].
In the previous paper, we systematically investigated the
modified Pechini method to prepare perovskite powder having a
composite composition of four metal oxides [17]. In that
method, ethylenediaminetetraacetic acid (EDTA) and citric
acid were jointly used as the chelating ligands and ammonium
nitrate (NH4NO3) was introduced as the combustion aid for
low-temperature synthesis [23]. Compared to the standard
Pechini method, the synthesis with NH4NO; addition not only
eliminates one sintering step at high temperatures, but also
shortens the synthesis time. However, some toxic gases like
NO, may be produced due to the usage of NH4NO;,
unfavorable for environmental conservation. From the view-
point of application, the addition of NH4NOj should be also
reduced to decrease the material cost. In this study, we further
improved this technology by minimizing the addition of
NH4NOj; via the asymmetric sol-gel technique and the use of
the prepared perovskite itself as the catalyst to facilitate the
auto-combustion. The concept of asymmetric sol-gel with
different NH4;NO;3 concentration was firstly applied in the field.
The powder properties, such as sintering ability, microstructure
and its catalytic efficiency in the decomposition of hydrogen
peroxide were examined. Perovskite Lag ¢Srg4Coq,Feqs05_5
(LSCEF) is selected for the target material of investigation.

2. Experimental
2.1. Powder preparation

Cobalt nitrate, ferric nitrate, lanthanum nitrate, and
strontium nitrate, all in analytical grades, were used as the
metal sources. EDTA powder and citric acid with purities
higher than 99.5% were used as the chelants. The mole ratio of
EDTA and citric acid to metal ions in this study was fixed at
1:2:1. EDTA powder was added into aqueous ammonium
hydroxide to form a water-soluble ammonium salt. Stoichio-
metric amounts of metal nitrates were dissolved in distilled
water. The required amount of EDTA, citric acid, and NH,;NO;
for the preparation of 0.005 mol LSCF was introduced in
sequence into the nitrate solution under stirring condition. The
mixed solution was then heated at ~90 °C over a hot plate
under magnetic stirring until a gel was formed, which was
cooled down to room temperature and then transferred to a pre-

heated oven at 250 °C for auto-combustion [23]. When LSCF
was applied as the combustion catalyst during the synthesis, the
well-crystallized LSCF powder derived from the normal
EDTA-citrate method (sintered at 800 °C for 5h) [17] was
added into the mixed solution and heated with stirring to ensure
the uniform dispersion in the formed gel. As shown in Fig. 1,
three different types of the NH4NOj; distribution in the gel
system were illustrated. The asymmetrical gels with different
concentration of NH4NOj in vertical direction were prepared
by multi-steps of thickening the mixed solutions with different
NH4NO; concentration. The schematic diagram of the auto-
combustion reactor is shown in Fig. 1, where M stands for the
different molar ratios of NH4;NO; to metal ions in the mixed
solution. The auto-combustion experiment was conducted
within a 250 mL Pyrex beaker, which was put inside a 2L
beaker for security issue and powder collection. An electrical
fan was used during the heat treatment to ensure a
homogeneous temperature distribution, and also to enhance
the gas flow inside the oven. After the auto-combustion
synthesis, the resulted powders were pressed in a 15 mm-
diameter die at ~200 MPa to form cylindrical disks, which
were then heated at 1000 °C under static air for 5 h to observe
the sintering behavior of the as-synthesized powders.

2.2. Characterization

The temperatures of the gels during auto-combustion were
monitored by the thermocouple inserted inside the gel and the
temperature—time profiles were recorded by Yudian 708P
temperature indictors with Labview program with a sampling
rate of ten points per second [23]. The crystal phase structure of
the synthesized powders was determined by X-ray diffraction
(XRD, Bruker D8 Advance) using Cu Ka radiation at room
temperature by step scanning in the range of 10 < 6 < 90°. The
weight loss profile of the samples was examined by the Thermal
Gravity Analysis (TGA) using a NETZSCH STA 409 thermal
gravity analyzer under flowing air atmosphere at the rate of
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Fig. 1. Schematic diagram of the auto-combustion reactor and the NH4;NO;
distribution in the gel system (precursor: (A) homogeneous NH4,NO; distribu-
tion, (B) LSCF catalyst addition, (C) asymmetric NH4;NOj; distribution with
LSCEF catalyst).
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10 mL/min. The specific surface area of the powders then
obtained was characterized by N, adsorption using a
BELSORP 1II instrument. Prior to the measurement, the
samples were pre-treated at 200 °C for 2 h under vacuum to
remove the surface adsorbed species. The morphologies of the
sintered pellets or powders were examined using an Environ-
mental Scanning Electron Microscopy (ESEM, QUANTA-
2000).

