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a  b  s  t  r  a  c  t

The  activities  of  two  perovskite  catalysts,  LaMn1−xCuxO3+ı (0  ≤  x ≤  1) and  La1−xSrxCoO3−ı (0  ≤ x  ≤  1),
were  tested  for  the  catalytic  combustion  of  hydrogen  under  simulated  molten  carbonate  fuel  cell
(MCFC)  anode  off-gas  conditions.  The  catalysts  were  prepared  using  the  sol–gel  citrate  (SGC)  method
and  were  characterized  by X-ray  diffraction  (XRD),  Brunauer–Emmett–Teller  (BET)  analysis,  oxy-
gen  temperature-programmed  desorption  (O2-TPD),  and  temperature-programmed  reduction  (TPR)  in
order  to discriminate  the  major  properties  governing  the  activities  of  the  catalysts.  The  activity  of
eywords:
erovskite
a1−xSrxCoO3−ı

aMn1−xCuxO3+ı

ydrogen combustion
2-TPD
PR

LaMn1−xCuxO3+ı was  the  highest  at  x =  0.4, at  which  the  reducibility  of  B-site  cations  and  mobility  of  active
oxygen  were  the  most  prominent.  The  activity  of  La1−xSrxCoO3−ı was  strongly  related  to  the  amount  of
oxygen  vacancies,  and  the  by-produced  Co3O4 had  a positive  effect,  which  was  the  reason  why  the  cata-
lyst at  x =  0.6  (a  mixture  of  La1−xSrxCoO3−ı + Co3O4) was  comparatively  active  to  those  at  x  =  0.2 and  0.4.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

With the growing prospect of hydrogen as a sustainable energy
nfrastructure in the near future, much research and develop-

ent has focused on the commercialization of technologies relating
o the production, utilization, and storage of hydrogen. Current
ommercial routes for producing hydrogen are based on the cat-
lytic steam reforming of hydrocarbons. The majority of hydrogen
ources are fossil fuels such as oil, coal, and natural gas. Recently,
ith the goal of strengthening sustainability, researchers have been

ntensively examining the use of biomasses such as kraft lignin,
awdust, and algae, as a source of hydrogen [1,2]. For the uti-
ization of hydrogen, fuel cells are the optimal choice for both
nergy transportation and storage applications. As fuel cell tech-

ologies approach commercialization, new technical requirements
ave appeared, especially in the area of Balance of Fuel Cell Power
lants (BOP) systems. One such requirement is the utilization of
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el.: +82 2 3290 3727; fax: +82 2 926 6102.
∗∗ Corresponding author at: Green School, Korea University, 5-1, Anam-dong,
ungbuk-ku, Seoul 136-701, South Korea. Tel.: +82 2 3290 3727;
ax:  +82 2 926 6102.

E-mail addresses: stayheavy@korea.ac.kr (D.-W. Lee), kylee@korea.ac.kr
K.-Y. Lee).

381-1169/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
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leftover hydrogen in electrode off-gases. A feasible plan would be
the use of off-gases as a fuel for a catalytic combustor, which assists
in the heating of electrode stacks [3].  For the catalytic combustion
of hydrogen, a precious metal (Pt or Pd) catalyst must be cho-
sen preferentially if the conversion rate of hydrogen is the only
consideration. However, such precious metal catalysts frequently
suffer losses in activity at elevated temperatures through thermal
agglomeration or volatilization of active metals [4].  Moreover, fuel
cell system developers generally think it is undesirable to use such
expensive catalysts in BOP system. Therefore, a thermally durable
and less expensive catalyst is needed for the catalytic combustor
in BOP system [5].  In this study, we  chose perovskite catalysts
(LaMn1−xCuxO3+ı and La1−xSrxCoO3−ı) as candidate catalysts for
such an application.

