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Abstract

Perovskite-structured Lag 755rg 25CryMnj_,, O3_5 (LSCM, x =0, 0.25, 0.50, 0.75, and 1) is a potential anode material for direct hydrocarbon
solid oxide fuel cells (SOFCs). A pulse reactor system was used to determine the catalytic activity and selectivity of LSCM toward methane
total oxidation f between 700 and 900 °C in the absence of gas-phase oxygen. This replicates the SOFC anode environment, in which oxidation
occurs through reduction of the oxide lattice. Activity and selectivity were characterized as a function of lattice oxygen stoichiometry, 3 — §. As
3 — § decreased, the selectivity toward total oxidation decreased for all compositions due to either a change toward partial oxidation or increased
dry-reforming activity. The reaction rate and range of oxygen stoichiometry favoring total oxidation increased with increasing Mn content. This
was accompanied by a decrease in both carbon formation and oxide stability. These measurements suggest that more-active catalysts are required

for SOFC applications.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are considered one of the
most promising candidates for future power generation. The
primary difference between SOFCs and the commonly dis-
cussed proton-exchange membrane fuel cells (PEMFCs) is that
whereas PEMFCs operate through proton transport from the
fuel electrode (anode) to the air electrode (cathode), SOFCs
operate through oxygen anion transport from the cathode to
the anode. This difference in mechanism can allow SOFCs
to operate on a wide range of fuels, including conventional
petroleum, diesel, and natural gas and future bioderived hy-
drocarbons [1]. In addition, due to the high SOFC operating
temperature (>700°C), SOFCs can use low-cost, sulfur- and
CO-tolerant transition metal catalysts. The primary challenge
in realizing these direct hydrocarbon SOFCs lies in the design
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and development of materials and catalysts for the SOFC an-
ode.

The operating principle behind SOFCs is illustrated in
Fig. 1 [1]. Under operation, molecular oxygen is reduced to
oxygen anions at the cathode, using electrons supplied from
an external circuit. The generated anions then migrate through
the dense, ion-conducting but electrically insulating ceramic
electrolyte to the anode. Fuel oxidation occurs at the anode,
and the liberated electrons flow through the external circuit to
the cathode, completing the circuit and providing useful work.
The ceramic electrolyte and cathode are typically dense yttria-
stabilized zirconia (YSZ) and a porous La;_, SryMnO3 1 5/YSZ
composite, respectively.

Three principal anode material requirements may be de-
rived from the SOFC operating principle: oxygen anion con-
ductivity, electronic conductivity, and catalytic activity toward
fuel oxidation. Other requirements include stability in reducing
atmospheres and high temperatures (oxygen partial pressure,
pOy, as low as 10~2* atm; temperature >700 °C), a coefficient
of thermal expansion that matches the electrolyte material, re-
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Fig. 1. Operation mechanism of a SOFC.

dox stability in case of accidental exposure to air, and resistance
to sulfur poisoning. Current SOFCs use porous Ni—YSZ com-
posite anodes in which YSZ provides ionic conductivity and
Ni provides electronic conductivity and catalytic activity. Al-
though providing high performance with hydrogen fuel, using
Ni in the anode unnecessarily limits current SOFCs to hydrogen
fuel or hydrocarbon fuels with a large excess of steam, because
Ni catalyzes the formation of graphite with dry hydrocarbon
and CO fuels [2]. In addition, the active area of these electrodes
is undesirably limited to the YSZ-Ni—H, triple-phase points,
the only regions in the electrode in which all of the anode mate-
rial requirements are met [3]. Finally, Ni-based anodes are not
generally redox-stable [4] and provide only limited sulfur toler-
ance [5].

A number of groups are investigating alternative anode ma-
terials and have demonstrated SOFC operation with a range of
hydrocarbon fuels. For example, Gorte, Vohs, and coworkers
have developed a Cu—CeO,—YSZ composite anode and demon-
strated its operation with a range of fuels, from methane to
diesel fuel [1,6-9]. An alternative approach, aiming to create
all-oxide redox-stable anodes with a reduced number of an-
ode components, has been to develop new oxide materials that
combine both conducting and catalytic functions into a single
material [10-14].

Most of these proposed novel materials have a perovskite
structure, general formula ABO3_s. The A site is typically oc-
cupied by a lanthanide, with the B site occupied by transition
metals. The perovskite structure is a focus for research, because
it is able to accommodate a wide range of dopants, allowing the
tailoring of the catalytic properties and ion and electron con-
ductivity to function. The concentration of oxygen vacancies,
§ in 3 — §, is a function of the oxidation states of the A-site
and B-site cations; that is, § = 0 when the total charge on the A
and B cations is 6+, balancing the charge on the three 02~ an-
ions. Oxygen vacancies are formed in the lattice as the B-site
cations are reduced. For a fixed composition, the lattice oxygen
stoichiometry, 3 — §, decreases with increasing temperature and
decreasing equilibrium pOs.

Most research on perovskite anodes to date has focused on
strontium titanates [15-18] and on lanthanum chromates [19—
25], although lanthanum aluminates [26], vanadates [27], and
ruthenates [28] have been proposed recently. LaCrOs3 is sta-
ble at high temperatures in reducing atmosphere [29,30] and
can be doped with various transition metals. From a thermo-
dynamic standpoint, only Mn substitution of the Cr is ex-
pected to be stable under anode operating conditions [31]; there
is some debate over whether other substituents, such as Mg,
Fe, Co, and Ni will be kinetically stable [31,32]. One of the
most widely studied materials is Lag 75Sr0.25Crg 50Mng 5003—s
(LSCM5050) [23,25,33,34]. Fuel cell tests on SOFCs with
LSCMS5050 anodes found that power densities of 0.47 and
0.2 W/cm2 could be achieved for wet Hy and wet CHy, re-
spectively, at 900 °C [23]. The diminished performance in CHy
reflects the difference in catalytic activity of LSCMS5050 to-
ward methane and hydrogen oxidation. The focus of the present
contribution is to investigate the factors governing the catalytic
activity of perovskites for fuel combustion under SOFC anode
conditions.

