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Abstract

A single phase perovskite-type La0.08Sr0.92Fe0.20Ti0.80O3�δ catalyst was fabricated in air at 800 1C using the Pechini method. The methane
conversion rate and hydrogen selectivity over the La0.08Sr0.92Fe0.20Ti0.80O3�δ catalyst were evaluated over the temperature range, 300–900 1C.
Complete and partial methane oxidation were predominant at the low and high temperature regions, respectively. The complete oxidation of
methane was attributed to a suprafacial mechanism. On the other hand, an intrafacial mechanism might be responsible for the partial oxidation of
methane at high temperatures. XPS showed that Fe ions were active sites for methane oxidation reactions over the La0.08Sr0.92Fe0.20Ti0.80O3�δ

catalyst. The methane conversion rate and hydrogen selectivity at 900 1C were 52% and 66%, respectively.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion
devices that can convert the chemical energy of fuels, such
as hydrogen or hydrocarbons, to electrical energy directly [1].
Recently, there has been increasing interest in developing
oxide anode materials as an alternative to a traditional Ni–YSZ
cermet to allow the use of hydrocarbons as the fuels because
the Ni–YSZ cermet anode suffers from long-term performance
degradation caused by carbon deposition [2–5].

To overcome this problem, oxide anodes are considered as
alternative SOFC anode materials. Among the possible oxide
anode materials, perovskite-type doped SrTiO3 are most
promising because of its good phase stability and high
electronic conductivity under a reducing atmosphere. In
particular, many studies have reported La doped SrTiO3 to
be a likely anode material for SOFCs because of its high
electrical conductivity under a reduced atmosphere [6–8]. On
the other hand, La-doped SrTiO3 shows poor catalytic activity
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for hydrogen oxidation reactions under normal SOFC operat-
ing temperatures. Therefore, by partially replacing titanium
with transition metals, such as iron, cobalt, etc., the catalytic
activity can be improved as a result of the production of
oxygen vacancies and the altered oxidation state of the
transition metals. In this study, 8 mol% La and 20 mol% Fe
co-doped SrTiO3 perovskite was prepared using the Pechini
method. The methane oxidation behavior was evaluated using
a fixed-bed reactor system as a function of temperature. In
addition, X-ray photoelectron spectroscopy (XPS) was used to
identify the active site for the methane oxidation reaction.
2. Experimental procedure

2.1. Powder preparation

The La and Fe co-doped perovskite-type La0.08Sr0.92Fe0.20
Ti0.80O3�δ powder was synthesized using the Pechini method.
Fig. 1 shows a flow chart for the powder synthesis method.
Strontium nitrate (98.0%, Aldrich), lanthanum nitrate (99.0%,
Aldrich), titanium isopropoxide (97.0%, Aldrich), iron nitrate
ghts reserved.
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Fig. 1. Flow chart for catalyst powder synthesis.
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Fig. 2. Schematic diagram of the fixed-bed quartz reactor for evaluating the
methane oxidation behavior.
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(99.9%, Aldrich), citric acid (99.5%, Junsei) and ethylene
glycol (99.5%, Junsei) were used as starting materials. The
molar ratio of metal nitrates, citric acid and ethylene glycol
was 1:2:8. An appropriate amount of titanium isopropoxide
was dissolved in ethylene glycol. Citric acid and the other
metal nitrates were then added sequentially. The entire process
was carried out in a glove box in a deactivated nitrogen gas
atmosphere to avoid moisture contact. When the solution was
heated to 80 1C, a polyesterification reaction occurred between
ethylene glycol and citric acid. The solution was further heated
to 120 1C for 8 h to remove the water produced by polyester-
ification. During heating at 120 1C, the solution transformed to
a viscous polymeric resin. The resin was dried at 250 1C for
12 h and the perovskite powder was obtained by calcining the
resin at 800 1C for 5 h.