Perovskites are A+3B+3O3 type oxides (A = usually La when used
as a catalyst; B = Mn,  Co, Cr, Fe, Ni, etc.) that are utilized as
catalysts in various industrial reactions, including oxidation of
hydrocarbons, carbon monoxide and carbon particulates [6–8].
These perovskite catalysts offer good thermal stability, as the lat-
tices are crystallized at high temperature, usually over 750 ◦C [9].
Their high oxidation activity, thermal durability and cheap mate-
rial cost have made them widely applicable in catalytic combustion.

Unlike other solid catalysts, a high specific surface area is not strictly
required for a perovskite catalyst, as catalytic activity is mostly
dependent on the redox behavior of B-site cations located in the
bulk, as well as on the surface [7,10].  Along with the redox property

dx.doi.org/10.1016/j.molcata.2011.08.017
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:stayheavy@korea.ac.kr
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r Cata

o
c
T
d
u
v

L
i
s
v
g

n
i
o
t
a
t
i
a
[
c
o

L
o
f
H
p
o
a
o
c
c
u
a
a

2

2

m
(
(
S
r
w
0
o
r
r
g
m
n
p
i

2

t
T

H.-J. Eom et al. / Journal of Molecula

f B-site cations, structural defects such as cation and oxygen defi-
iencies also play important roles in the mechanism of catalysis [7].
hese redox properties and structural defects are basically depen-
ent on the kinds of A- and B-site elements, and change dynamically
pon substitution of the elements with a metal ion of smaller
alence state (+2) [6,7,10,11].

Among the numerous kinds of substituted perovskites,
aMn1−xCu(+2)xO3+ı and La1−xSr(+2)xCoO3−ı are frequently stud-
ed as oxidation catalysts due to their high activities and thermal
tabilities in the oxidation of methane [12–14],  propane [15],
olatile organic compounds (VOC) [16], hydrogen [17,18], hydro-
en sulfide [19] and carbon monoxide [15,17,20–22].

The LaMnO3+ı catalyst is well known to have oxygen-excess
onstoichiometry (3 + ı) caused by the cationic vacancies and Mn4+

ons that are formed to mitigate the static Jahn–Teller distortion
f Mn3+ ions in the perovskite lattice [15]. The partial substitu-
ion of Cu2+for Mn  ions changes the numbers of cationic vacancies
nd Mn4+ ions, consequently influencing the oxidative activity of
he catalyst [14,15]. For La1−xSrxCoO3−ı catalyst, Sr2+substitution
ncrements the numbers of oxygen vacancies and/or Co4+ ions
s the catalyst neutralizes the charge caused by the substitution
15,17,20,23]. The numbers of oxygen vacancies and Co4+ions are
losely related to the catalytic activities of the substituted per-
vskite catalysts [15,17,20,23].

In this study, the activities of LaMn1−xCuxO3+ı and
a1−xSrxCoO3−ı were examined for the catalytic combustion
f hydrogen under the simulated conditions of a molten carbonate
uel cell (MCFC) anode off-gas. The MCFC anode off-gas contains

2O and CO2, both of which are known to influence catalysis over
erovskite [24]. The activity of perovskite catalysts for hydrogen
xidation has been studied in the past [17,18],  but as far as
uthors know, it has not yet been tested under a MCFC anode
ff-gas conditions. The study focused on determining the key
atalytic properties of the two perovskites that regulate hydrogen
ombustion under MCFC anode off-gas conditions. For this, we
sed X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET)
nalysis, oxygen temperature-programmed desorption (O2-TPD)
nd temperature-programmed reduction (TPR).

. Experimental

.1. Preparation of catalysts

Perovskite catalysts were prepared by the sol–gel citrate (SGC)
ethod [1].  La(NO3)3·xH2O (Aldrich, +99.9%), Mn(NO3)2·4H2O

Aldrich, +99.2%), Cu(NO3)2·2.5H2O (Aldrich, +98%), Fe(NO3)3·9H2O
Aldrich, +98%), Co(NO3)2·6H2O (Junsei Chemical, +97%) and
r(NO3)2 (Aldrich, +99%) were used as precursors. The stoichiomet-
ic quantities of corresponding nitrates were dissolved in distilled
ater. The total molar concentration of nitrates was  fixed at

.1 mol/L. Citric acid (Aldrich, +99.5%) was added in 10 mol% excess
ver the stoichiometric molar quantity of dissolved metals. The
esulting solution was stirred for 1 h and then evaporated in a
otary evaporator (165 ◦C) under reduced pressure until a viscous
el was obtained. The gel was dried overnight at 70 ◦C. The spongy
aterial was finely crushed and calcined at 700 ◦C for 5 h. Since a

itrate–citrate mixture easily combusts in a sol–gel state, the tem-
erature control and quantification of precursors were carried out

n a cautious manner.