When using dry methane as a fuel, the anode material can
catalyze the following reactions:

CH4 + 40>~ — CO, + 2H,0 + 8e~
partial oxidation: CHy4 + 30>~ — CO + 2H,O + 6e~
CH4 4 20>~ — C + 2H,0 + 4e~

complete oxidation:

cracking:

Methane may react further with the product water or CO; via
steam or dry reforming, respectively:

CH4 + H)O — CO + 3H»
CH4 + CO, — 2CO + 2H;

steam reforming:
dry reforming:

To realize the maximum SOFC efficiency, both in terms of
fuel utilization and maximum cell potential, the anode mater-
ial should selectively catalyze the complete oxidation of fuel.
Cracking is especially undesirable, because it will block the
active sites and ultimately lead to mechanical failure of the
cell [35]. Previous catalytic studies on the LSCM system by Tao
et al. [24] indicated that complete oxidation is favored at tem-
peratures of 700-900°C and a pO; of 0.1-0.7 atm. EXAFS
measurements suggest that Mn is the active species, because
only Mn changes oxidation state when LSCM5050 is reduced
in hydrogen. This conclusion is supported by the earlier work
of Yamazoe and Teraoka [36], who suggested that the oxidation
activity of perovskite oxides is dictated by the B-site cation,
suggesting a Mars—van Krevelen-type mechanism due to a B-
site redox couple.

One primary issue with these previous studies is that the pO>
during the measurements is many orders of magnitude greater
than that in the SOFC anode [24]. There is no gas-phase oxygen
at the SOFC anode; the pO, is set by gas-phase equilibration
between fuel and oxidation products. Consequently, the oxida-
tion state of the B-site cations will be lower, and the number
of oxygen vacancies, 8, will differ significantly between the
SOFC anode and the previous catalytic studies. These oxy-
gen vacancies are analogous to the reduced oxygen reaction
site in a Mars—van Krevelen mechanism. Reoxidation of the
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Table 1

Fitted crystallographic parameters and BET surface areas of the studied samples

Sample Composition Calc. Space Lattice constant BET

rea group a[A] b [A] c[A] [m?/g]

LSC Lag 75510 25CrO3_g 1300 Pnma 5.526 5.512 7.776 0.76
LSCM7525 Lag 75510 25Crp.75Mng 2503 _5 1000 R3c 5.526 5.526 13.38 3.33
LSCM5050 Lag 75519 .25Cro.50Mng 50035 1000 R3¢ 5.526 5.526 13.40 2.42
LSCM2575 Lag 75519 25Crg 25Mng 7503 _5 1000 R3c 5.538 5.538 13.43 3.22
LSM Lag.7551925MnO3_5 1000 R3c 5.538 5.538 13.43 4.60

reaction site in the SOFC anode occurs via oxygen anion dif-
fusion through the bulk ceramic from the electrolyte, not via
gas-phase oxygen as in previous catalytic studies. Ultimately,
the high-pO, environment used in previous studies will lead
to an oxygen-rich perovskite lattice such that the observed ac-
tivity and selectivity may not be applicable to the oxygen-lean
conditions in the SOFC anode. We are developing a pulse reac-
tor technique to determine hydrocarbon oxidation activity and
selectivity as a function of lattice oxygen stoichiometry under
SOFC anode conditions, where the only oxygen source is the
bulk oxide catalyst. In the present study, we investigated the
influence of lattice oxygen on the activity and selectivity of
Lag 75510 25Cr1—xMn,O3_s catalysts toward total oxidation of
methane.

A series of catalyst powders, x = 0, 0.25, 0.5, 0.75, and
1 in Lag75Sr9.25Cr;—xMn,O3_;, were synthesized and char-
acterized by XRD, BET, and temperature-controlled reduction
of methane TPR-CHy. The activity and selectivity toward total
oxidation of methane were determined as a function of oxy-
gen stoichiometry using a pulse reactor system in which short
pulses of dry methane were interspersed with longer dwells
in argon. Starting with a fully oxidized sample, each methane
pulse titrated a small amount of oxygen from the sample, lead-
ing to an incremental decrease in 3 — §. The initial oxygen
stoichiometry was determined by thermogravimetric analysis
(TGA). Repeated pulses allowed determination of the selec-
tivity toward total oxidation as a function of lattice oxygen
stoichiometry. Experiments were performed at 600, 700, 800,
and 900 °C. These measurements were compared with those
for a 2.7 wt% Pt surface-doped LSCMS5050 sample and to the
rate of hydrogen oxidation over LSCMS5050. The amount of
carbon formed on the powder was determined by temperature-
programmed oxidation (TPO).

2. Experimental

Lag 75S19.25CrO3_5 (LSC), Lag75Sr0.25Cro.75Mng2503_5
(LSCM7525), Lag75Sr9.25Cro50Mng5003_s (LSCM5050),
La0.758r0_25Cr0,25Mn0,7503_3 (LSCM2575), and La0,75Sr0_25-
MnO3_s (LSM) powders were fabricated by a sol-gel tech-
nique [37]. Aqueous solutions of La, Sr, Cr, and Mn nitrate salts
(Alfa Aesar, >99.98%) were prepared, and the metal concen-
tration was determined by complexometric titration with EDTA
or by redox titration in the case of Cr [38]. These nitrate so-
lutions were then mixed in the appropriate molar ratios with
EDTA or, in the case of LSC and LSCM7525, with a mixture
of EDTA and citric acid as chelating agents. Subsequent evap-

oration of excess water resulted in a homogeneous gel. This
gel was pyrolyzed at 300 °C, and the resulting powder was cal-
cined at 1000-1300 °C (Table 1). The powder was sieved, and
the fraction between 106 and 212 pm was used for the TPR and
pulsing experiments described below. LSCM5050 powder with
2.7 wt% Pt was prepared by adding 0.005 M PtCly in 0.05 M
HNOj3 solution to the LSCM5050 powder and evaporating the
water. The resulting powder was heated to 450 °C to decom-
pose the salt.

