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Abstract

Lag ¢St 4Cog oFep 03 _s (LSCF) powders were synthesized respectively by an EDTA (ethylenediaminetetraacetic acid)-Citrate sol-gel
process and a low-temperature auto-combustion process. The samples were characterized by XRD, SEM, BET, TGA and instant temperature
analysis. The iodometric titration was used to determine the average valence of Co and Fe ions and the oxygen nonstoichiometry of the prepare
powders. The catalytic properties of the synthesized powders were investigated by the hydrogen peroxide catalytic decomposition. Pure-perovskite
structure was formed by both synthesis methods. The oxygen nonstoichiometry of the samples prepared by the auto-combustion process is larger
than that by the sol-gel process. The catalytic activities of the powders from two synthesis processes also differed largely due to the different

oxygen nonstoichiometry, surface area and crystalline sizes.
© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Perovskite oxides (ABO;) displaying mixed ionic and
electronic conducting (MIEC) properties at high temperatures
have attracted much research interest for their potential use as
membranes for air separation, catalytic membrane reactors for
high temperature oxidations/gas partial oxidations, catalysts/
membranes for clean combustion and electrode catalyst for
solid oxide fuel cells (SOFC) [1-10]. Due to the mixed
conducting properties, MIEC ceramic membranes can deliver
100% pure O, under the oxygen partial pressure gradient
without the requirement of external electric loadings, offering
the potential to replace the 100-year-old tonnage oxygen
production technology via the expensive cryogenic route.
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Certainly, these oxygen selective membranes can find wider
applications than solely in oxygen production since they can
directly provide pure oxygen for many industrial processes
where continuous supply of oxygen is needed. Applying MIEC
perovskite oxides as electrodes in SOFC can greatly reduce the
polarization resistance because of the high catalytic activity
for oxygen reduction. LaggSrg4CogoFegsO35_s is a typical
example of these perovskite materials and has been widely
studied for these application purposes. Applications of these
MIEC composite oxides always start with the high-quality
powder synthesis and several methods like solid state reaction,
freeze-drying, sol-gel, hydrothermal, co-precipitation and
combustion of metal-organic precursors have been employed
[11-20]. Among these methods, sol-gel and low temperature
combustion are often cited as novel synthesis techniques for
advanced applications. Different preparation methods may
have influences on the parameters of the prepared perovskite
powder properties in terms of valence state of B-site cations,
values of oxygen nonstoichiometry (§), oxygen vacancy
concentration and so on. These parameters directly affect the
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subsequent application performances like oxygen permeation
and catalytic efficiency. In this work, we investigated the
effects of two different synthesis methods (sol-gel and
low temperature auto-combustion) on the valences of B site
ions, the oxygen nonstoichiometry (§) and catalytic efficiency
in the decomposition of hydrogen peroxide. Perovskite
Lag ¢St9.4Cog2Feqg05_s (LSCF) is selected for the target
material of investigation.

2. Experimental
2.1. Powder preparation

(i) Low temperature auto-combustion

Cobalt nitrate, ferric nitrate, lanthanum nitrate, and
strontium nitrate, all in analytical grades, were used as the
metal sources. EDTA (ethylenediaminetetraacetic acid)
powder and citric acid with purities higher than 99.5% were
used as the chelants. Prior to the powder synthesis, the
precise concentrations of all these nitrates were examined
by EDTA titration technique. 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.
Stoichiometric amounts of metal nitrates were dissolved
in distilled water. The required amount of EDTA, citric
acid, and NH4NOj; 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. The auto-combustion experiment was con-
ducted within a 250 mL Pyrex beaker. An electrical fan was
used during the heat treatment to ensure a homogeneous
temperature distribution and to enhance the gas flow inside
the oven.

(ii) Sol-gel synthesis

The typical EDTA—citrate complexing process can be
found elsewhere [21]. Briefly, the necessary amount of
EDTA (dissolved in ammonia solution) was added into the
mixed metal nitrate solution, followed by the addition of
solid citric acid with mole ratio of total metal ions to EDTA
and citrate is 1:1:2. The gel was obtained by thickening the
final solution at 90 °C on a hot plate under stirring condition.
Subsequently, the gel was pyrolysed at 250 °C and further
calcinated at 900 °C for 5 h to get the final powder product.

