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The activities of two perovskite catalysts, LaMn;_,CuyO3.5 (0<x<1) and La;_,SryCoO3_s (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 (O,-TPD), and temperature-programmed reduction (TPR) in
order to discriminate the major properties governing the activities of the catalysts. The activity of
LaMn; _,Cu,03.5 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 La;_SryCoO5_s was strongly related to the amount of
oxygen vacancies, and the by-produced Co304 had a positive effect, which was the reason why the cata-
lyst at x=0.6 (a mixture of La;_,SryCoOs3_s + Co304) was comparatively active to those at x=0.2 and 0.4.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

With the growing prospect of hydrogen as a sustainable energy
infrastructure in the near future, much research and develop-
ment has focused on the commercialization of technologies relating
to the production, utilization, and storage of hydrogen. Current
commercial routes for producing hydrogen are based on the cat-
alytic steam reforming of hydrocarbons. The majority of hydrogen
sources are fossil fuels such as oil, coal, and natural gas. Recently,
with the goal of strengthening sustainability, researchers have been
intensively examining the use of biomasses such as kraft lignin,
sawdust, and algae, as a source of hydrogen [1,2]. For the uti-
lization of hydrogen, fuel cells are the optimal choice for both
energy transportation and storage applications. As fuel cell tech-
nologies approach commercialization, new technical requirements
have appeared, especially in the area of Balance of Fuel Cell Power
Plants (BOP) systems. One such requirement is the utilization of
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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
(LaMn;_,CuxOs3.5 and La;_,SrxCoO3_g) as candidate catalysts for
such an application.

Perovskites are A¥3B*3 03 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
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of B-site cations, structural defects such as cation and oxygen defi-
ciencies also play important roles in the mechanism of catalysis [7].
These redox properties and structural defects are basically depen-
denton the kinds of A- and B-site elements, and change dynamically
upon substitution of the elements with a metal ion of smaller
valence state (+2) [6,7,10,11].

Among the numerous kinds of substituted perovskites,
LaMn_,Cu(+2)x03+s and La;_,Sr(+2)xCo03_s are frequently stud-
ied as oxidation catalysts due to their high activities and thermal
stabilities in the oxidation of methane [12-14], propane [15],
volatile organic compounds (VOC) [16], hydrogen [17,18], hydro-
gen sulfide [19] and carbon monoxide [15,17,20-22].

The LaMnOs, catalyst is well known to have oxygen-excess
nonstoichiometry (3 +8) caused by the cationic vacancies and Mn**
ions that are formed to mitigate the static Jahn-Teller distortion
of Mn3* ions in the perovskite lattice [15]. The partial substitu-
tion of Cu?*for Mn ions changes the numbers of cationic vacancies
and Mn** ions, consequently influencing the oxidative activity of
the catalyst [14,15]. For La;_,SrxCo05_g catalyst, Sr2*substitution
increments the numbers of oxygen vacancies and/or Co*" ions
as the catalyst neutralizes the charge caused by the substitution
[15,17,20,23]. The numbers of oxygen vacancies and Co**ions are
closely related to the catalytic activities of the substituted per-
ovskite catalysts [15,17,20,23].

In this study, the activities of LaMn;_xCuxOs3.,5 and
La;_4SrxCoO3_s5 were examined for the catalytic combustion
of hydrogen under the simulated conditions of a molten carbonate
fuel cell (MCFC) anode off-gas. The MCFC anode off-gas contains
H,0 and CO,, both of which are known to influence catalysis over
perovskite [24]. The activity of perovskite catalysts for hydrogen
oxidation has been studied in the past [17,18], but as far as
authors know, it has not yet been tested under a MCFC anode
off-gas conditions. The study focused on determining the key
catalytic properties of the two perovskites that regulate hydrogen
combustion under MCFC anode off-gas conditions. For this, we
used X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET)
analysis, oxygen temperature-programmed desorption (O,-TPD)
and temperature-programmed reduction (TPR).