Powder X-ray diffraction patterns were recorded using
CuKo radiation with fixed slit width (Scintag X-Ray Dif-
fraction XDS 2000). Diffraction patterns were recorded in the
26-range of 20°-65° using a 0.02° step size and a counting
time of 1 min/degree. Rietveld structural refinements were car-
ried out using the GSAS package [39]. The BET surface areas
were measured (Micromeritics ASAP 2020) using Nj as the
adsorbent. Samples were degassed at 400 °C for 6 h before
measurement.

The oxygen stoichiometry of the perovskite powders was
determined via thermogravimetric analysis (TGA) (TA Instru-
ments, SDT Q600 DSC/TGA). The powders were treated in
air for 30 min at 1000 °C and cooled at a rate of 5°C/min
to remove surface carbonates before measurement. The sample
mass, initially between 13 and 41 mg, was recorded as a func-
tion of temperature, equilibrating for 4 h at 100 °C increments
between 600 and 900 °C, in both 100 ml/min N, and a mix-
ture of 20 ml/min Hy in 100 ml/min N> (both UHP, <2 ppm
0»). Using the level of oxygen impurity in the UHP gases, the
gas-phase pO, in UHP Nj was 0(10_6) atm, and in the Hy/N»
mixture was O(1073%) atm. The mass stabilized to within the
accuracy range of the instrument during the dwells.

Temperature-programmed reduction (TPR) experiments
were performed by packing 0.25 g of powder in a %N i.d. quartz
glass tube, held in place with quartz glass wool. The tube was
sealed at both ends and heated at 10 °C/min to 900 °C, while
flowing 50 ml/min of 3% Hj/N, for the TPR-H, experiments or
50 ml/min of 20 vol% CHy/Ar for the TPR-CH,4 experiments.
All gases were UHP grade (<10 ppm O; for CHy, <2 ppm O
for the others) with the flow controlled via mass flow controllers
(Omega FMA6500). The composition of the gas mixture leav-
ing the reactor was measured using an inline mass spectrometer
(Pfeiffer Vacuum, Omnistar GSD 300).

Pulse experiments were carried out using a reactor system
similar to that for the TPR experiments. First, 0.25 g of pow-
der, sieved to a size fraction of 100-200 microns, was placed
ina %// i.d. quartz tube and heated to 700 °C in 50 ml/min Ar.
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The gas composition then changed to 20 ml/min of 10 vol%
0,/N, to remove surface carbonates before the pulsing ex-
periments. The sample was subsequently cooled to 600 °C in
20 ml/min of 10 vol% O,/N, before flushing for 2 h with
50 ml/min Ar. The 2-h flushing in Ar ensured that the sam-
ple oxygen stoichiometry was fully equilibrated with the O,
present in the Ar stream, pOy; =2 x 10~ atm, at the reaction
temperature before pulsing. After 2 h, only baseline oxygen was
present in the reactor effluent. The sample was then exposed
to 200 6-s pulses of 20 vol% CH4/Ar flowing at 50 ml/min.
The pulses were separated by 120-s intervals of 50 ml/min
Ar. Well-defined and repeatable pulses were achieved by us-
ing a 4-way computer-controlled pneumatic switching valve
(Swagelok model 131SR). Both the Ar and CH4/Ar gas streams
flowed continuously, with one entering the reactor and the other
vented. The reactor effluent was continually analyzed with a
sampling rate of 2.2 /s using an inline mass spectrometer (Pfeif-
fer Vacuum, Omnistar GSD300). Quantification of the gas ex-
iting the reactor during these experiments was accomplished
by calibration of the mass spectrometer signals m/e = 28 (CO)
and m/e = 44 (CO3) at 0.016-80 vol% CO or CO; in 20 vol%
CHy/Ar.

To calculate the amount of CO; produced per pulse of
methane, the CO; baseline value, as measured before starting
the pulses, was subtracted from the pulse data. The MS signal
was converted to a volume fraction of CO using the calibra-
tion data, and the pulses integrated to yield the total amount of
CO». Calculation of the amount of CO was more complex, be-
cause the m/e = 28 signal is ascribed to both N> and CO. The
contribution from trace N in the CH4 cylinder was determined
using a blank reactor and averaging the m/e = 28 signal over
10 CHy4 pulses. The CO signal was corrected for CO; fragmen-
tation in the MS chamber by measuring the CO signal during
CO; calibration. The amount of CO produced was calculated
by subtracting the CO baseline, measured before the pulse, and
the contributions from Ny and CO; fragmentation before con-
verting to a CO volume fraction using the calibration data. The
oxygen content of the samples was tracked after each pulse by
subtracting the oxygen consumed to form H,O, CO, and CO,.
Finally, volume fractions of CO; and CO were converted to mo-
lar flow rates, and were corrected for sample mass and BET
surface area to yield normalized rates of CO, and CO produc-
tion.

The above procedure was repeated at 700, 800, and 900 °C.
The only difference was that the sample was heated to the reac-
tion temperature where it was exposed to 20 ml/min of 10 vol%
0,/N; before flushing with 50 ml/min Ar. This oxidation step
served to both reoxidize the sample and remove surface carbon
formed during the previous pulsing experiment. The surface
carbon content was quantified via analysis of the m/e = 44 sig-
nal during reoxidation. This reoxidation step was repeated after
the measurements at 900 °C. Pulse experiments were also per-
formed for the LSCM5050 sample with 10 ml/min UHP Hj; in
40 ml/min UHP Ar. A similar procedure was used.

