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Ternary perovskite oxides LaCr1−xNixO3, (x= 0 to 1.0) were eval-
uated as methane oxidation catalysts over the temperature range
300–500◦C and as a function of the partial pressures of oxygen and
methane (12–90 kPa). All catalysts are stable in oxygen containing
atmospheres, while oxygen starvation causes destructive reduction
to Ni metal for x> 0.5. The catalytic activity increases monotoni-
cally with the value of x. The nonseparable (composition, tempera-
ture) kinetics behavior is well correlated by an oxidation–reduction
mechanism for all catalysts. Based on the observed nonlinear in-
crease in catalytic activity with nickel content, Ni–O–Ni ensembles
are proposed as the key surface reagent. c© 1997 Academic Press

INTRODUCTION

Simple perovskites with the basic formula ABO3 have
been extensively investigated as catalysts (1–4) since it was
recognized that oxides could compete with metals in oxida-
tion reactions (5–8). The majority of studies have focused
on oxidation catalysis, although their use in other reactions
has also been reported. The perovskite lattice tolerates wide
variations in the identities of the A and B cations and pro-
vides a robust host for a large number of substitutions in-
volving either or both cation sites. This flexibility testifies
to the unusual stability of the structure and allows deliber-
ate variation in surface and bulk properties for individual
applications. These same compounds provide unmatched
opportunities to examine structure/property relationships
in a controlled manner.

The early lanthanide perovskites (particularly A=La,
B= first-row transition metal) have received the most at-
tention for oxidation catalysis, particularly in catalytic
combustion for environmental applications (destruction of
hydrocarbons, CO, NO). The thermodynamic stability to
reduction of the series of binary oxides LaBO3 decreases
along the sequence B=Cr to Ni (9, 10). A general correla-
tion between the catalytic activity of the various materials
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and the ease of reduction, both thermodynamic and kinetic,
has been found in many of these studies, conforming to a
persistent theme in oxide catalysis (11). For example, stud-
ies of methane oxidation over the binary oxides LaBO3

(12–15) show catalytic activity increasing across the series
(B=Cr to Co) with LaCrO3 the least active. The reported
activity of LaNiO3 relative to this series differs among the
various studies, from apparently being the most active (15),
to somewhat less active than LaCoO3 (12) to almost as poor
as LaCrO3 (13). This situation for CO oxidation activity
(12, 16–19) is similar, with LaCoO3 the most active and
LaNiO3 either similar (17) or inferior (12) in activity. The
presence of extraneous phases is a persistent problem in ob-
taining quantitative catalytic data (15, 20–23) and probably
explains some of the variability in results. Modification of
the surface activity of these materials during the reaction
has also been noted (15). The identity of the A cation is
clearly a significant factor in determining the catalytic activ-
ity (19, 22, 24); for example, NdCoO3 is superior to LaCoO3

(22) in methane oxidation. Generally, however, the identity
of the B cation has a larger influence.

LaBO3 oxidation catalysts can be improved by substi-
tutions on A and/or B sites. Partially substitution of La
by Sr, Ca, or Ba increases oxide ion mobility, reducibility,
and catalytic rates (12, 13, 15, 20, 23, 25–28). Optimum A
site compositions levels are typically La0.8Sr0.2 for both CO
and hydrocarbon oxidations. Substitutions of Sr for La in
La2NiO4 also increases methane oxidation rates (29). Sub-
stitutions on the B site have also received some attention.
Inclusion of 10% Ni or Co on the B sites in La0.8Sr0.2CrO3

produces increased oxygen availability and methane oxi-
dation rates (30). Cu substitution in LaMO3 (M=Fe, Mn,
Co) increased CO oxidation rates (23). Other doubly sub-
stituted (A and B) perovskites have been tested (21, 27,
31–35) and synergistic effects (superior performance of the
mixed B, B′ materials over the end members) reported
in some cases (31). In many of these studies, catalytic
rates were examined at a single gas composition or only
in terms of light-off temperatures—full kinetic studies of
reaction orders were obtained only in a minority of cases.
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No systematic study of the catalytic reaction kinetics of a
complete La(B, B′)O3 series has been reported.