2.2. TG/DTA characterizations

To examine the decomposition behavior of the precursor
resins, the dried resins were loaded in an alumina crucible and
examined by thermogravimetric (TG)/differential thermal ana-
lysis (DTA; STA 409 PC, Netzsch). The samples were heated
to 1000 1C at the rate of 10 1C/min.

2.3. XPS surface analysis

The surface structure of the perovskite catalyst was exam-
ined by X-ray photoelectron spectroscopy (XPS). The XPS
curves were referenced to the C 1s value of 285.0 eV, which is
due to atmospheric contamination and is always present on a
solid surface [9]. Curve fitting was conducted using the
standard Gaussian–Lorentzian deconvolution method.

2.4. Catalytic activity evaluation

The catalytic activity for methane oxidation was measured
using a fixed-bed quartz reactor (inner diameter: 18 mm,
length: 760 mm) under steady state conditions at atmospheric
pressure. Fig. 2 shows the experimental setup for the methane
oxidation test. The catalyst powder (100 mg) was diluted with
quartz sand (50–70 mesh, 1 g) to avoid sintering between the
catalyst particles at the high operating temperature. The diluted
catalyst samples were inserted into the middle of the quartz
tube between quartz wools. The total feed flow rate was
50 SCCM (mixture containing 2% O2 and 4% CH4—balanced
by Ar) and was controlled by mass flow controllers (Horiba
STEC co., Ltd.). The flow rate of each reactant gas was
controlled by mass flow controllers. Methane conversion was
measured at 300–900 1C. The reactor was equilibrated for
30 min at each temperature before the measurement. The molar
concentrations of the product gases were analyzed by on-line
micro gas chromatography (CP-4900, Varian).
3. Results

TG/DTA analysis was carried out to examine the thermal
behavior of the polymeric precursor (Fig. 3). Decomposition
occurred in three steps before obtaining the perovskite-type
La0.08Sr0.92Fe0.20Ti0.80O3�δ oxide. The TG curve showed
three weight losses. The first weight loss between 100 1C
and 200 1C was assigned to the dehydration and evaporation of
the residual ethylene glycol. The second weight loss between
280 1C and 550 1C was associated with the decomposition and
burnout of the organic components. The third slight weight
loss above 550 1C was attributed to decomposition of the
oxycarbonate intermediates or residual carbonates [10,11].
The DTA curve displays some modest exothermic peaks at
350–460 1C, as well as a significant exothermic peak at
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Fig. 3. TG/DTA curves of the precursor resin synthesized using the Pechini
method.
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Fig. 4. XRD patterns of La0.08Sr0.92Fe0.20Ti0.80O3�δ calcined at 800 1C for 5 h
in air.

Fig. 5. SEM image of the La0.08Sr0.92Fe0.20Ti0.80O3�δ powder calcined at
800 1C for 5 h in air.
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approximately 550 1C, which might be due to the decom-
position of organic compounds.

Fig. 4 shows the XRD pattern of La and Fe co-doped
La0.08Sr0.92Fe0.20Ti0.80O3�δ powder synthesized by the
Pechini method. A secondary phase-free perovskite-type
crystal structure was obtained after calcination at 800 1C for
5 h in air. All XRD peaks were assigned to a single perovskite
structure. No other peaks derived from the unreacted raw
materials or reacted second phases were observed.

SEM image of the La0.08Sr0.92Fe0.20Ti0.80O3�δ powder
calcined at 800 1C for 5 h by the Pechini method is shown
in Fig. 5. The particles were mostly spherical and softly
agglomerated. The particle size was estimated to be approxi-
mately 100 nm and the BET surface area was 14.7 m2/g.