The methane steam and dry reforming activity of the cat-
alysts was measured by flowing appropriate reaction mixtures

n . ..
through a % i.d. quartz tube containing the catalyst powder

sieved to the 100-200 micron size range. The product gas was
analyzed using a Gas Chromatograph (SRI Instruments, 8610C)
equipped with a thermal conductivity detector and Hayesep and
Molecular Sieve columns. Dry reforming was performed with
a sample loading of 0.10 g of catalyst, flowing a mixture of
10 vol% CO, and 10 vol% CH4 in He at a total pressure of
1 atm and temperatures of 700, 750, 800, 850, and 900 °C. For
steam reforming, a gas mixture of He and CH4 was fed through
a temperature-controlled water bubbler to achieve a composi-
tion of 9 vol% H,O and 9 vol% CHy in He. All of the feed lines
from the bubbler exit to the reactor were heated to above 150 °C
to prevent water condensation. Measurements were performed
at reactor temperatures of 700, 800, and 900 °C with initial sam-
ple sizes of 0.10 g of catalyst. This sample size was increased
up to 0.32 g to increase the sensitivity of the measurement and
enable measurement of the reaction rate at lower temperatures.
But significant conversion was only measure for LSM at 800 °C
and all compositions at 900 °C. In all measurements, the total
gas flow rate was varied to limit the total conversion CO; or
CH4 to <12%.

3. Results

Recorded XRD patterns for Lag75Sr925Cri—xMn,O3_;
(Fig. 2) were indexed on a trigonal perovskite structure, space
group R3c, except for LSC, which was indexed to an or-
thorhombic perovskite structure, space group Pnma. No addi-
tional phases could be discerned. Lattice cell parameters were
obtained by Rietveld fitting of the data (Table 1). R3c lattice pa-
rameters increased with manganese content; a increased from
5.526 A for LSCM7525 to 5.538 A for LSM, whereas ¢ varied
from 13.38 A for LSCM7525 to 13.43 A for LSM. The spe-
cific BET surface area of the powders varied between 2.4 and
4.6 m?/g (Table 1), except for LSC, which had a significantly
lower surface area (0.76 m?/g) due to the higher calcination
temperature required to obtain a phase-pure material.

LSM
P

LSCM2575

|

LSCM5050

Intensity (a.u.)

LSCM7525

20 30 40 50
20(°)

Fig. 2. X-ray diffraction patterns obtained for LSC, LSCM7525, LSCM5050,
LSCM2575, and LSM powders.
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Table 2
Oxygen stoichiometry of the studied samples in N and 20% H; in Ny

T LSC LSCM7525 LSCMS5050 LSCM2575 LSM

[°Cl Ny Hu/Np N Hp/Np Ny Hp/Np Np Hp/Np Ny Hy/Np

RT 3.09 3.09 3.05 3.05 294 294 296 296 297 297
600 3.06 2.89 3.00 2.79 290 274 293 272 292 247
700 3.06 2.88 299 2.78 2.89 2.72 293 2.65 292 242
800 3.05 2.88 298 2.76 2.89 2.68 292 257 291 240
900 298 2.88 293 275 287 263 292 250 291 2.38
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Fig. 3. TPR spectra of LSCM2575 in methane. (O) m/e = 16, (A) m/e = 2,
(A) m/e =28, () m/e = 18, (W) m/e = 44, and (®) m/e = 32.

TGA experiments were performed in N> and Hy/N» on all
compositions (Table 2). To calculate absolute values for the
oxygen stoichiometry, it was assumed that the cation oxida-
tion states were Crot, La3t, Mn?t, and Sr?t at 900°C in
17 vol% H>/N,. The oxygen stoichiometry at room tempera-
ture, 600, 700, and 800 °C in H»/N, were back-calculated using
the loss of mass measured with the TGA. LSC and LSCM7525
had oxygen stoichiometries of 3.09 and 3.05, respectively, at
room temperature, both higher than the expected value of 3.00.
The room temperature oxygen stoichiometries of LSCMS5050,
LSCM2575, and LSM were 2.94, 2.96, and 2.97, respectively.
The change in mass when heating samples in N, from room
temperature to 900 °C was around 0.10 mol of oxygen per mol
of sample; the mass of the Cr-rich samples decreased more than
the Mn-rich samples in the N, atmosphere.

Results from TPR-CHs experiments are shown for
LSCM2575 in Fig. 3. The mass spectrometer signals measured
were m/e = 2 (attributed to Hy), 16 (CHy4, O), 18 (H,0), 28
(N, CO), 32 (0y), and 44 (CO,). Total oxidation of methane,
observed as coincidental formation of CO; and H,O, started at
500 °C and reached a maximum at 660 °C. The selectivity to-
ward total oxidation was 100% within this temperature range.
Above 660 °C, partial oxidation products, CO and H», were ob-
served. All compositions showed the same trend as LSCM2575,
favoring total oxidation at low temperature and partial oxidation
at higher temperature. One exception is LSM, which showed
a second increase in CO, production rate starting at 800 °C.
Because no gas-phase oxygen was present during these exper-

1E-5
1E-6 -

1E-7

Intensity (A)

1E-8 o

1E-9 4

1E-10 4

T M L) v T M 1 v T
300 350 400 450 500
Time (s)

Fig. 4. Example mass spectrometer response during pulsing. At t = 330 and
t =450 s six-second methane pulses are fed to the reactor.

iments, the only oxygen source for the oxidation reactions was
the perovskite lattice; that is, the lattice oxygen stoichiometry,
3 — §, decreased with increasing temperature, due to consump-
tion through oxidation of CH4. As such, the question arises
whether the change from total oxidation to partial oxidation is
due to increasing temperature or to decreasing lattice oxygen
stoichiometry.