2. Experimental
2.1. Preparation of catalysts

Perovskite catalysts were prepared by the sol-gel citrate (SGC)
method [1]. La(NOs3);-xH,0 (Aldrich, +99.9%), Mn(NO3),-4H,0
(Aldrich,+99.2%), Cu(NO3),-2.5H, 0 (Aldrich, +98%), Fe(NOs3 )3-9H, 0
(Aldrich, +98%), Co(NOs3),-6H,0 (Junsei Chemical, +97%) and
Sr(NOs); (Aldrich, +99%) were used as precursors. The stoichiomet-
ric quantities of corresponding nitrates were dissolved in distilled
water. The total molar concentration of nitrates was fixed at
0.1 mol/L. Citric acid (Aldrich, +99.5%) was added in 10 mol% excess
over the stoichiometric molar quantity of dissolved metals. The
resulting solution was stirred for 1h and then evaporated in a
rotary evaporator (165 °C) under reduced pressure until a viscous
gel was obtained. The gel was dried overnight at 70 °C. The spongy
material was finely crushed and calcined at 700 °C for 5 h. Since a
nitrate—citrate mixture easily combusts in a sol-gel state, the tem-
perature control and quantification of precursors were carried out
in a cautious manner.

2.2. Characterization of catalysts

The specific surface area of the catalysts was measured by
the BET method on an ASAP 2010 (Micromeritics) apparatus.
The nitrogen adsorption-desorption isotherms were measured at

—196°C using 200 mg of sample. Before measurement, the sam-
ple was degassed at 250°C and 4 mmHg 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-Ka radiation (A =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 (260 =32.5°
for LaMn_,Cux0O3.5and 32.9° for La;_,SrxCo03_s). 0,-TPD and TPR
analyses were performed on a BELCAT-M-77 instrument (BEL Japan
Inc.). The detailed procedure of the O,-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 O, flow (40 mL/min). The
temperature was maintained at 700°C for 1h 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 1h 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 35mL/min. The desorbed oxygen was measured by the
TCD. TPR experiments were carried out after the same pretreat-
ment steps adopted for the O,-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% H, /N5 balance gas. The peaks in the O,-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/O,-TPD tests using commercial CuO
powder (Aldrich, +99.995%). The amount of a-oxygen in the catalyst
was obtained by quantification of the O,-TPD peak that appeared at
temperatures less than 500°C. The oxygen non-stoichiometry (§)
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: 3.3vol% H,, 10.7 vol% O,, 16.5vol% CO,, 13.0vol% H,O0,
and balance N,. 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 wm 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 (LaMn;_xCuxOs3,s) and 2 (La;_,SrxCo03_g). LaMn_xCuxO3,4
(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 LaMnOs. s (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 La;_,SryCoO3_s and LaMn;_,CuyO3.s.

Catalyst Structure? Specific surface Crystallite size of a-Oxygen [from Total O-removed Non-stoichiometry
area(m?g1!) perovskite® (nm) 0,-TPD] [from TPR] of oxygen ()
(103 mol-0, /g-cat.) (103 mol-O/g-cat.)

LaCoO3_s P 52 29.8 0.0419 5.4618 0.16
LaggSrp2C005_5 P 10.8 23.6 0.1486 6.4797 0.08
Lag6Sro4Co05_s P+Co0304 +SrC0O3 13.8 18.6 0.1128 7.2483 n.a.c
Lag4SrosCo05_s P+Co0304 +SrCO5 9.6 16.1 0.1521 7.4852 n.a.c
Lag,SrosCo05_s P+Co0304 +SrC0O5 7.5 36.6 0.1332 7.9539 n.a.c
SrCo03_4 P+Co0304 +SrC0O3 4.4 373 0.1561 8.2172 n.a.c
LaMnOsz.s P (cubic) 393 144 0.0999 2.8856 0.20
LaMnggCug2 0345 P (rhombohedral) 24.4 17.6 0.0775 3.2128 0.08
LaMnggCug403.5 P (cubic) 12.3 23.8 0.1098 3.8679 0.04

LaMng 4Cugg03+5 P (cubic) 16.4 18.0 0.1850 41476 —-0.08
LaMng;Cugg0s.5 P (cubic) 13.7 183 0.2838 4.2239 -0.25
La;CuOy.s A;BO4 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 [110] diffraction peaks.

¢ The values were ‘not available’ because the samples were not pure perovskites.
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Fig. 1. XRD patterns of LaMn;_,CuyOs3,5 (0 <x<1).

small. On the contrary, the XRD results of LaMn;_,CuxO3,5atx=1.0
present the A;BO4-type perovskite structure (La;CuQ4),containing
afairamount of by-produced CuO. La; _,SrxCoOs_g (Fig. 2) exhibited
a single-phase perovskite structure (LaCoO3 at PDF #25-1060) at a
degree of Sr substitution of x=0and 0.2. However, when x exceeded
0.2, by-produced phases such as SrCO3; and Co304 appeared along
with the perovskite oxide [25].
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Fig. 2. XRD patterns of La;_»SryCo0O3_5 (0 <x<1).