The catalytic efficiency of the prepared perovskite powder
was tested by decomposing the peroxide hydrogen. For this
purpose, 7.5 mL H,0O, solution (0.2 mol/L) was added into
30 mL NaOH solution (6 mol/L) and 50 mg perovskite powder
was subsequently added inside the reactant solution. The
reaction rate was measured by the production rate of oxygen at
room temperature (298 K). The hydrogen peroxide decom-
position reaction can be expressed as [24]:

1
HOz(aqf — 502 + OH(aq)_ (1)

The B-site cation valence of as-prepared powder was
measured by the iodometric titration technique [25]. Samples
were dissolved in a solution of potassium iodide in HCI and
heated in an oxygen-free environment. The iodide reduced the
B-site ions of B** or B** to B** and was simultaneously
oxidized to form I, which was quantified via redox titration
with thiosulfate. The average B-site cation valence and oxygen
vacancy stoichiometry were calculated based on the amount of
I, formed.

3. Results and discussion

3.1. Auto-combustion synthesis with uniform NH,NO;
distribution

The combined EDTA-citrate complexing method is very
effective to disperse metal ions in a molecular level in the
resulted gel. No combustion was observed during the heat
treatment of the gel up to 250 °C and subsequent sintering step
at high temperatures is still needed to get the powder with
desired perovskite structure [17]. With the addition of NH4;NO;
as the combustion aid, the gel would go through the auto-
combustion process in a heated environment around 250 °C.
Fig. 2 shows the temperature—time profiles of the gels at various
NH4NOj; additions when the auto-combustion started. Depend-
ing on the mole ratios of NH4NO; to metal ions in the mixed
solution (M), the combustion properties of the gels varied [23].
With the increase of NH4NOj; addition, the gel started the auto-
combustion with gentle smothering type at M =9 and
transferred to self-propagating combustion at M = 12. The
gel’s combustion can also reach a higher flame temperature
when more NH4NO; was added. For example, the flame
temperatures of the gels with M values of 9 and 12 can reach up
to 300 and 500 °C, respectively. It is noteworthy that, in Fig. 2,
the time for gel heating before gel bubbling varies with gel
initial temperature and heating temperature, but not affected by
the M value [23]. In this paper, the heating temperature was
fixed at 250 °C, the gel heating time was mainly determined by
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Fig. 2. Temperature—time profiles of the gels condensed from various NH4;NO3
addition when the auto-combustion processes were started.

gel initial temperature which rarely affects the peak tempera-
ture of auto-combustion. The research focus here is the peak
temperature instead of the heating time. Fig. 3 displays the X-
ray diffraction patterns of the powders after auto-combustion at
different conditions. As can be seen, the development of LSCF
perovskite crystalline phase from the precursor gel is a function
of NH4;NO3 content. When M is less than 9, most of the
resultant powder is still in amorphous state. For M > 9, the
perovskite phases starts to be formed. At a higher NH,;NO;
content, the crystal phase patterns become more intense and the
diffraction peaks reduce their widths gradually. It is interesting
to note that no any intermediate phases were detectable in the
samples after combustion no matter how the values of M
changes. In order to guarantee that the LSCF perovskite
structure is formed well, the NH4;NO; addition in the mixed
solution for the preparation of LSCF powders kept at M > 12.
In the following sections for the comparative studies of
combustion properties from various precursors with LSCF
catalyst addition or asymmetric NH4NO;3 distribution were
focused on these precursors with M values fixed at 9.
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Fig. 3. XRD patterns of the powders after auto-combustion of the gels with
different NH4;NO;3 contents.
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3.2. The LSCF catalytic effects on the auto-combustion

In addition to the good materials for mixed conducting
membranes and electrodes for solid oxide fuel cells, LaCoOs-
based perovskites can also be used as catalysts for combustion
and the oxidizer (e.g. NH4ClO,4) decomposition [26,27]. In this
study, the well-crystallized LSCF powder was also tried as a
combustion catalyst by dispersed uniformly in the precursor.
During the combustion process, flame was clearly observed
when LSCF catalyst was applied while only some sparks were
seen from the slow smothering combustion without catalyst.
Experimental results of the catalytic effects on the pyrolysis of
NH4NOj; and its combustion are given in Fig. 4 where the LSCF
catalyst loading in the gel is 10% by weight. Fig. 4a describes
the thermal pyrolysis history recorded by TGA. Both samples
of NH4NO; with or without catalyst started to lose weight at
175 °C at which the decomposition of NH4NOs is taking place.
This intensive exothermic reaction will provide sufficient
energy to trigger the auto-combustion. A big weight loss of the
precursor without catalyst claimed about 95% in the range from
175 to 325 °C due to the complete decomposition of NH,NOs5.
The addition of LSCF catalyst accelerates the decomposition
process and the big weight loss of the precursor was completed
quickly in a shorter temperature range from 175 to 275 °C. This
more intensive exothermic reaction will provide sufficient
energy to trigger the subsequent precursor auto-combustion
leading to less NH4NOj addition.