.2. Characterization of catalysts
The specific surface area of the catalysts was measured by
he BET method on an ASAP 2010 (Micromeritics) apparatus.
he nitrogen adsorption–desorption isotherms were measured at
lysis A: Chemical 349 (2011) 48– 54 49

−196 ◦C using 200 mg  of sample. Before measurement, the sam-
ple was degassed at 250 ◦C and 4 mm Hg for 12 h. XRD patterns
of the catalysts were obtained at room temperature using an
X-ray diffractometer, D/MAX-2500 V/PC (Rigaku) operated with Ni-
filtered Cu-K� radiation (� = 0.15418 nm)  at 40 kV and 150 mA.  The
crystallite size of the perovskite phase was  determined through
Scherrer analysis applied to the [1 1 0] diffraction peak (2�  � 32.5◦

for LaMn1−xCuxO3+ı and 32.9◦ for La1−xSrxCoO3−ı). O2-TPD and TPR
analyses were performed on a BELCAT-M-77 instrument (BEL Japan
Inc.). The detailed procedure of the O2-TPD experiments was  per-
formed as follows: The catalyst (100 mg)  was  enclosed in a quartz
tube and heated up to 700 ◦C under an O2 flow (40 mL/min). The
temperature was  maintained at 700 ◦C for 1 h and then cooled
down to room temperature under the same oxygen flow rate.
Next, helium was fed to the catalyst at a flow rate of 35 mL/min,
which was maintained for 1 h at room temperature to purge out
excess oxygen on the catalyst surface. Finally, the catalyst was
heated to 950 ◦C at a heating rate of 10 ◦C/min under a helium
flow of 35 mL/min. The desorbed oxygen was  measured by the
TCD. TPR experiments were carried out after the same pretreat-
ment steps adopted for the O2-TPD. Then, the catalyst was  heated
to 1050 ◦C at a heating rate of 10 ◦C/min under a flow (35 mL/min)
of 5% H2/N2 balance gas. The peaks in the O2-TPD and TPR profiles
were quantitatively estimated based on the calibration curves that
were obtained by injecting oxygen (hydrogen) pulses of known vol-
ume  in a helium (nitrogen) background flow. The calibrations were
confirmed through probe TPR/O2-TPD tests using commercial CuO
powder (Aldrich, +99.995%). The amount of �-oxygen in the catalyst
was  obtained by quantification of the O2-TPD peak that appeared at
temperatures less than 500 ◦C. The oxygen non-stoichiometry (ı)
of the catalyst was  calculated by subtracting the ‘theoretical value’
from the ‘actual value’ for the oxygen stoichiometry. The theoreti-
cal oxygen stoichiometry was calculated based on the principle of
electroneutrality. The ‘actual’ oxygen stoichiometry was estimated
from the amount of removed oxygen (‘Total O-removed’) during
the TPR run.

2.3. Catalytic activity tests

Catalytic activities were measured using a flow-type, packed-
bed reactor under simulated MCFC anode off-gas conditions as
follows: 3.3 vol% H2, 10.7 vol% O2, 16.5 vol% CO2, 13.0 vol% H2O,
and balance N2. The composition was  based on the actual anode
off-gas measured from an MCFC demo plant operated under steady
state in Korea. The total gas flow rate was  300 mL/min. The cata-
lysts were sieved, and powders sized 75–100 �m were used in the
tests. One hundred milligrams of catalyst was  packed in the middle
of a tubular quartz reactor with quartz wool supporting the packed
layer. The activity tests were performed in the temperature range
of 200–500 ◦C (stepwise at intervals of 50 ◦C). Water was  removed
from the product gas by a cold trap, and the composition of the
dehumidified gas was  analyzed by gas chromatography (Young-lin)
with a packed column (Porapak-Q, Alltech) and the TCD.