Fig. 6 shows the methane conversion rate and hydrogen
selectivity over the La0.08Sr0.92Fe0.20Ti0.80O3�δ catalyst as a
function of temperature. The methane oxidation behavior,
which strongly depends on the operating temperature, can be
divided into three temperature regions. The methane conver-
sion rate increased with increasing temperature from 400 1C to
550 1C, showed a plateau at an intermediate temperature range,
550–750 1C, and increased again at higher temperatures. As
shown in Fig. 6(b), the hydrogen selectivity was less than 5%
up to 650 1C. A drastic increase was observed at 750 1C and
higher temperatures. The methane conversion rate and hydro-
gen selectivity was 52% and 66% at 900 1C, respectively. On
the other hand, Tian et al. and Lee et al. have reported that the
methane conversion rate of the SrTiO3-based perovskite type
catalysts. According to these reports, the methane conversion
rate was 16.3�22.5, depending on the composition of the
catalyst or temperature [12,13]. This suggests that the catalytic
activity of La and Fe co-doped La0.08Sr0.92Fe0.20Ti0.80O3�δ

powder is much higher than that of the un-doped SrTiO3

powder.
Fig. 7 shows the XPS spectra of the La0.08Sr0.92Fe0.20

Ti0.80O3�δ powder sample and fitting curves for O 1s, Ti 2p
and Fe 2p. Titanium species, which are the host ion of the
B-site sublattice in perovskite, has a mono-oxidation state,
indicating that the titanium ion in the perovskite powder is
Ti4+. On the other hand, two peaks overlapped in the Fe 2p
spectrum. The deconvoluted XPS curves revealed two peaks at
710.5 eV and 712.6, which were assigned to Fe3+ and Fe4+,
respectively. This means that the iron in the La0.08Sr0.92Fe0.20
Ti0.80O3�δ perovskite powder has a mixed oxidation state of
Fe3+ and Fe4+. This result is similar to a previous study [9].

4. Discussion

An analysis of the methane oxidation behavior over a
La0.08Sr0.92Fe0.20Ti0.80O3�δ perovskite catalyst showed that
methane conversion occurred differently depending on the
temperature range. At low temperatures, the complete oxida-
tion of methane was the most preferential reaction, which can
be explained by suprafacial mechanism [14,15] involving
oxygen coming from the gas molecules or sitting in the anion
vacancies of the oxides [16].
At the intermediate temperatures region, the methane con-

version rate did not increase with increasing temperature because
oxygen was already consumed by the complete oxidation reaction.
As the temperature was increased further, oxygen desorption
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Fig. 7. XPS spectra of the La0.08Sr0.92Fe0.20Ti0.80O3�δ powder sample for O 1s (a), Ti 2p (b) and Fe 2p (c).
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Fig. 6. The methane conversion rate (a) and hydrogen selectivity (b) over the La0.08Sr0.92Fe0.20Ti0.80O3�δ catalyst sample.
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occurred more easily on the catalyst surface than oxygen
adsorption because the oxygen molecules are activated by the
high thermal kinetic energy. Therefore, the methane conversion
rate increased again as a function of temperature, and at the same
time, the partial oxidation of methane, which occurs between
methane molecules and lattice oxygen of the oxide surface, was
observed at high temperatures. The abrupt increase in the
hydrogen selectivity might be due to partial oxidation at high
temperatures. According to the literature, the lattice oxygen can
contribute to the partial oxidation of methane at high temperatures
due to an intrafacial mechanism [14,15].

XPS revealed the titanium in the La0.08Sr0.92Fe0.20Ti0.80
O3�δ catalyst to have a mono-oxidation state, whereas iron showed
a mixed oxidation state. Accordingly, iron can play an important
role as an active site for the high temperature redox mechanism.

5. Conclusions

The La and Fe co-doped single phase perovskite La0.08Sr0.92
Fe0.20Ti0.80O3�δ powder was synthesized using the Pechini
method. The methane oxidation behavior over the La0.08Sr0.92
Fe0.20Ti0.80O3�δ catalyst strongly depends on the operating
temperature. The partial oxidation of methane by lattice
oxygen was predominant at the high temperature region. On
the other hand, the complete oxidation of methane due to
the adsorbed oxygen molecules was predominant at the low
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temperature region. The iron in the catalyst had a mixed
oxidation state in the perovskite structure and is believed to be
an active site for the high temperature redox mechanism.
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