In addition to surface catalytic properties, other materi-
als properties (electronic and ionic conductivity, magnetic
properties, and thermodynamic properties) are affected
by compositional changes. The simultaneous optimization
of several properties is necessary for membrane catalysts
based on mixed ionic/electronic conductivity (36, 37) and
for solid oxide fuel cell components (38–42). Not only are
substituted perovskites used in the current SOFC technol-
ogy as cathode and interconnect material (38, 43), but new
electrolytes (44, 45) and anode materials (40, 41) with the
perovskite structure are being investigated. Our interest is
in the latter application. Nickel substitutions in LaCrO3 al-
lows the use of this reductively robust lattice as a host, while
increasing the catalytic activity and conductivity (46, 47). In
this paper steady-state methane oxidation kinetics are re-
ported for the substitional series LaCr1−xNixO3. The synthe-
sis, structure, stability, and surface composition of this series
of oxides are described in an accompanying paper (48).

EXPERIMENTAL METHODS AND MATERIALS

Catalytic Materials

A brief summary of the materials and their pertinent
characteristics is included in Table 1. Duplicate syntheses
(denoted A and B) of the series LaCr1−xNixO3 (x= 0, 0.25,
0.50, 0.75, 1.0) produced single-phase (by XRD) perovskite
powders for the catalytic studies. Additional reference ma-
terials (denoted C) were also produced, largely to exam-
ine the role of small quantities of other phases (invisible
by XRD) which can arise with small deviations from per-

TABLE 1

Materials Used in This Study

Surface Ni Surface area

# Nominal composition (Ni+Cr) m2 g−1

A0 LaCrO3 0 3.3
A25 LaCr0.75Ni0.25O3 0.28 2.5
A50 LaCr0.5Ni0.5O3 0.44 3.5
A75 LaCr0.25Ni0.75O3 0.70 2.9
A100 LaNiO3 1 3.3
B0 LaCrO3 0 4.9
B25 LaCr0.75Ni0.25O3 0.19 6.6
B50 LaCr0.5Ni0.5O3 0.47 8.6
B75 LaCr0.25Ni0.75O3 0.71 7.9
B100 LaNiO3 1 8.1
C1 LaCr0.5Ni0.5O3 0.32 6.1
C2 NiO+B75 0.76 4.2
LA La2O3 — 3.0
CR Cr2O3 — 5.9
NI NiO — 1.3

Note. Details are in Ref. (48).

fect stoichiometry or incomplete mixing in the synthesis
of mixed oxides. The reference catalysts included the unary
oxides (La2O3, Cr2O3, NiO), a perovskite with intentionally
added NiO (C2) and one which was destructively reduced
to produce multiphase materials (C3), La2NiO4, and a sam-
ple produced with excess lanthanum (50%) in the original
Pechini solution (C1). This latter method assures complete
incorporation of the “B” cations into mixed metal oxides
during gelation and calcination. Subsequent leaching in cit-
ric acid removed nonperovskite materials.

Methane Oxidation Kinetics

Steady-state catalytic methane oxidation rates were mea-
sured using a downflow tubular quartz reactor (quartz,
4 mm i.d.) operated near one atmosphere total pressure
with gas chromatographic (MTI M200) analysis. The GC,
the flow meters (MKS 1159B) for the feed components,
and the furnace were all under computer control. For the
catalysis studies, the calcined powders were pressed into
pellets, crushed, and sieved to desired particle sizes (75–
150 µm diameter). Fresh catalyst charges of 0.20–0.30 g
were supported on an integral quartz frit and a thermocou-
ple in a quartz sheath was maintained in contact with the
catalyst charge. The resulting flow restriction together with
a similar one downstream accompanied by addition of in-
ert gas serves to minimize the gas residence time at reaction
temperature. Initially, the catalytic activities of all materi-
als were screened during one or more heating and cooling
cycles at one gas composition (CH4 : O2 : He= 2 : 1 : 5) with
rate measurements at defined temperature intervals (25 or
50◦C). Subsequently, the gas composition dependence was
measured for all materials over the temperature range 300–
550◦C by varying the methane (oxygen) partial pressure
(12.5–87.5 kPa) at a fixed oxygen (methane) partial pres-
sure of 12.5 kPa. A constant total flow rate (40 mL/min
at ambient) was maintained during these experiments. The
importance of product species in the rate law was tested
by gas residence time variation at one gas composition and
various temperatures. Thiele modulus calculations and ex-
perimental data over a range of particle sizes show that
mass transport limitations did not influence the reaction
kinetics at temperatures less than 500◦C and particle sizes
75–150 µm in diameter.