3. Results and discussion

3.1. Characterization of catalysts

3.1.1. XRD and BET
The XRD results of the prepared catalysts are presented in

Fig. 1 (LaMn1−xCuxO3+ı) and 2 (La1−xSrxCoO3−ı). LaMn1−xCuxO3+ı
(x = 0–0.8) (Fig. 1) exhibited a single-phase, perovskite-type struc-
ture (rhombohedral or cubic, Table 1) in accordance with the JCPDS
database of LaMnO3+ı (PDF #32-0484 and 75-0440). The presence
of CuO was detected at x = 0–0.8, but the amount was negligibly
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Table 1
Compositional and dimensional structure of La1−xSrxCoO3−ı and LaMn1−xCuxO3+ı .

Catalyst Structurea Specific surface
area (m2 g−1)

Crystallite size of
perovskiteb (nm)

�-Oxygen [from
O2-TPD]
(10−3 mol-O2/g-cat.)

Total O-removed
[from TPR]
(10−3 mol-O/g-cat.)

Non-stoichiometry
of oxygen (ı)

LaCoO3−ı P 5.2 29.8 0.0419 5.4618 0.16
La0.8Sr0.2CoO3-� P 10.8 23.6 0.1486 6.4797 0.08
La0.6Sr0.4CoO3−ı P + Co3O4 + SrCO3 13.8 18.6 0.1128 7.2483 n.a.c

La0.4Sr0.6CoO3−ı P + Co3O4 + SrCO3 9.6 16.1 0.1521 7.4852 n.a.c

La0.2Sr0.8CoO3−ı P + Co3O4 + SrCO3 7.5 36.6 0.1332 7.9539 n.a.c

SrCoO3−ı P + Co3O4 + SrCO3 4.4 37.3 0.1561 8.2172 n.a.c

LaMnO3+ı P (cubic) 39.3 14.4 0.0999 2.8856 0.20
LaMn0.8Cu0.2O3+ı P (rhombohedral) 24.4 17.6 0.0775 3.2128 0.08
LaMn0.6Cu0.4O3+ı P (cubic) 12.3 23.8 0.1098 3.8679 0.04
LaMn0.4Cu0.6O3+ı P (cubic) 16.4 18.0 0.1850 4.1476 −0.08
LaMn0.2Cu0.8O3+ı P (cubic) 13.7 18.3 0.2838 4.2239 −0.25
La2CuO4+ı A2BO4 type + CuO 8.0 39.1 0.1115 4.3261 n.a.c

a P: perovskite.
b The crystallite sizes were estimated with the Scherrer equation for [1 1 0] diffraction 

c The values were ‘not available’ because the samples were not pure perovskites.

s
p
a
a
d
0
w

Fig. 1. XRD patterns of LaMn1−xCuxO3+ı (0 ≤ x ≤ 1).

mall. On the contrary, the XRD results of LaMn1−xCuxO3+ı at x = 1.0
resent the A2BO4-type perovskite structure (La2CuO4),containing

 fair amount of by-produced CuO. La1−xSrxCoO3−ı (Fig. 2) exhibited

 single-phase perovskite structure (LaCoO3 at PDF #25-1060) at a
egree of Sr substitution of x = 0 and 0.2. However, when x exceeded
.2, by-produced phases such as SrCO3 and Co3O4 appeared along
ith the perovskite oxide [25].

Fig. 2. XRD patterns of La1−xSrxCoO3−ı (0 ≤ x ≤ 1).
peaks.