To address this question, a series of experiments were per-
formed in which methane was pulsed over the sample at con-
stant temperature. Each pulse resulted in the formation of ox-
idation products and a small decrease in lattice stoichiometry
(maximum of 0.16 mol O per mol perovskite). Typical pulse
data are shown in Fig. 4. As shown, the m/e = 16, 32, and
44 signals were negligible in Ar. H,O and H, were present in
background quantities, the latter due to fragmentation of H,O
in the mass spectrometer. When switching to CHy, all signals
increased except for Oy, which remained negligible. After 6 s,
the CH4 feed was switched back to Ar, and the signals decayed.
Then, 120 s later, another pulse of CHy was fed to the reactor,
and the cycle was repeated.

The instantaneous selectivity toward total oxidation of
methane (i.e., the rate of CO; production divided by the total
rate of CO and CO; production) is shown in Fig. 5 as a function
of lattice oxygen stoichiometry at 700, 800, and 900 °C. The
steps in the curves indicate the oxygen stoichiometry change for
a single methane pulse. The results for 600 °C are not shown,
because at this temperature the CO production rate was negligi-
ble for all compositions and could not be accurately determined.
CO and CO; production also were measured for LSC, but
due to inaccuracies in determining the very small surface area
(~0.76 m? g~ 1) quantitative analysis of the data for LSC was
not performed. The trend in selectivity with lattice oxygen sto-
ichiometry for all temperatures and compositions was similar;
selectivity toward total oxidation products decreased with de-
creasing lattice oxygen stoichiometry. For example, at 900 °C,
LSCM7525 was a total oxidation catalyst in the oxygen stoi-
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chiometry range 2.93-2.79. Only trace CO attributable to CO,
fragmentation in the MS chamber, was observed over this range
of oxygen stoichiometry. The selectivity then declined sharply
between 3 —4& = 2.79 and 2.72. Below 3 —§ = 2.72, only partial
oxidation products were observed until the sample equilibrated
with the trace oxygen in the methane pulse and reaction ceased
at 3 —§ =2.59. As the Mn content in the perovskite increased,
the range of stoichiometry correlated to the production of to-
tal oxidation products increased; for example, CO, production
was significant above 3 — § = 2.68 for LSCM2575, compared
with 3 —§ =2.76 for LSCM7525 at 800 °C.

The surface area-normalized rates of CO, and CO produc-
tion are shown in Figs. 6 and 7, respectively. In general, the rate
of methane oxidation at a given lattice oxygen stoichiometry in-
creased with increasing Mn content in the perovskite; for exam-
ple, at 3 — § = 2.80 and 800 °C, the rate of CO; production in-
creased in the order LSCM7525 = 2.5 x 10~* > LSCM5050 =
5.2 x 107* > LSCM2575 = 9.26 x 10™* > LSM = 4.4 x
1073 mmol CO, m~2s~!. As the oxygen stoichiometry de-
creased, the rate of CO, production decreased until it reached

the limit of detection. As may be expected, the rate of CO,
production increased with temperature; therefore, the highest
production rate was measured as 6.3 x 1073 mmolm—2s~!,
for LSM at 900°C and an oxygen stoichiometry of 2.91.
CO production followed the same trend in temperature but
an inverse trend with oxygen stoichiometry. The CO produc-
tion rate increased once the oxygen stoichiometry dropped
below a threshold value, and then peaked before decreasing
below the detection limits as the sample equilibrated and reac-
tion stopped; for example, CO production started at 3 — § =
2.76 for LSCM5050 at 800 °C, peaked at 5.81 x 10~% mmol
COm™2s~!at3—8=2.59, and ceased at 3 — § =2.56. At all
temperatures, increased Mn content in the perovskite led to an
increased rate of CO; production at a given oxygen stoichiom-
etry. At the higher measurement temperatures, LSCM5050 and
LSCM7525 clearly produced significantly more CO than the
other two compositions; at 900 °C, the maximum CO produc-
tion rates for LSCM7525 and LSCM5050 were 9.98 x 10~* and
1.25 x 1073 mmol COm~2s~!, respectively, compared with
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Fig. 7. CO production rates at (a) 700, (b) 800, and (c) 900 °C. The thick solid line is LSCM7525, solid line is LSCM5050, dashed line is LSCM2575 and dotted

line is LSM.

6.1 x 107* and 4.4 x 10~* mmol COm~2s~! for LSCM2575
and LSM.

The rate of hydrogen consumption over LSCM5050 was
measured using an identical pulse procedure to allow compar-
ison with the methane combustion rate. At 700 °C, the initial
reaction rate with hydrogen was 28 x 1073 mmolm~2s~! of
lattice oxygen. All of the hydrogen fuel was consumed by the
reaction for the first few pulses, indicating that the surface re-
action rate for hydrogen could be higher. The rate of hydrogen
consumption decreased with decreasing oxygen stoichiometry.
The rate of hydrogen consumption during the first pulse did
not vary significantly with temperature, further indicating that
the reaction had a limited hydrogen supply under these con-
ditions. In comparison, for LSCMS5050 with methane, reaction
rates during the first pulse were 1.7 x 1073, 6.8 x 1073, and
16 x 1073 mmolm~2s~! of oxygen at 700, 800, and 900 °C,
respectively.

The rate of methane oxidation increased considerably with
the addition of 2.7 wt% Pt to the surface of LSCMS5050. At
600 and 700 °C, reaction rates were increased by a factor of 29
and 6.7 respectively, indicating that the reaction was surface-
controlled. At 800 °C, the reaction rate was enhanced slightly,

by a factor of 1.7. Rates at 900 °C were nearly the same, in-
dicating that oxygen supply to the surface could be limiting
at this temperature. In addition, it was found that significant
CO; production for the platinum containing powder started at
temperatures as low as 400 °C, whereas without platinum, CO»
production was not significant below 600 °C. The selectivity
toward total oxidation products as a function of oxygen stoi-
chiometry did not change significantly with the addition of Pt.
As with the undoped samples, there was a change in selectiv-
ity to partial oxidation products with decreasing lattice oxygen
stoichiometry. The trend in selectivity was almost identical to
that shown for undoped LSCM5050 in Fig. 5.