Regarding the specific surface area of the catalysts, Fig. 3 shows
that the area of LaMn_,Cu,03,5 decreased with increasing Cu sub-
stitution (x). The specific surface area decreased from 39.3m2 g~!
(for x=0, LaMnOs,;) to 13.7m? g~! (for x=0.8, LaMng;CuggO03.s)
as x was increased. The specific surface area of Laj_,SrxCoO3_g
reached its highest value (13.8m2g-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. 0,-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 O,-TPD tests were
performed to investigate the active oxygen species of the prepared
perovskites. The results are presented in Fig. 4 (LaMn;_,CuxOs3.s)
and 5 (La;_,SrxCoOs3_g). 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 a-oxygen that originated
from the oxygen vacancies on the suprafacial region. The sharp
peaks appearing above 600-850 °C corresponded to 3-oxygen that
was desorbed through the reduction of B-site metal cations in the
perovskite lattice.

For LaMnj_xCuxOs,5 the amount of «-oxygen generally
increased as the degree of Cu substitution (x) increased. The amount

40 PY —@-LaMn,_CuO,,
= F —O-La, Sr,CoO
Nm 35| 1 3%

€ L
= 30}
o L
©
[ 251 [ )
S L
v 20
5’) l
o 15} .\
= s °
o o \
o 10| o
& ////// o °
5t © T
1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 3. Specific surface areas of LaMn;_xCuyxO3,s and La;_4SryCoO3_5 (0 <x<1).
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Fig. 4. 0,-TPD profiles for LaMn;_4CuyO3.s (0<x<1).

of a-oxygen from the catalysts is listed in Table 1. The increase in
a-oxygen was especially prominent at x=0.6 (LaMng 4CuggOs3.s)
and 0.8 (LaMng 3 Cug gO3.s) where the amounts of a-oxygen (0.1850
and 0.2838 x 10~3 mol-0,/g-cat, respectively) were approximately
twice those of the single B-atom perovskites, LaMnOs,s and
LayCuOy.s (0.0999 and 0.1115 x 10~3 mol-0;/g-cat, respectively).
Lisi et al. reported, regarding the 3-oxygen from LaMn;_CuxOs,s,
that the release of 3-oxygen is prominent when the cationic vacan-
cies (in La and Mn) remain in the lattice, which falls into the degree
of Cu substitution (x) less than 0.4 [14]. However, in our TPD tests,
[3-oxygen desorption was still observed although x was over 0.4 and
even became much larger at x=0.8 and 1.0,with broadening of the
desorption peak into higher temperature region (850-900 °C). This
implies the presence of 3-oxygen sources other than the cationic
vacancy. Zhua et al. had observed a similar high-temperature peak
of B-oxygen desorption from La;CuQy.s [27].

In the case of La;_,SrxCoOs3_; (Fig. 5), both a- and 3-oxygen
desorptions were generally promoted with increasing Sr substi-
tution (x). The sources of a- and [3-oxygen in La;_ySrxCoO3_g
have been explained well in the literature [27]. The o desorp-
tion from La;_,SrxCoO5_; is ascribed to oxygen embedded in the
oxygen vacancies generated by the substitution of Sr2*, and cor-
responds well in quantity to the nominal amount of Co** ions.
The B-oxygen is ascribed to the lattice oxygen from the bulk per-
ovskite phase, which corresponds with the Co3* — Co?* reduction
(and Co*" — Co3*reductionfor the samples with high Sr content). In
our O,-TPD results, an increase in [3-oxygen capacity was notice-
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Fig. 5. 0,-TPD profiles for La;_»SryCoO3_5 (0 <x<1).

LaMn, Cu O, .

Intensity / a.u.

x=0.0

1 1
100 200 300 400 500 600 700 800 900 1000
Temperature / °C

Fig. 6. TPR profiles for LaMn;_,Cu,O3.5 (0<x<1): *: Cu?* — Cu'*, **: Cu'* — Cu®
and Mn*" — Mn3*, ***: Mn3* — Mn?*, +: reduction of CuO, and ++: reduction of Cu3*
in La;CuOy.

able upon substitution of Sr2*, whereas the promotion of a-oxygen
desorption was comparatively small. However, the quantitative
comparison of a-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 Co304). As the degree of Sr
substitution (x) exceeded 0.4, the [3-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 Co304 was expected
to overlap the 3-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 (LaMn_xCux03.s) (La;_xSrxCo03_s) with the assig-
nation of TPR peaks based on the literature data [12,18,28-30].
In the TPR results for LaMn;_,CuxO3.s (Fig. 6), copper was com-
pletely reduced from Cu?* to Cu® (via Cu'*), whereas the reduction
of Mn** and Mn3*terminated at Mn?*[14,31]. The leading dual
peaks were indicative of the reduction processes, Cu* — Cu'*

- La, Sr CoO, ;

¥
1010

Intensity / a.u.