RESULTS AND DISCUSSION

Catalytic Kinetics: General Observations

Figure 1 shows the results of the temperature-program-
med reaction in a methane–oxygen mixture (CH4 :
O2 : He= 1 : 1 : 6) for several La(Cr, Ni)O3 catalysts. Two
distinct regions are apparent: the first, catalytic combus-
tion to CO2 and H2O, becomes significant between 350
and 600◦C and is the main focus of this paper. A general
increase in the conversion with nickel content at a given
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FIG. 1. Methane conversion as a function of temperature, 100 kPa
total pressure CH4 : O2 : He= 1 : 1 : 6, total flow 80 mL/min ambient: O=
empty reactor, shaded circles=LaCr1−xNixO3 catalysts x= 0.0, 0.25, 0.75,
and 1.00 (all 0.20 g), in increasing order of conversion and depth of shading.
The thermodynamic limit is given by the solid line.

temperature is apparent in Fig. 1. Methane conversion by
complete combustion is limited to 50% by oxygen star-
vation at this gas composition, however, further methane
conversion by the reforming reactions with the H2O and
CO2 combustion products is thermodynamically possible
at higher temperatures (above 650◦C) and becomes signifi-
cant in the second, high-temperature (above 750◦C) region.
At the cooler end of the reforming region (650 to 750◦C),
low selectivities (<.05%) to ethane and ethylene were ob-
served, indicating that small quantities of gas phase methyl
radicals are formed by surface reactions under these con-
ditions. The C2 selectivities drop to undetectable amounts
(<10 ppm) at higher temperatures. Carbon deposition is
thermodynamically possible over various ranges of com-
position and temperature sampled in this study, and was
observed in our experiments at the highest temperatures
(>850◦C) only in methane-rich gas mixtures (CH4/O2> 2).
In parallel with increased methane reactivity, carbon depo-
sition was also observed to be more facile on the nickel-
rich materials, and plugged the reactor on two occasions
over materials with high nickel content. No carbon depo-
sition was observed on LaCrO3 under any of the reaction
conditions.

Catalyst Stability

The ternary perovskites were all stable methane oxida-
tion catalysts except under two circumstances: (a) mild de-

activation was observed for most catalysts during the first
exposure to methane combustion conditions and (b) ma-
jor changes to the nickel-rich materials occurred due to de-
structive reduction under oxygen starvation. Typically, mild
deactivation by up to 50% was observed in the rates mea-
sured at 400◦C after the first temperature cycle of catalyst
screening even when the maximum reaction temperatures
(650◦C) were kept well below the 760◦C calcination tem-
peratures and oxygen starvation was avoided. A somewhat
larger average decrease in rates occurred for the nickel-
poor samples than for the nickel-rich ones. This initial de-
activation was accompanied by small decreases in surface
area, which accounted for some, but not all of the rate de-
crease, indicating some rearrangement of the surface during
the initial exposure. Similar changes were noted in previ-
ous studies of binary perovskites (15). No changes in XRD
or XPS were observed as a result of the rate decrease. Nor
were changes detected in the surface compositions after
exposure to high temperatures (500◦C) in vacuum or after
extensive use as a methane oxidation catalyst at tempera-
tures up to 600◦C, again provided that the reaction did not
proceed to oxygen starvation. Subsequent cycles gave sta-
ble reproducible rates and surface areas over several days.
Furthermore, reductions in the surface areas of these mate-
rials by higher-temperature calcination resulted in propor-
tional decreases in rate, indicating stable rates-per-unit sur-
face area. These stable “run-in” rates were used for kinetic
analysis below. Under oxygen starved conditions at high
temperatures, LaNiO3 decomposed, the catalyst plugged
with carbon at 850◦C, and La2NiO4 and NiO were visible
by XRD in the recovered material which had been cooled
in methane–oxygen mixtures.

Methane Combustion Kinetics

Table 2 summarizes the catalytic results for all the ma-
terials tested. Data obtained under differential conditions
with conversions of the limiting reagent less than 10% were
included in the kinetic analysis.