2.2. Characterization

During combustion process, a thermocouple was immersed
into the gel to measure the temperature around the powder.
Yudian 708P temperature indictor with Labview program was
used to monitor the temperature—time profiles of the auto-
combustion process at the sampling rate of 10 point per second
[22-23]. The lattice structure of the synthesized powders was
determined by X-ray diffraction (XRD, Bruker D8 Advance)

using Cu Ka radiation. The diffraction patterns were collected
at room temperature by step scanning in the range of
10 <26 < 90°. The weight loss 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 10 mL min~'. Twenty-milligram sample was
applied for this analysis. The specific surface area of the oxide
powders was characterized by N, adsorption using a BELSORP
II instrument. Before 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 powders were
examined using an Environmental Scanning Electron Micro-
scopy (ESEM, QUANTA-2000). The elemental compositions
of the powder were confirmed by the energy dispersive X-ray
(EDX) spectrometer attached to the ESEM instrument. The
stoichiometry of oxygen vacancies was measured with the
iodometric titration technique [24]. Samples were dissolved in
a solution of potassium iodide in HCI and heated in an oxygen-
free environment. The iodide reduced any B-site ions (B3+, B4+)
present to B** and was simultaneously oxidized to form I,. The
amount of I, released was quantified via redox titration with
thiosulfate. The oxygen vacancy stoichiometry was calculated
based on the amount of I, formed.

2.3. Catalytic efficiency test

The catalytic efficiency of the prepared perovskite powder
was tested by decomposing the peroxide hydrogen. For this
purpose, 7.5 mL H,0, 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 [25,26]:

HO,(,q)” — 302 + OHy M

The concentration change of HO,™ with time is calculated
based on Eq. (2):

2Po, Voz}

RTV, 2)

Cho,- = Co — [
where Cj is the initial concentration of HO,™, Po, is the O,
partial pressure corrected for water vapor pressure, Vo, is the
volume (mL) of O, production vs. time (second), V; is the
volume of solution. The rate constant k,, can be calculated as:

d(lnCHoz—)/dt

m

ky = 3)
where m is the weight of catalyst.
3. Results and discussion

3.1. LSCF powder synthesis

In this study, LSCF composite oxide powders were prepared
using EDTA-—citrate sol-gel and low-temperature auto-com-
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Fig. 1. XRD patterns of the as-prepared powders (a: normal sol-gel method; b:
auto-combustion synthesis with 25 g NH4;NOj3; c¢: combustion synthesis with
35 g NH4NO3).

bustion methods. Calcination at 900 °C for at least 5h is
necessary for the sol-gel method to form the well-crystallized
pure perovskite phase without carbon residue contamination
[21]. By contrast, the LSCF powder from auto-combustion
process is simple and fast. According to the amount of the
combustion trigger (NH4NO3) addition, the combustion types
and the maximum flame temperature may vary; and therefore
lead to different powder properties [22-23] which will be
further discussed below. Here, two typical samples with
different NH,;NOj addition were comparatively investigated.
For clarity purpose, the samples from the normal EDTA—citrate
method and the auto-combustion processes with lower (25 g)
and higher (35 g) contents were denoted as samples a, b and c,
respectively. Fig. 1 shows the XRD pattern of the as-obtained
powders. All the samples showed pure perovskite structure with
good crystallization. The grain sizes of these samples
calculated by Scherer Equation was 21.2 nm (a), 22.5 nm (b)
and 23.8 nm (c), respectively. Fig. 2 is the SEM pictures
for the three samples. As can be seen, sample a has the
smallest grain size with more uniform particle morphology;
samples b and c have relatively larger sizes and are more
aggregated with hollow structure associated with the fast
combustion behavior and fast gas release. Chemical composi-
tion analyses via EDX shows that the atomic ratio of the powder
is in excellent agreement with the strict stoichiometry of
Lag 6510 4C00 2Fe 803 _s.