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
100 200 300 400 500 600 700 800 900 1000
Temperature / °C

Fig. 7. TPR profiles for La;_xSrxCo05_5 (0 <x <1): *: Co3* — Co?*, **: Co304 — C00,
***: Co2* — Co?, and +: reduction of SrCO3.
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Fig. 8. Oxidation of hydrogen with non-substituted perovskites (LaFeOs g,
LaCo0Os5_s, LaMnOs,s) under the simulated MCFC anode-off gas composition: 3.3%
Hs, 10.7% 03, 16.5% CO3, 13.0% H,0, N, balance; w/f=0.02gcm3s.

and Mn** — Mn3* in sequence (the latter was overlapped by
Cu'* - Cu?), and the peak positions changed with the degree of Cu
substitution (x): The Mn*" — Mn3* reduction in LaMnO3,5 occurred
at around 327 °C, but it shifted to 230°C when x was 0.2 and then
further to 222°C at x=0.4. The Cu%* — Cu'*reduction also shifted
to lower temperature as x was increased from 0.2 to 0.4, but then
shifted higher as x was increased over 0.6. We were unable to con-
firm whether or not an x over 0.6 accompanied the shift of the
Mn*" — Mn3* peak to a higher temperature from the precedent
value (222°C for x=0.4), since the TPR peaks were undetectable.
This was not only because Mn was greatly diluted at such high x
values (x over 0.6), but also because the TPR intensity of Mn was
inherently small compared to that of Cu. Therefore, in contrary to
the literature [14], our TPR results could not be used to determine
whether or not Mn#* is stabilized upon incorporation of Cu?*. How-
ever, the TPR results do reveal that Mn%" and Cu?* showed the
greatest reducibility (i.e., the lowest reduction temperature) at Cu
content (x) of 0.4.

In the TPR results of La;_,SrxCoO3_g (Fig. 7), the reduction
profiles of ‘perovskitic’ Co*3 and Co*2advanced that of Coz04with
regard to temperature. The Co304 and SrCO3 peaks appeared from
x=0.4 and increased with further increment of x, which was in
agreement with the XRD results (Fig. 2). The intensities of the
reduction peaks for perovskitic, Co®* and Co%* were depressed
with increment of Sr substitution, which was due to the presence
of byproducts in the samples. The reduction temperature of per-
ovskitic Co3* ion was almost constant over the substitution degrees
(x), leading to the conclusion that the reducibility of perovskitic
Co*3 ion was not influenced by Sr2* substitution. Hueso et al. pre-
viously presented similar results though XAS study [32].

3.2. Catalytic activities of LaMn;_xCuxO3.5 and La;_,SrxCo0O3_g
for hydrogen combustion in a simulated MCFC anode off-gas

It is well known that the activity of a ‘non-substituted,” single
B-atom perovskite originates from the redox properties of B-site
cations [33]. The H; conversions over non-substituted perovskites
under simulated MCFC anode-off gas conditions are presented in
Fig. 8. The order of activity was LaMnOs,s > LaCoO5_g > LaFeO3_s.

As Mn of LaMnOs,s and La of LaCoO3;_s were substituted
by Cu and Sr respectively and the degree of each substitution
increased, the total amount of removable oxygen, which was
estimated as ‘Total O-removed’ in Table 1 from the TPR results,
increased. However, this result was not directly correlated to
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Fig. 9. Oxidation of hydrogen with LaMn;_,CuyO3.5 (0 <x < 1) under the simulated
MCFC anode-off gas composition: (a) H, conversion and (b) area-specific activity:
3.3% Ha, 10.7% 03, 16.5% CO,, 13.0% H,0, N, balance; w/f=0.02gcm3s.

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 LaMn;_,CuxO3,s and La;_,SryCoO3_s for MCFC anode off-gas
combustion.