Fig. 4b and ¢ compare the temperature—time profiles and
XRD results of the powders from the precursors (M = 9) with
and without LSCF catalyst. Again, the flame in auto-
combustion process with LSCF catalyst addition was clearly
observed and higher flame peak temperature was achieved.
Consequently, the as-prepared powder with better crystal
structure is obtained due to the contribution of LSCF catalyst.

3.3. Auto-combustion synthesis with asymmetric precursor

In order to improve the combustion technology to produce
perovskite powder with less use of NH4NO;, combustion
behavior using the asymmetric precursor with various NH;NO3
concentrations in vertical orientation was further investigated.
The basic idea is that the top layer with higher NH4NO; content
can trigger the combustion; once started, the combustion
process will continue until the entire gel is burning out. The
experimental work to verify this concept was conducted on
three samples with results as shown in Fig. 5. Sample-I-gel with
homogeneous NH,4NO; distribution (M = 9) and Sample-II-gel
with different NH4NO; distribution (top layer M =6 and
bottom layer M = 12) displayed invisible smothering combus-
tion with lower flame peak temperatures ranged from 290 to
400 °C. Different to asymmetric Sample-II, Sample-III-gel
with high NH4NOj; content on the top layer (M = 12) but lower
concentration at the bottom layer (M =6) has a self-
propagating combustion and a highest flame peak temperature
of 511 °C. As expected, the combustion from Sample-III-gel
produced the perovskite powder with higher crystallinity due to
the heat treatment at a higher flame temperature.
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Fig. 4. TGA profiles of NH4,NO; with or without catalyst (a), flame tempera-

ture—time profiles (b) and XRD profiles (c) of the resulted powders for the
precursor (M =9) with various LSCF addition in the precursor as catalyst.

The larger NH4NOj; content in the top layer will release
sufficient energy to ignite the precursor. The auto-combus-
tion process requires a certain amount of oxygen, therefore
the combustion of self-propagating type showed the wave-
like flame from the top to the bottom of the burning media. It
is important for the top layer to be ignited and then the
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Fig. 5. Temperature—time profiles (a) and XRD profiles of the resulted powders
at various gel composition (i: homogeneous NH,NOj; distribution with M =9,
ii: double layer, M| = 6 (top), M, = 12 (bottom), 10% LSCEF catalyst; iii: double
layer, M; = 12 (top), M, = 6 (bottom), 10% LSCF catalyst).

required heat and oxygen were transferred down to ignite the
bottom layer with lower NH;NO; amount. The top layer with
higher NH4;NO; amount plays a vital role on triggering the
combustion of the entire gel. On the contrary, in the case of
Sample-II where a lower NH4NO; amount was presented in
the top layer and a higher NH4NOj; content in the bottom, the
precursor lacks sufficient energy to reach the ignition point,
and therefore cannot make a propagating combustion.
Certainly, to make this method feasible for mass perovskite
production, there is still a lot of work to optimize the
NH4NO; concentration gradient and the heating conditions
including the temperature and the heating methods (e.g.
microwave).

3.4. Powder and catalytic properties

Based on above discussion, the derived LSCF powders
from three typical auto-combustion types (A: uniform
NH4NO;3 distribution, B: LSCF catalyst addition and C:
asymmetric precursor synthesis) were further comparatively
studied from their specific surface area, microstructure,