Catalyst screening: dependence on catalyst composition.
The rates of methane combustion at one standard reac-
tion condition (400◦C, CH4 : O2 : He= 2 : 1 : 5) are shown in
Fig. 2. A general, scattered increase is seen with increasing
nickel content. The error bars in Fig. 2 indicate the repeata-
bility of the rates for the same catalyst preparation and
include all measured rates after the first temperature cy-
cle. Different symbols distinguish the A and B preparative
series. Also included are the rates measured for the refer-
ence catalysts. These rates are consistent with previously
published data for the end members and reference cata-
lysts. Previously published data for LaCrO3 and LaNiO3

(13, 15) are shown in Fig. 2. These values, obtained at
lower methane partial pressures than ours, were extrapo-
lated to our conditions using our rate laws discussed be-
low, and the agreement is satisfactory. Interestingly, the
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TABLE 2

Kinetic Parameters for Methane Oxidation

Model rate parametersb

Catalyst 2 : 1 : 5 Rate parametersa

log (Ac /µmol s−1 log (Ao/µmol s−1

# Nominal composition log (A/µmol s−1 m−2) E/kJ/mol m−2 atm−1) Ec kJ/mol m−2 atm−1) Eo/kJ/mol Fitc %

A0 LaCrO3 5.37 101 6.14 97 — — 12
A25 LaCr0.75Ni0.25O3 5.48 90 6.25 94 9.96 131 7
A50 LaCr0.5Ni0.5O3 5.67 109 7.86 102 8.33 105 12
A75 LaCr0.25Ni0.75O3 6.29 93 7.16 99 7.67 95 16
A100 LaNiO3 6.46 95 7.80 98 8.25 99 8
B0 LaCrO3 7.05 108 6.15 89 10.19 128 19
B25 LaCr0.75Ni0.25O3 6.13 100 6.04 89 8.22 109 10
B50 LaCr0.5Ni0.5O3 6.52 100 6.90 94 8.13 104 6
B75 LaCr0.25Ni0.75O3 6.15 96 6.75 92 7.62 99 5
B100 LaNiO3 6.00 86 7.01 88 7.41 88 5
C1 LaCr0.5Ni0.5O3 5.99 98 6.55 94 8.38 111 8
C2 NiO+B75 7.42 98 6.84 93 8.48 109 9
LA La2O3 8.70 139 — — — — —
CR Cr2O3 7.15 108 — — — — —
NI NiO 7.44 99 9.33 107 8.23 95 14

a Rate at CH4 : O2 : He= 2 : 1 : 5 (100 kPa)=A exp{−E/RT}.
b kc=Ac exp{−Ec /RT}, similarly for ko (see text).
c Standard deviation of model fit.

nickel-poor samples (including LaCrO3) which showed
somewhat greater initial deactivation also showed more
rate variability between sample preparations. NiO has a
similar, somewhat higher specific activity compared to
LaNiO3, in agreement with previous measurements (14, 15)
while the specific rates for Cr2O3 and La2O3 bracket our
observed values for LaCrO3. La2NiO4 has a low specific ac-
tivity similar to that for La2O3, in agreement with previous
data (14, 15). The Arrhenius parameters for each catalyst
in this gas mixture are listed in Table 2. The activation en-
ergies are in general agreement with previously published
values: 120 (13) and 142 (15) kJ/mol for LaCrO3, 81 (13)
and 79 (15) kJ/mol for LaNiO3, 100 kJ/mol for NiO, and
101 kJ/mol for Cr2O3 (15). The activation energies depend
somewhat on gas composition, as discussed below. The rates
of the multiphase reference catalysts (see Table 2) show
that adding NiO to LaCr0.25Ni0.75O3 (sample C2) results in
a small decrease in the rate despite the addition of nickel.
Similarly, the destructively reduced material showed little
change in reactivity. Finally, the LaCr0.50Ni0.50O3 (C1) mate-
rial prepared with excess La showed a rate consistent with
its surface nickel content and this rate is also included in
Fig. 2.

Kinetic analysis. Different rate laws for methane oxi-
dation hold for each catalyst composition over the range
of conditions. Furthermore, the rate laws are not separa-
ble, i.e., for most of the catalysts, there is coupling between
the gas composition dependence and the temperature de-
pendence (the apparent activation energy depends on gas
composition and the effective reaction orders depend on

temperature). Thus, although the trend apparent in Fig. 2
holds over the relevant range of gas compositions and tem-
peratures, the quantitative dependence of rate on catalyst
composition depends on the reaction conditions. An anal-
ysis of these aspects is necessary prior to a quantitative de-
scription of the effect of nickel content. A power law rate
expression,

r = k PCH4
nPm

O2
, [1]

provides adequate fits (r2≥ 0.98) to the data over the range
of conditions here and is used to correlate the data. For
all materials, the effective methane reaction orders, n, are
larger (0.5 to 1) than the oxygen orders, m, (0 to 0.25). The
following trends were observed:

(1) the methane and oxygen orders are generally anti-
correlated: higher methane orders are associated with lower
oxygen orders and vice versa. Figure 3 illustrates this trend
with the raw data for LaCr0.75Ni0.25O3, the lines are fits by
the redox model discussed below;

(2) the methane orders are lower and oxygen orders
generally higher for the materials with higher nickel content
at the same temperature; and

(3) the oxygen pressure dependences generally be-
come weaker, while the corresponding methane depen-
dences become stronger with increasing temperature.

As a corollary to point (3), the activation energies which
fit the data are generally lower in oxygen rich reactant mix-
tures (associated with lower oxygen reaction orders) than in
methane rich compositions. Points (2) and (3) are illustrated
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FIG. 2. Reaction rates as a function of surface composition x=Ni/
(Cr+Ni) at a single reaction condition (400◦C, 100 kPa total pressure
CH4 : O2 : He= 2 : 1 : 5, 0.20 g catalyst, total flow 80 mL/min): diamonds are
the LaCr1−xNixO3 materials (solid=A series, shaded=B series, open=C
series). Reference compounds are shown by open diamonds outside
0< x< 1 field and are labeled. Results from previous studies are squares
(open, Ref. (13); shaded, Ref. (15)) and were extrapolated to our condi-
tions using our rate laws (see text).

in Fig. 4 for the catalysts (x= 0.0, 0.25, 0.50, and 0.75, 1.00)
and temperatures between 300 and 500◦C. The behavior of
LaNiO3 does not quantitatively continue the trend, and the
effective reaction orders show a weaker temperature de-
pendence. The dashed line in Fig. 4 indicates the trend seen
for LaNiO3—the data points have been omitted for clar-
ity. Figure 5 plots the effective orders in methane against
those for oxygen. The anticorrelation of methane and oxy-
gen dependences for the LaCr1−xNixO3 materials is scat-
tered, but apparent. Results for two of the reference com-
pounds (NiO and C2) are also included. The solid line is
predicted by the analysis below. The distinct behavior of
NiO, compared to the perovskites and the Ni-impregnated
material, indicates a negligible contribution by extraneous
NiO in the perovskite-catalyzed rates. Even the perovskite
with intentionally added NiO exhibits similar kinetics to
the perovkites despite NiO being evident in XRD. A redox
mechanism such as that originally proposed by Mars and
van Krevelen (MVK) (49) provides a rational explanation
of the observed behavior. According to MVK, the catalysis
is accomplished by alternating, irreversible reduction and

FIG. 3. Reaction rates as a function of gas composition for
LaCr0.75Ni0.25O3: panel (a) P(CH4)= 12.5 kPa, panel (b) P(O2)= 12.5 kPa;
data in each are for T= 350◦C, 400◦C, 450◦C, 500◦C in increasing order of
rate; lines are model fit (parameters in Table 2) described in the text.

FIG. 4. Reaction orders (methane, upper group; oxygen, lower group)
as a function of temperature for the catalyst series LaCr1−xNixO3 (x= 0.0
(r), 0.25 (¤), 0.50 (¥), 0.75 (e), 1.00 (- - - -)).
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FIG. 5. Methane reaction orders plotted against oxygen orders:
r= data from Fig. 4 (x= 0.0 to 0.75), s=LaNiO3, e=NiO+
LaCr0.25Ni0.75O3(C2), n, =NiO. Solid line is predicted by model described
in the text (α= 1, β = 1).

oxidation reactions at surface sites represented by the two
unbalanced (multistep, nonelementary) reactions below,

CH4 +O→ Products+ , rate = rc = r o
c θ [2]

O2 + → O, rate = ro = r o
o (1− θ), [3]

where and O represent reduced and oxidized sites, re-
spectively, and θ is the fraction of the sites which are oxi-
dized. The observed rate is related to the maximum intrinsic
rates, r o

c (all sites oxidized) and r o
o (all sites reduced) of the

two processes, by

1/robs = 1/r o
c + 1/r o

o . [4]