When interpreting this change in selectivity, we must con-
sider the difficulty in determining whether true partial oxidation
is occurring. The total oxidation products, CO; and H,O, may
undergo subsequent dry- or steam-reforming reactions with
methane [40], resulting in the measured CO (m/e = 28) sig-
nal. To investigate this possibility, the rates of dry and steam
reforming over the catalysts were measured. Fig. 8 shows the
measured rates of CO production by methane dry reforming as
a function of temperature for each catalyst. The feed compo-
sition was 10/10/80 vol% of CO,/CH4/He at a total pressure
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Fig. 8. CO production rate as a function of temperature for LSCM7525 ([J; solid
black line), LSCMS5050 (O; dashed black line), LSCM2575 (A; solid gray line)
and LSM (V; dotted black line) for a 10/10/80 CO,/CHy4/He feed at a total pres-
sure of 1 atm. The symbol size represents the error range of the measurement.

of 1 atm. As with the trend in CHy total oxidation activity
measured for the pulse experiments (Fig. 6), the rate of CO
production increased with increasing Mn content in the cata-
lyst. The exceptions to this were the measured rates for LSM,
which were below those of LSCM2575. This may be due to
the decreased stability of the perovskite oxide structure with in-
creasing Mn content under these severely reducing conditions.
This was not observed in the pulse reactor case, because those
samples were not exposed to these reducing conditions for such
long periods. The measured activation energies were 131 £
3 kImol~! for LSCM7525, 142 + 3 kImol~! for LSCM5050,
143 + 3 kJmol~! for LSCM2575, and 152 + 3 kJmol~! for
LSM. These activation energies are similar to those observed
for dry reforming over other oxides such as CeO; [41], but
significantly higher than those reported for supported metal cat-
alysts [42].

The rates of steam reforming were significantly lower than
those measured for dry reforming. No conversion of reactants
was observed for any of the catalysts with a 9/9/82 vol% of
H>O/CH4/He at a total pressure of 1 atm below 800°C. At
800 °C, significant rates were observed only for LSM, for which
the CO production rate was 2.67 x 10~ mmolm~2s~!. At
900 °C, the measured CO production rates were 1.42 x 1074,
3.54 x 1074, and 3.86 x 10~* mmolm—2s~!; the standard de-
viation in these reported rates was &1 x 107 mmolm—2s~!.

After the pulsing experiments, samples were reoxidized
while measuring the CO, (m/e = 44) release. The amount of
CO; produced was calculated using a separate calibration of
CO; performed in a 10 vol% O, in N> mixture and was re-
lated to the amount of carbon deposited on the sample dur-
ing the pulsing experiment. Rates of carbon deposition for the
samples at different temperatures are shown in Fig. 9. In gen-
eral, the more chromium in the composition, the more carbon
is deposited on the sample. Carbon deposition also depended
strongly on temperature; at 600 and 700 °C, carbon deposition
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Fig. 9. Rate of carbon deposition as a function of chromium content at
(M) =600°C, (@) =700°C, (A)=2800°C, and (¥) =900°C.

was almost negligible; at 900 °C, carbon deposition increased
to 1.2 x 10~* mmolm~2s~! for LSCMS5050.

4. Discussion

The XRD patterns showed that all compositions were phase-
pure perovskites. Manganese-containing compositions could be
fitted on an R3c cell, in accordance with the literature [43,44].
Strontium-doped lanthanum chromate has been reported to
have either a rhombohedral R3¢ cell [45] or an orthorhombic
Prnma cell [46]. The orthorhombic phase was observed after
sintering at 1200 °C, whereas the rhombohedral cell was re-
ported at 1550 °C. Our LSC sample was sintered at 1300 °C; the
recorded XRD pattern lacked the splitting of peaks at 260 = 42°
and 58° that would be expected for a rhombohedral cell, thus
indicating that the structure was orthorhombic Pnma. BET sur-
face areas were found to be comparable with values for sim-
ilar materials sintered at such high temperatures [20]. This
low surface area is undesirable for catalysis, however; high-
temperature sintering is needed to produce a phase-pure, ho-
mogeneous material and to manufacture SOFCs. The loss of
catalytically active surface area must be balanced with the other
demands placed on fuel cell materials, including electronic con-
ductivity, redox stability, and compatibility with the electrolyte
materials.

TPR measurements using methane showed high selectiv-
ity toward total oxidation at relatively low temperatures (500—
700 °C) for all of the LSCM materials. At higher temperatures,
the selectivity decreased, with a shift toward partial oxidation.
The exception to this was LSM, which demonstrated an addi-
tional CO;, production peak at 800°C. An analogous hydro-
gen consumption peak was observed for LSM during hydrogen
TPR experiments. XRD measurements of LSM after exposure
to methane at 900 °C confirmed that LSM was not stable un-
der these conditions, indicating that this high-temperature CO,
peak or hydrogen consumption may be associated with decom-
position of the perovskite structure. Other samples showed no
additional peaks in TPR measurements with either hydrogen
or methane. The XRD data confirmed that after exposure to
methane at 900 °C, LSCM7525 and LSCM5050 remained pure
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perovskites, but underwent a phase change from rhombohedral
to orthorhombic. This effect also was reported by Zha et al. [47]
for treatment in hydrogen at 1200 °C. LSCM2575 remained in
the orthorhombic perovskite structure, but a small amount of an
additional phase was detected. This additional phase could not
be indexed to a simple Sr, La, or Mn oxide.