3.2. Oxygen nonstoichiometry

For La, _,Sr,Co,_,Fe,O5_; perovskite, the oxygen nonstoi-
chiometry (§) is related to many factors i.e. the Sr (A-site cation)
content, the B-site cation valence state and surrounding
environment (temperature and oxygen partial pressure) [3,27—
28]. The oxygen vacancy concentration ([V;]) determined
by § is an important parameter which is associated with many
important properties including ionic/electronic conductivity,
oxygen transport behavior and catalytic activity. For
Lag ¢Srg 4Cog,FensO5_5s, the content and valence of A-site

Fig. 2. SEM images of the powder synthesized from normal EDTA—citrate
process (a) and the auto-combustion process with various NH;NO; amount (b:
25¢g,c:359).

cations are fixed, the oxygen nonstoichiometry change is mainly
reflected by the variation of B-site cation valence state. The
oxygen nonstoichiometry § of the samples derived by different
synthesis processes were measured at room temperature via
iodometric titration technique. Table 1 shows the results of the
three LSCF powders from two different routes. It can be seen
clearly that LSCF powder derived from auto-combustion process
showed lower B-site cation valences and thus higher oxygen
vacancy concentration. This phenomenon can be explained from
the features of the auto-combustion. The final powder from



3204 L. Ge et al./Ceramics International 35 (2009) 3201-3206

Table 1

The average valence of Co and Fe ions, the oxygen nonstoichiometry and reaction kinetic constant of H,O, decomposition with LSCF catalysts.

Samples Synthesis method The average valence Oxygen nonstoichiometry (8) ky x 10> (g7's7h
of Co and Fe

a Sol-gel and heated at 900 °C 3.47 —-0.034 30.4

b Auto-combustion with lower NH4NO;5 content 3.34 0.028 5.8

c Auto-combustion with higher NH;NO; content 3.29 0.055 3.6

d Sample b re-heated at 700 °C 347 —0.034 16.9

e Sample ¢ re-heated at 700 °C 3.48 —0.040 6.4

combustion was synthesized in a very fast way during which the
product went through a high flame temperature but the time is too
short for B-site cations to be sufficiently oxidized. Fig. 3 shows
the evidence of temperature difference between the two
combustion processes. As can be seen, the temperature of
powder-c was more than 700 °C and dropped sharply to 300 °C in
2 min. The fast cooling of the powder can be considered as
special quenching process which keeps the B-site cation in the
lower valence state resulted from the high temperature
environment. On the other hand, the auto-combustion process
is an oxygen consuming reaction accompanying with the release
of a large amount of gases, such as N, and H,O. These releasing
gases diluted the oxygen partial pressure during the quick high
temperature treatment, which also contributed to the higher
oxygen vacancy concentration. Therefore, it is reasonable to see
that lower B-site ion valence and more oxygen vacancy were
created in the samples from combustion. To further oxidize the B-
site cations, samples b and ¢ were treated in air at 700 °C again for
a few hours before slowly cooling down to room temperature.
These two re-heated samples were signed as d and e, respectively,
with result showing in Table 1. Obviously, after heat treatment,
the oxygen nonstoichiometry was reduced by increasing the
average valence of Co and Fe ions and absorbing oxygen into
lattice. Itis interesting to note that the B-valences of the re-heated
samples were almost equal to sample-a for normal EDTA—citrate
method.

Thermogravimetric analysis was used to further investigate
the oxygen vacancy difference. Fig. 4 shows the sample weight
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Fig. 3. Temperature—time profiles for the preparation of 0.005 mol LSCF via
combustion synthesis method (b: auto-combustion synthesis with 25 g
NH4NO;3; c: combustion synthesis with 35 g NH4;NO3).

loss profile in air atmosphere with temperature change. Sample-
adisplays a steady weight lose at temperatures less than 700 °C,
which can be explained as the lattice oxygen desorption caused
by the thermal reduction of Co** and Fe** to Co®* and Fe®*. At
temperature between 700 and 1000 °C, the further thermal
reduction of Co®* to Co®* led to a dramatic weight loss
accounting for 2%. However, samples b and ¢ showed different
trends as shown in Fig. 4 b and c. They experienced slight
weight increment before the first thermal reduction at around
400 °C. According to iodometric titration results, samples b and
c have B-site cations with lower valences and were re-oxidized
in air and therefore the weight initially increased. Due to the
lowest initial B-site cation valences, the final weight loss for
sample-c was the smallest. However, samples a and b showed a
similar final weight loss percentage although sample-b has
lower B-cation valence at room temperature. One possible
reason is that sample-b from auto-combustion with less
NH4NO; addition and a lower combustion temperature (as
shown in Fig. 3) has minor carbon residue; therefore the larger
weight loss of sample-b in Fig. 4 is also due to the burning out
of the carbon. However, because of the higher content of
NH4NOj;, sample-c experienced more intensified combustion
which completely removed the carbon residue [22-23].