sintering behavior and catalytic properties in peroxide
hydrogen decomposition. Fig. 6 shows the SEM pictures of
the as-prepared powders and their corresponding pellet
membranes sintered from the powders. As shown in
Fig. 6Al, method-A would produce larger, harder and denser
powder agglomerates with specific surface area of 6.17 m?/g,
since its pyrolysis processes was sluggish and gases were
released out slowly. Due to the faster pyrolysis and the higher
flame temperatures, the powder agglomerates prepared by B
and C methods have a more porous and sponge-like structure
(Fig. 6BI and CI) with higher surface area of 11.56 and
12.75 m%/g, respectively. It should be mentioned that these
surface areas are quite comparable with that prepared by the
typical EDTA-citrate complexing process and calcined at
600-900 °C for 5 h (5-20 m?/g) [17]. Further inspection of
the SEM pictures of the cross-sectional views of the sintered
disk-shaped membranes reveals that many pores with size up
to 20 microns exist inside the ceramics. The pore formation
may be related to the carbon residue removal during the
sintering process. The carbon is stemmed from the
uncompleted organic burning during the combustion process.
A careful examination of these porous structures indicates
that ceramics of BII and CII have a more densified structure
than that of AIL. The better sintering capability of these
perovskite powders derived from B and C methods is largely
related to their cleaner perovskite phases with less carbon
contamination due to the improved combustion with higher
flame peak temperatures contributed from LSCF catalyst
addition and asymmetric precursor preparation [23]. High
sintering capability is very important for these perovskite
powders to be applied as mixed conducting ceramic
membrane materials for air separation as the membrane
separating layer must fully densified to be gas tight for any
molecular gases. It should be mentioned that the pores inside
the ceramics B and C can be eliminated easily by carrying out
sintering a higher temperature. Moreover, LSCF derived from
methods B and C with self-propagating auto-combustion
shows higher electrical conductivity and oxygen permeability
than that derived from method-A with insufficient combustion
model [28].

Catalytic activity of a catalyst is influenced by the
preparation methods. The catalytic activity of powders derived
from different combustion models was examined by the
decomposition of peroxide hydrogen. The typical reaction
profiles of time dependence of oxygen production are shown in
Fig. 7. Obviously, compared with the powder from homo-
geneous NH4NOj; distribution (A), the decomposition rates of
peroxide hydrogen were significantly improved for that of
powders derived by LSCF catalysis (B) and asymmetric
precursor fabrication (C).

For peroxide hydrogen decomposition, two of the most
important factors which should be considered are: surface area
and surface concentrations of active sites. For ABOj
perovskite, the active sites are related to the valence state of
B-site cations. In case of A),AQI_V)BXB’(FX) O(3_q) With transition
metals in the form of various B-site cation valences (B4+, B3*
and B*"), highly oxidized transition metal sites will increase the
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Fig. 6. SEM pictures of the as-prepared LSCF powders (I) and the sintered ceramic pellets (IT) (A: homogeneous NH,NO; distribution with M =9, B: M =9, with
10% LSCEF catalyst addition; C: M, = 12 (top), M, = 6 (bottom), 10% LSCF catalyst) (pellets sintered at 1000 °C).

number of active constituents involved in the catalytic
decomposition of H,O, [29-31]. In this work, the iodometric
titration method was employed to assess the B-site cation
average valences of Lag ¢St 4Coq 2Feq gO3_s at room tempera-
ture for both samples under air atmosphere. Results indicate
that the average B-site cation valences for the powders prepared
by three methods are 3.34 (method-A), 3.45 (method-B) and
3.47 (method-C), respectively. Due to the much larger surface
areas and higher B-site valence state of the powders from
method-B and C than that from method-A, it is reasonable to
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Fig. 7. The volumes of oxygen produced in the hydrogen peroxide decom-
position as function of time (second) in the presence of different LSCF powders
derived from different combustion synthesis methods (A: homogeneous
NH4NO; distribution with M =9, B: M =9, with 10% LSCF catalyst addition;
C: asymmetric precursor, M; = 12 (top), M, = 6 (bottom), 10% LSCF catalyst).

see that samples from B and C methods showed much higher
catalytic activity.

4. Conclusions

Lag 6519 4CogoFep 303 5 powder was synthesized by a
combined EDTA-citrate complexing process via low-tempera-
ture auto-combustion synthesis with NH4;NOj as an oxidizer and
a combustion trigger. The as-prepared pure LSCF powder itself
can be used as a catalyst to facilitate the auto-combustion and to
improve the powder properties. In order to further reduce the
NH4NO; addition, the concept of asymmetric sol—gel was also
applied to provide the precursor powder with various concentra-
tions of NH4NO; in vertical orientation. With these novel
methods, LSCF powder can be synthesized via low-temperature
auto-combustion with better crystallites, higher specific surface
area, higher B-site valence state, improved sintering capability
and better catalytic performance in peroxide hydrogen decom-
position. In view of its simplicity and many unique features, we
expect that the present methods would be useful for providing an
alternative of low cost mass production of perovskite powders.
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