Although these TPR measurements are representative of the
low pO;, atmosphere in the SOFC anode, there is significant
ambiguity when interpreting them. As the TPR measurements
proceeded, the temperature was increased and more oxygen
was consumed from the oxide lattice, reducing the oxygen sto-
ichiometry, 3 — §. As such, it remains unclear whether the se-
lectivity change was due to the change in temperature or to the
change in oxygen stoichiometry. One approach to differentiat-
ing the two effects is to measure the CO, and CO production
as a function of time at constant temperature and relating the
product distribution to the oxygen content of the catalyst, be-
cause the latter will decrease as the oxidation of methane pro-
ceeds over time. The primary problem with this approach is the
solid-state transport step required for oxygen to diffuse from
the oxygen-rich center of the oxide particle to the surface. Con-
tinuously feeding methane over the sample would soon deplete
surface oxygen, which then must be replenished by oxygen dif-
fusion from the particle center. This leads to a risk of measuring
the rate of the oxygen transport step in the bulk rather than the
rate of the surface reaction. To overcome this limitation, a pulse
reactor approach was chosen. In this approach, each pulse of
methane consumes the lattice oxygen close to the particle sur-
face (maximum of 0.16 mol O per mol perovskite), which is
then replenished from the relatively oxygen-rich core by solid-
state diffusion under the argon atmosphere between pulses. In
this way, we could ensure that the measured rate was the actual
rate of the surface reaction. Variation of the inert dwell time did
not lead to a change in the measured reaction rate, confirming
that the surface was fully equilibrated before the methane pulse.
To ensure that the catalyst powder would not reoxidize by scav-
enging oxygen during this inert dwell, we used high-purity Ar.
Calculations on the duration of the experiment and the oxygen
concentration in argon demonstrated that per dwell period, the
oxide lattice could scavenge at most 7 x 1076 mol of O per mol
of perovskite.

Comparison of the rates of hydrogen and methane com-
bustion under otherwise identical experimental conditions for
LSCM5050 indicates that the measured rate for methane was
neither gas-phase (methane) nor solid-state (oxygen) diffusion-
limited. The diffusion-limited rate for oxygen consumption
by hydrogen was 28 x 1073 mmolm~2s~! of lattice oxygen.
This is significantly higher than all of the rates measured dur-
ing the methane experiments, with the exception of the initial
pulse with methane at 900°C over LSM, which was 25 x
1073 mmolm~2s~! of lattice oxygen. In addition, this single
pulse consumed almost 100% of the methane fed; this repre-
sents the maximum consumption for the initial pulse over the
fully oxidized sample. Subsequent pulses consumed 44% and
19% of the methane fed. Methane consumption was <10% for
each subsequent pulse and for other compositions.

Further confirmation that we were measuring the surface re-
action rate comes from our data for the LSCM5050 catalyst
with the addition of 2 wt% platinum. Platinum is an active cat-
alyst for oxidation of hydrocarbon fuels. As discussed earlier,
the measured reaction rates were greatly enhanced by the added
platinum, up to a factor of 29 at 600 °C.

The observed trend in selectivity from total oxidation to par-
tial oxidation with decreasing lattice oxygen stoichiometry has
not been reported before. One cause of the change in selectivity
could be the observed change in structure from rhombohedral
R3c to orthorhombic Pnma for LSCM7525 and LSCM5050.
This is unlikely, however, because all of the materials showed
the same trend in selectivity.

LSCMS5050 has been previously reported to be a total oxida-
tion catalyst, even in methane-rich CH4/O; gas mixtures. Tao
et al. [24] found that at 700 °C, the selectivity toward CO; ap-
proached 100% for gas-phase oxygen concentrations ranging
from 10 to 70%. At 900°C, CO; selectivity increased over-
all from 70% CO; production at 10% oxygen to 100% CO;
production at 70% oxygen. At such high pO,, we would antic-
ipate an oxygen-rich lattice with relatively few oxygen vacan-
cies (3 — & close to 3). As such, the observed selectivity toward
total oxidation was consistent with our results at high oxygen
stoichiometry (Fig. 5). Indeed, we observed 70% selectivity to-
ward CO; at an oxygen stoichiometry of 2.71 on LSCMS5050
at 900 °C; however, the conditions in the reducing environ-
ment of the SOFC anode were significantly different, with an
equilibrium gas-phase pO, as low as 10720 atm. As such, the
oxygen stoichiometry of the catalyst in the anode will be closer
to the equilibrium values in H/N; measured by TGA (Table 1).
Consequently, we can expect LSCM-based catalysts to (unde-
sirably) favor partial oxidation under SOFC anode conditions.
This is in agreement with extrapolation of Tao et al.’s [24] selec-
tivity data at 900 °C, which suggests that for gas-phase oxygen
(<10%), partial oxidation would be favored.

The observed increase in catalytic activity with increasing
Mn supports the suggestion made earlier that the active re-
action site is associated with Mn on the B-site of the per-
ovskite. It also supports a MVK-type mechanism, because
Mn can be expected to be the most redox active species in
Lag75Sr925CryMn_,O3_s under these conditions. Methane
adsorbed on the surface of the LSCM is oxidized through re-
duction of the B-site cation. This surface reaction site is then re-
oxidized by lattice oxygen diffusing from the relatively oxygen-
rich core of the catalyst particle.

The measured decrease in selectivity toward total oxidation
with decreasing oxygen lattice stoichiometry may be related to
the availability of oxidized reaction sites. As the oxygen stoi-
chiometry decreases, the fraction of surface reaction sites in the
reduced state increases, decreasing the oxygen available for re-
action and favoring partial oxidation of CH4. An alternative to
this single-step partial oxidation mechanism to form CO is a
two-step mechanism in which CHy4 first undergoes total oxida-
tion to CO, and H;O, followed by a CHy dry-reforming step to
form CO and Hj. Note that we observed no reforming or par-
tial oxidation products at high oxygen stoichiometry, where the
CO; partial pressure was highest. As such, a two-step mech-
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anism requires that the fully oxidized catalyst be selective for
total oxidation, with the reduced catalyst active for both total
oxidation and dry reforming. The feasibility of such a two-step
mechanism is supported by the steady-state rates of CHy dry
reforming detailed in Fig. 8. The rates of CO production were
sufficiently high to account for all of the CO measured at low
oxygen stoichiometry during the pulse experiments (Fig. 7).
The perovskite lattice had a low oxygen stoichiometry during
these steady-state measurements due to the highly reducing gas
atmosphere. The rates of steam reforming were too low to ac-
count for the observed CO production rate.