Regarding the specific surface area of the catalysts, Fig. 3 shows
that the area of LaMn1−xCuxO3+ı decreased with increasing Cu sub-
stitution (x). The specific surface area decreased from 39.3 m2 g−1

(for x = 0, LaMnO3+ı) to 13.7 m2 g−1 (for x = 0.8, LaMn0.2Cu0.8O3+ı)
as x was  increased. The specific surface area of La1−xSrxCoO3−ı

reached its highest value (13.8 m2 g−1) at x = 0.4 and decreased
monotonously with further increment of x. Table 1 lists the specific
surface areas, crystallite sizes and oxygen non-stoichiometries of
the prepared perovskites.

3.1.2. O2-TPD and TPR
The oxidative activities of perovskite catalysts are frequently

attributed to the intrinsic active oxygen species that are sourced
from surface defects or bulk lattices [3,4]. The O2-TPD tests were
performed to investigate the active oxygen species of the prepared
perovskites. The results are presented in Fig. 4 (LaMn1−xCuxO3+ı)
and 5 (La1−xSrxCoO3−ı). In both perovskite catalysts, the desorbed
oxygen species could be classified into two  categories according
to their origins [10,15,17,19,22,26]: The broad plateau-like peaks
appearing below 600 ◦C corresponded to �-oxygen that originated
from the oxygen vacancies on the suprafacial region. The sharp
peaks appearing above 600–850 ◦C corresponded to �-oxygen that
was  desorbed through the reduction of B-site metal cations in the

perovskite lattice.

For LaMn1−xCuxO3+ı, the amount of �-oxygen generally
increased as the degree of Cu substitution (x) increased. The amount
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Fig. 4. O2-TPD profiles for LaMn1−xCuxO3+ı (0 ≤ x ≤ 1).

f �-oxygen from the catalysts is listed in Table 1. The increase in
-oxygen was  especially prominent at x = 0.6 (LaMn0.4Cu0.6O3+ı)
nd 0.8 (LaMn0.2Cu0.8O3+ı) where the amounts of �-oxygen (0.1850
nd 0.2838 × 10−3 mol-O2/g-cat, respectively) were approximately
wice those of the single B-atom perovskites, LaMnO3+ı and
a2CuO4+ı (0.0999 and 0.1115 × 10−3 mol-O2/g-cat, respectively).
isi et al. reported, regarding the �-oxygen from LaMn1−xCuxO3+ı,
hat the release of �-oxygen is prominent when the cationic vacan-
ies (in La and Mn)  remain in the lattice, which falls into the degree
f Cu substitution (x) less than 0.4 [14]. However, in our TPD tests,
-oxygen desorption was still observed although x was  over 0.4 and
ven became much larger at x = 0.8 and 1.0,with broadening of the
esorption peak into higher temperature region (850–900 ◦C). This

mplies the presence of �-oxygen sources other than the cationic
acancy. Zhua et al. had observed a similar high-temperature peak
f �-oxygen desorption from La2CuO4+ı [27].

In the case of La1−xSrxCoO3−ı (Fig. 5), both �- and �-oxygen
esorptions were generally promoted with increasing Sr substi-
ution (x). The sources of �- and �-oxygen in La1−xSrxCoO3−ı

ave been explained well in the literature [27]. The � desorp-
ion from La1−xSrxCoO3−ı is ascribed to oxygen embedded in the
xygen vacancies generated by the substitution of Sr2+, and cor-
esponds well in quantity to the nominal amount of Co4+ ions.

he �-oxygen is ascribed to the lattice oxygen from the bulk per-
vskite phase, which corresponds with the Co3+ → Co2+ reduction
and Co4+ → Co3+reductionfor the samples with high Sr content). In
ur O2-TPD results, an increase in �-oxygen capacity was  notice-
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Fig. 6. TPR profiles for LaMn1−xCuxO3+ı (0 ≤ x ≤ 1): *: Cu2+ → Cu1+, **: Cu1+ → Cu0

and Mn4+ → Mn3+, ***: Mn3+ → Mn2+, +: reduction of CuO, and ++: reduction of Cu3+

in La2CuO4.