The performance of LaMn;_,CuxOs3,s is presented in Fig. 9. The
H, conversion profiles in Fig. 9a shows that the H, conversions
over 300-450 °C were improved by increasing Cu substitution up to
x=0.4. With LaMng gCug 403.s, the H, conversion exceeded 90% at
350°Cand approached 100% at 400 °C. However, further increase in
Mn (x=0.6 and 0.8) noticeably reduced H; conversion towards the
level of the most inactive, Mn-less catalyst (LapCuOy.s). 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 H, 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, LaMng 4Cug 03.s and LaMng;CuggOs.s, 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 a-oxygen capacities among all LaMn;_,CuxOs3,s cata-
lysts(inTable 1), so it was expected that the ‘suprafacial mechanism’
by a-oxygen [10,17] would not be effective in the temperature
range of 300-450°C. Rather, the a-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, LaMnggCug 403,
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 La;_,SryCoO3_s (0 <x < 1) under the simulated
MCFC anode-off gas composition: 3.3% H,, 10.7% 0O, 16.5% CO,, 13.0% H,0, N,
balance; w/f=0.02gcm3s.

of a-oxygen (Table 1) but as discussed before, its influence on
the catalytic activity was expected to be minor. As such, its out-
standing performance can most probably be attributed to the
reducibility of Mn*" and Cu2* ions, which were estimated from
the TPR tests. Meanwhile, LaMnggCug205.5, which was similar
to LaMng gCug405,5 in the reducibility of Mn#* and Cu?*, did not
show comparable area-specific activity. Another factor governing
the activity of LaMn;_,CuxOs,s is thought to be the mobility of
oxygen. For the perovskite catalysts, active oxygen is thermally or
chemically ejected from the surface and bulk of the material. The
oxidative activity of a perovskite catalyst is firstly dependent on the
amount (concentration) of active oxygen species, but in order to
be effective, it should also be ‘mobile’ enough to migrate from the
bulk to the surface. Chan et al. estimated that the oxygen mobil-
ity of LaMn;_,CuxOs3,s reached its peak at x=0.4 with a value of
two or four times higher than those of other catalysts at differ-
ent x values [20]. This suggests that LaMnggCug405.5 surpasses
LaMng gCugp ;03,5 with regard to oxygen mobility, which was thus
concluded to be the most probable cause of the significant differ-
ence in area-specific activity between the two catalysts.

The H, conversions with La;_,SrxCoO5_s (Fig. 10) were initi-
ated at a lower temperature than those with LaMn;_,CuxOs3.s. As
x was increased from 0.2 to 0.6, the H, conversion was increased
to 50% at 300°C. However, the H, conversions over 350°C were
inferior to those of LaMnggCug403.5. As clearly revealed in the
figure, an increase in Sr substitution from x=0.2 to 0.6 enhanced
H, oxidation activity, which cannot be explained by the reducibil-
ity of cobalt cations, since, as discussed in the TPR results (Fig. 7),
Sr substitution did not influence the reducibility of cobalt cations.
Instead, Sr substitution promotes the generation of oxygen vacan-
cies and influences the amount and reactivity of active oxygen
species [15,17,20]. As reported in the literatures, the oxidative
activity of La;_,SrxCoO3_g usually reaches its maximum at x=0.2
or 0.4, after which it drops monotonously with further Sr substitu-
tion [15,17,20]. Likewise, in Fig. 10, the catalysts at x=0.2 and 0.4
were the most active. However, the catalyst at x=0.6 was compara-
bly active, which is contrary to the literature results. The unusually
high activity of Lag 4Srg C005_5 was attributed to a synergetic effect
between perovskite and the by-produced Co304. As seen in the H;-
TPR results of Fig. 7, the reduction temperature of Co304 was close
to that of perovskitic Co3*, which implies the possibility of inter-
action between Co304 and the perovskite in the redox catalysis for
H, oxidation. A similar theory of synergetic effect has been sug-
gested in the literature. Simonot et al. showed that a mixture of

LaCo0O3-Co304 is more active than LaCoO3 alone in the oxidation of
carbon monoxide [34]. The sole difference in our study is that Co304
mixed with La;_4SrxCoO3_g. Meanwhile, the activity dropped con-
siderably when x was increased to 0.8, although the catalysts were
composed of perovskite and Co30y4. 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, La;_,SrxCoO5_s was
better than LaMn;_,CuxOs,s in terms of initiation of activity, but
the order was reversed for the level of full activity.

For LaMny_,CuxOs.g, 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 LaMnggCug 40,5, which
was the most prominent in both B-site ion reducibility and oxygen
mobility.

The La;_,SrxCoOs3_s prepared by the SGC method contained
Co304 and SrCO3 as by-products. The Co304 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 La;_,SrxCoO5_s and
by-produced Co304.
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