As is well documented in the literature [40], separating these
two possible mechanisms is very difficult, and reaching a de-
finitive conclusion will require significant further study. In the
context of the SOFC anode, the production of CO, whether by
partial oxidation or dry reforming, is undesirable. CO exiting
the SOFC in the exhaust stream represents a loss of potential
fuel.

In addition to the oxidation state of the lattice, we must
consider the driving force for the oxidation reaction. With no
oxygen fed to the reactor, all of the oxygen for CH4 oxidation
reaction in both our experiments and the SOFC anode must be
supplied from the oxide lattice. As the lattice oxygen stoichiom-
etry approached equilibrium with the gas phase, the driving
force for total oxidation decreased, enabling either partial ox-
idation or dry-reforming reactions. Irrespective of the mecha-
nism of CO formation, the concept of increased CO; production
at high oxidation as a driving force is supported by the increased
range of oxygen stoichiometry, which favors total oxidation
with increasing Mn content (Fig. 5). As shown in Table 1,
the equilibrium oxygen stoichiometry under a highly reducing
atmosphere decreased with increasing concentration of the re-
ducible Mn cation. The difference between the current oxygen
stoichiometry and the equilibrium value was the driving force
for further reduction of the oxide through oxidation of methane;
therefore, at a fixed oxygen stoichiometry, the driving force
for reaction increased with increasing Mn content. We suggest
that this increased driving force led to increased formation of
total oxidation products. This concept is further supported by
the observation that on surface doping with an active total ox-
idation catalyst (Pt), the reaction selectivity demonstrated the
same trend in perovskite lattice oxygen stoichiometry as the
undoped sample. This further demonstrated that selectivity is
determined by the driving force for reduction of the underly-
ing perovskite lattice. An alternative explanation is that both Cr
and Mn cations are active for the oxidation reaction, with Mn
favoring total oxidation; however, this is in contradiction with
the observed increase in activity with increasing Mn content,
the selectivity toward total oxidation observed at high oxygen
lattice stoichiometry for materials with high Cr content, and the
data from the Pt-doped sample. Further work is needed to fully
explore this concept and gain insight into the influence of mixed
cations on the B-site.

One implication of the observed change in activity and selec-
tivity as a function of oxygen stoichiometry is that the catalytic
function of the LSCM materials will depend on the rate of
oxygen supply to the reaction site—that is, the ionic conductiv-

ity of the catalyst material. If oxygen supply is fast relative to
the surface reaction rate, then the reaction sites will be replen-
ished with oxygen quickly enough to keep the lattice oxygen
stoichiometry high and favor total oxidation. If the ionic con-
ductivity is low, then the oxygen stoichiometry could decrease
sufficiently to shift the selectivity toward the unwanted partial
oxidation reaction. MclIntosh et al. [8] reported a change in fuel
cell reaction selectivity from partial to total oxidation on in-
creasing the rate of oxygen supply by increasing SOFC current
density; we are currently working to probe this link for LSCM-
based anodes. Although increased Mn content favors total ox-
idation and decreases carbon deposition, it also decreases the
stability of the perovskite structure under reducing conditions.
These considerations must be balanced in SOFC development.

Finally, to assess the potential of these materials for use
in the SOFC anode, we compared the CO; reaction rate on
LSCM5050 with the rate required to attain an SOFC power
density of 1.0 W/cm? at 0.5 V. The required rate is 25.9 mmol
CO, ms_éFc s~!. The highest reaction rate attained experimen-

tally on LSCM5050 was 4.11 x 103 mmol CO, m;l%alyst s7!
at 900 °C, requiring an active anode surface area of 6302

mgamlyst ms_éFC, or 1.5 kg of active catalyst per square meter of

fuel cell. Using a density from XRD of 6.397 gcm™3, this rep-
resents a dense layer 200 um thick. This would be much thicker
when incorporating the required porosity. By analogy with the
SOFC cathode, we may anticipate the utilization region to ex-
tend only O(20) um from the electrolyte interface [48]. As such,
the specific activity of these materials does not appear to be suf-
ficient. We must work to either develop fabrication techniques
to increase the surface area of these materials or increase their
specific activity through the perovskite composition or surface
doping of more active materials.

5. Conclusion

XRD pure Lag75Sr925CryMn_,03_5 (x = 0, 0.25, 0.50,
0.75, and 1) was synthesized using a sol-gel technique. During
the TPR measurements in methane, the main oxidation product
was found to change from carbon dioxide to carbon monoxide
with increasing temperature. Pulse reactor studies revealed that
the catalytic activity and selectivity toward total oxidation of
methane for these materials decreased with decreasing lattice
oxygen stoichiometry, 3 — 8. For all compositions and for tem-
peratures above 700 °C, the selectivity was observed to change
from 100% toward total oxidation at high oxygen stoichiometry
to 100% toward partial oxidation at low oxygen stoichiometry.
Measured rates of dry reforming suggest that the partial oxi-
dation products were formed either from a single-step partial
oxidation reaction or by a two-step process with total oxida-
tion followed by dry reforming. Both the surface area-specific
rate of reaction and the range of oxygen stoichiometry favor-
ing total oxidation increased with increasing Mn content in the
lattice. The measured rates of reaction were insufficient for
high-performance SOFC, indicating the need for further im-
provements in catalytic activity of these novel oxides.
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