able upon substitution of Sr2+, whereas the promotion of �-oxygen
desorption was comparatively small. However, the quantitative
comparison of �-oxygen among the samples was not meaning-
ful, since some samples were not 100% perovskite and contained a
fair amount of by-products (SrCO3 and Co3O4). As the degree of Sr
substitution (x) exceeded 0.4, the �-oxygen peak became bimodal
with appearance of a high-temperature, structural collapse (or total
reduction of B-site cation) peak. For the samples containing by-
products (x ≥ 0.4), the decomposition peak of Co3O4 was  expected
to overlap the �-oxygen signals over 900 ◦C. On the contrary, over-
lap of signals from SrCO3 was  not expected, since its decomposition
occurs over 1290 ◦C.

TPR tests were performed to investigate the reducibility of
each perovskite catalyst. In this paper, we use the term ‘reducibil-
ity’ as a measure of how easily the substance is reduced by
hydrogen, which is estimated based on the temperature at
which the reduction begins. The TPR results are presented in
Figs. 6 and 7 (LaMn1−xCuxO3+ı) (La1−xSrxCoO3−ı) with the assig-
nation of TPR peaks based on the literature data [12,18,28–30].
In the TPR results for LaMn CuxO (Fig. 6), copper was com-
of Mn4+ and Mn3+terminated at Mn2+[14,31]. The leading dual
peaks were indicative of the reduction processes, Cu2+ → Cu1+
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ig. 8. Oxidation of hydrogen with non-substituted perovskites (LaFeO3−ı ,
aCoO3−ı , LaMnO3+ı) under the simulated MCFC anode-off gas composition: 3.3%
2, 10.7% O2, 16.5% CO2, 13.0% H2O, N2 balance; w/f = 0.02 g cm−3 s.

nd Mn4+ → Mn3+ in sequence (the latter was  overlapped by
u1+ → Cu0), and the peak positions changed with the degree of Cu
ubstitution (x): The Mn4+ → Mn3+ reduction in LaMnO3+ı occurred
t around 327 ◦C, but it shifted to 230 ◦C when x was 0.2 and then
urther to 222 ◦C at x = 0.4. The Cu2+ → Cu1+reduction also shifted
o lower temperature as x was increased from 0.2 to 0.4, but then
hifted higher as x was increased over 0.6. We  were unable to con-
rm whether or not an x over 0.6 accompanied the shift of the
n4+ → Mn3+ peak to a higher temperature from the precedent

alue (222 ◦C for x = 0.4), since the TPR peaks were undetectable.
his was not only because Mn  was greatly diluted at such high x
alues (x over 0.6), but also because the TPR intensity of Mn  was
nherently small compared to that of Cu. Therefore, in contrary to
he literature [14], our TPR results could not be used to determine
hether or not Mn4+ is stabilized upon incorporation of Cu2+. How-

ver, the TPR results do reveal that Mn4+ and Cu2+ showed the
reatest reducibility (i.e., the lowest reduction temperature) at Cu
ontent (x) of 0.4.

In the TPR results of La1−xSrxCoO3−ı (Fig. 7), the reduction
rofiles of ‘perovskitic’  Co+3 and Co+2advanced that of Co3O4with
egard to temperature. The Co3O4 and SrCO3 peaks appeared from

 = 0.4 and increased with further increment of x, which was  in
greement with the XRD results (Fig. 2). The intensities of the
eduction peaks for perovskitic, Co3+ and Co2+ were depressed
ith increment of Sr substitution, which was due to the presence

f byproducts in the samples. The reduction temperature of per-
vskitic Co3+ ion was almost constant over the substitution degrees
x), leading to the conclusion that the reducibility of perovskitic
o+3 ion was not influenced by Sr2+ substitution. Hueso et al. pre-
iously presented similar results though XAS study [32].

.2. Catalytic activities of LaMn1−xCuxO3+ı and La1−xSrxCoO3−ı

or hydrogen combustion in a simulated MCFC anode off-gas

It is well known that the activity of a ‘non-substituted,’ single
-atom perovskite originates from the redox properties of B-site
ations [33]. The H2 conversions over non-substituted perovskites
nder simulated MCFC anode-off gas conditions are presented in
ig. 8. The order of activity was LaMnO3+ı > LaCoO3−ı > LaFeO3−ı.