3.3. Hydrogen peroxide catalytic properties

The catalytic activity of powder derived from two different
methods was examined by the decomposition of peroxide
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Fig. 4. TG profiles of the as-prepared LSCF via normal sol-gel method (a) and
combustion synthesis method (NH4;NO;3 b: 25 g, c: 35 g).
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Fig. 5. (a) the curve for the decomposition of H,O,; (b) the curve of In [HO, ]
to time (a: normal sol-gel method; b: auto-combustion synthesis with 25 g
NH4NOj3; c: combustion synthesis with 35 g NH4NOs3; d and e: b and c after re-
sintering at 700 °C).

hydrogen. In addition to the normal sol-gel process, the
samples from the auto-combustion with and without 700 °C
treatment were also investigated for comparison purposes. The
typical reaction profiles of the time dependences of oxygen
production and HO, ™ concentration are shown in Fig. 5. The
reaction kinetic constant of H;O, decomposition catalyzed by
LSCF powders is shown Table 1. It is clear that sample-a
performed best in H,O, decomposition evidenced by the most
rapid oxygen production rate, the highest rate of HO,™
concentration decrease or the largest Kkinetic constant.
Obviously, samples from auto-combustion have a lower
catalytic activity, but can be enhanced by further treatment
at 700 °C.

Several important factors affecting the catalytic H,O,
decomposition rate are: (i) active surface area, (ii) variable
surface concentrations of active sites related to B-site cation
valences of the perovskite catalyst, (iii) oxygen vacancy
concentration and (iv) surface morphology of the catalyst.
Based on BET test results, sample a shows highest specific
surface area (3.6m”g ') followed by samples b and c
(1.8 m? g~ "). The lower surface area of samples b and c is

due to over-heat-treatment taking place during the combustion
[22]. As shown in Fig. 3, samples b and ¢ experienced high
temperatures of 500 and 700 °C, respectively. However, due to
the temperature refection delay by the thermocouple signaling,
the real temperatures for these two powders during combustion
may be far higher than that. Previous work indicated that higher
concentration of fully oxidized transition metal sites in the
perovskite would increase the number of active constituents
involved in the catalytic decomposition of H,O, [26-30].
During the decomposition process, the electron is transferred
from the B-site ion to an oxidized site on the surface of the
catalyst to produce HO, radical. In LSCF composite oxide,
Co’*, Co** and Fe** are mainly expected to be the active sites
for hydrogen peroxide decomposition and their concentration
can be changed through different synthesis routes. By contrast,
sample a has higher average valence of B-site cations.
Therefore it is not difficult to understand that samples b and
¢ from auto-combustion showed lower catalytic efficiency.
After heat treatment in air, their catalytic behavior has been
improved due to the oxidation of B-site cations giving rise to
more active site for the reaction. Therefore, for catalysis
application, the auto-combustion synthesis should be connected
with post-heat-treatment for re-oxidizing B-site cations to
improve the activity.

4. Conclusions

Lag ¢St 4Cog oFeq §O3_5 was synthesized by normal EDTA—
citrate sol-gel process and low-temperature auto-combustion
process with NH4;NO; as the combustion trigger. All the
samples showed pure perovskite structure with good crystal-
lization. LSCF powder from sol-gel process with higher
surface area shows higher B-site cation valences and better
catalytic properties. LSCF powders from auto-combustion
process have lower valences of B-site cations and higher
oxygen nonstoichiometry due to rapid combustion time and fast
cooling rate. Powder from auto-combustion process showed a
re-oxidation process in air at relative low temperature. Based on
hydrogen peroxide decomposition results, the optimum auto-
combustion mode with lower combustion trigger and post-
calcination of as-prepared powder should be employed to
enhance the better catalytic property if the powder application
is for catalysis.
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