As Mn  of LaMnO3+ı and La of LaCoO3−ı were substituted

y Cu and Sr respectively and the degree of each substitution

ncreased, the total amount of removable oxygen, which was
stimated as ‘Total O-removed’ in Table 1 from the TPR results,
ncreased. However, this result was not directly correlated to
Fig. 9. Oxidation of hydrogen with LaMn1−xCuxO3+ı (0 ≤ x ≤ 1) under the simulated
MCFC anode-off gas composition: (a) H2 conversion and (b) area-specific activity:
3.3% H2, 10.7% O2, 16.5% CO2, 13.0% H2O, N2 balance; w/f = 0.02 g cm−3 s.

the catalytic activities, since the TPR profiles contain the sig-
nals associated with the destruction of the perovskite structure,
which is irrelevant at any rate to catalytic activity. We  tried
to find the major catalytic properties that govern the activities
of LaMn1−xCuxO3+ı and La1−xSrxCoO3−ı for MCFC anode off-gas
combustion.

The performance of LaMn1−xCuxO3+ı is presented in Fig. 9. The
H2 conversion profiles in Fig. 9a shows that the H2 conversions
over 300–450 ◦C were improved by increasing Cu substitution up to
x = 0.4. With LaMn0.6Cu0.4O3+ı, the H2 conversion exceeded 90% at
350 ◦C and approached 100% at 400 ◦C. However, further increase in
Mn (x = 0.6 and 0.8) noticeably reduced H2 conversion towards the
level of the most inactive, Mn-less catalyst (La2CuO4+ı). As already
shown in Table 1 and Fig. 4, Cu substitution was accompanied by a
decrease in specific surface area. The effect of surface area on cat-
alytic activity was  normalized by dividing the molar H2 oxidation
rate by the specific surface area, yielding an area-specific activity
(Fig. 9b). Although the activity was re-evaluated in the area-specific
standard, LaMn0.4Cu0.6O3+ı and LaMn0.2Cu0.8O3+ı, remained infe-
rior in performance, meaning that their low activities cannot be
ascribed simply to their low surface areas. These two  catalysts had
the largest �-oxygen capacities among all LaMn1−xCuxO3+ı cata-
lysts (in Table 1), so it was  expected that the ‘suprafacial mechanism’
by �-oxygen [10,17] would not be effective in the temperature
range of 300–450 ◦C. Rather, the �-oxygen in these two cata-
lysts seemed to have an effect at 200–250 ◦C where the catalysts

showed slightly higher activities than the other catalysts having
different substitution degrees (x). Meanwhile, LaMn0.6Cu0.4O3+ı

had an exceptionally high area-specific activity that was more than
double those of other catalysts. It contained a modest amount
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Fig. 10. Oxidation of hydrogen with La1−xSrxCoO3−ı (0 ≤ x ≤ 1) under the simulated
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CFC anode-off gas composition: 3.3% H2, 10.7% O2, 16.5% CO2, 13.0% H2O, N2

alance; w/f = 0.02 g cm−3 s.

f �-oxygen (Table 1) but as discussed before, its influence on
he catalytic activity was expected to be minor. As such, its out-
tanding performance can most probably be attributed to the
educibility of Mn4+ and Cu2+ ions, which were estimated from
he TPR tests. Meanwhile, LaMn0.8Cu0.2O3+ı, which was  similar
o LaMn0.6Cu0.4O3+� in the reducibility of Mn4+ and Cu2+, did not
how comparable area-specific activity. Another factor governing
he activity of LaMn1−xCuxO3+ı is thought to be the mobility of
xygen. For the perovskite catalysts, active oxygen is thermally or
hemically ejected from the surface and bulk of the material. The
xidative activity of a perovskite catalyst is firstly dependent on the
mount (concentration) of active oxygen species, but in order to
e effective, it should also be ‘mobile’ enough to migrate from the
ulk to the surface. Chan et al. estimated that the oxygen mobil-

ty of LaMn1−xCuxO3+ı reached its peak at x = 0.4 with a value of
wo or four times higher than those of other catalysts at differ-
nt x values [20]. This suggests that LaMn0.6Cu0.4O3+ı surpasses
aMn0.8Cu0.2O3+ı with regard to oxygen mobility, which was thus
oncluded to be the most probable cause of the significant differ-
nce in area-specific activity between the two catalysts.

The H2 conversions with La1−xSrxCoO3−ı (Fig. 10)  were initi-
ted at a lower temperature than those with LaMn1−xCuxO3+ı. As

 was increased from 0.2 to 0.6, the H2 conversion was  increased
o 50% at 300 ◦C. However, the H2 conversions over 350 ◦C were
nferior to those of LaMn0.6Cu0.4O3+ı. As clearly revealed in the
gure, an increase in Sr substitution from x = 0.2 to 0.6 enhanced
2 oxidation activity, which cannot be explained by the reducibil-

ty of cobalt cations, since, as discussed in the TPR results (Fig. 7),
r substitution did not influence the reducibility of cobalt cations.
nstead, Sr substitution promotes the generation of oxygen vacan-
ies and influences the amount and reactivity of active oxygen
pecies [15,17,20].  As reported in the literatures, the oxidative
ctivity of La1−xSrxCoO3−ı usually reaches its maximum at x = 0.2
r 0.4, after which it drops monotonously with further Sr substitu-
ion [15,17,20].  Likewise, in Fig. 10,  the catalysts at x = 0.2 and 0.4
ere the most active. However, the catalyst at x = 0.6 was compara-

ly active, which is contrary to the literature results. The unusually
igh activity of La0.4Sr0.6CoO3-� was attributed to a synergetic effect
etween perovskite and the by-produced Co3O4. As seen in the H2-
PR results of Fig. 7, the reduction temperature of Co3O4 was close
o that of perovskitic Co3+, which implies the possibility of inter-

ction between Co3O4 and the perovskite in the redox catalysis for
2 oxidation. A similar theory of synergetic effect has been sug-
ested in the literature. Simonot et al. showed that a mixture of

[

[
[

lysis A: Chemical 349 (2011) 48– 54 53

LaCoO3–Co3O4 is more active than LaCoO3 alone in the oxidation of
carbon monoxide [34]. The sole difference in our study is that Co3O4
mixed with La1−xSrxCoO3−ı. Meanwhile, the activity dropped con-
siderably when x was increased to 0.8, although the catalysts were
composed of perovskite and Co3O4. This result implies that there
exists an optimum range of mixture composition where the synergy
is effective.

4. Conclusions

In a comparison of activities for the catalytic combustion of
hydrogen in a simulated MCFC anode off-gas, La1−xSrxCoO3−ı was
better than LaMn1−xCuxO3+ı in terms of initiation of activity, but
the order was  reversed for the level of full activity.

For LaMn1−xCuxO3+ı, its activity was most strongly influenced
by specific surface area, the reducibility of B-site metal cations and
oxygen mobility. When normalizing the activity with specific sur-
face area, the most active catalyst was  LaMn0.6Cu0.4O3+ı, which
was  the most prominent in both B-site ion reducibility and oxygen
mobility.

The La1−xSrxCoO3−ı prepared by the SGC method contained
Co3O4 and SrCO3 as by-products. The Co3O4 positively influenced
the hydrogen combustion activity of the catalysts. Substitution of
Sr2+ did not improve the reducibility of the perovskitic Co cations,
but it did induce the generation of oxygen vacancies inside the
catalyst. If these oxygen vacancies are considered the only source
of activity, the activity should reach its peak at x = 0.2 or 0.4,
as previously reported in many studies. However, the catalyst at
x = 0.6 showed comparable activity, which could be attributed to
the synergy in the redox mechanism between La1−xSrxCoO3−ı and
by-produced Co3O4.
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