If one process is inherently much slower than the other, the
rate law for the slow step will determine the observed rate
law for the overall process. If neither can be neglected then
the observed rate law is determined by both sets of kinetic
parameters in accordance with Eq. [4]. It is easy to show
that if the two processes have the following rate laws

r o
c = kc Pα

CH4
[5]

and
r o

o = ko Pβ

O2
[6]

that the observed effective orders, n and m, taken around

a single composition are given by the expressions

n = α[1− r o
c

/(
r o

c + r o
o

)]
[7]

and

m= β[1− r o
o

/(
r o

c + r o
o

)]
. [8]

When taken over a finite range of partial pressures, of
course, this model predicts curved order plots as shown in
Fig. 3. Single orders which best fit the data over the par-
tial pressure range are predicted to follow the solid line
in Fig. 5 if the rate laws in Eqs. [5] and [6] are first order
(α=β = 1). Good fits to all the data were obtained with this
simple model, with simple Arrhenius expressions for kc and
ko. The procedure for each catalyst (and for each α, β com-
bination) involved first obtaining the best values of kc and
ko, according to Eqs. [4]–[6] at each temperature followed
by fitting these values over the temperature range to obtain
Arrhenius parameters. Since the methane orders were near
unity when the oxygen orders were near zero, α was always
assumed to be unity and values of β = 1 and 0.5 were ex-
amined. If the values of α and β were constrained to be the
same for all the catalysts, the best fits were obtained with
α=β = 1 and these optimum rate constant parameters are
included in Table 2. The rates predicted with these param-
eters reproduce every experimental data point to within
20% (worst point) with no systematic deviations. The stan-
dard deviations between model and experiment are listed
for each catalyst in Table 2. Close scrutiny of the data re-
veals that the model fails in minor ways to reproduce the
data. For example, the oxygen orders for x= 0.5 and 0.75
in Fig. 3 do not decrease as rapidly with temperature as ex-
pected from the increase in methane orders. Such discrep-
ancies produce the scatter visible in Fig. 5. Nevertheless, a
large part of the coupling between the gas composition and
temperature dependences is explained by this model.

A consistent picture emerges from this interpretation of
the data. For the chromium-rich catalysts, methane orders
near unity and oxygen orders near zero imply that methane
activation is the limiting process. The rates of both processes
increase with increasing nickel content at a given tempera-
ture, but the methane activation increases more rapidly, so
that site reoxidation becomes increasingly limiting for the
nickel-rich catalysts resulting in lower methane orders and
non-zero oxygen orders. Furthermore, a higher activation
energy for site oxidation (ko) than for methane activation
(kc) results in the trend toward n= 1, m= 0 at higher tem-
peratures as well as the lower activation energies in oxygen-
rich reactants, especially apparent in the nickel-poor mate-
rials.

Correlation of Kinetics with Catalyst Composition

With this analysis it is possible to discuss quantita-
tively the trends in the reactivity of these materials with
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FIG. 6. Model rate constant parameters kc (diamonds) and ko (cir-
cles) derived from the data as a function of composition parameter, x in
LaCr1−xNixO3: upper grouping at 450◦C, lower grouping at 350◦C. Lines
through kc are quadratic (k∝ x2) and through ko are linear (k∝ x).

composition. Figure 6 shows how the rate constants de-
rived from the model depend on composition for two tem-
peratures. The methane activation rate constants, kc (filled
symbols), increase on average even more rapidly than the
overall rate with increasing amounts of nickel, since site re-
oxidation becomes more limiting for the nickel-rich materi-
als. The lines drawn through the data represent a quadratic
response to the surface nickel concentration. This provides
a reasonable fit, although contributions by the chromium
content of the surface obviously cannot be ignored (the val-
ues for LaCrO3 are shown on the left-hand edge of Fig. 6).
The site oxidation rate coefficients, ko (open symbols), show
a weaker but still positive response to increasing nickel con-
tent. Larger uncertainties in the values of ko result from the
relatively minor influence of this step on the overall kinetics
for all but the nickel-rich materials. Only lower limits are
available for some of the chromium-rich materials since
the kinetics approach first order in methane. Nevertheless,
a general increase can be detected within the scatter of the
data for the nickel-containing materials which is less pro-
nounced than that for kc. For comparison, the lines drawn
through these data represent a linear dependence on sur-
face nickel content.

SUMMARY AND CONCLUSIONS

Most of the prior kinetics studies of perovskite catalysts
involved lower methane partial pressures (1–10 kPa) and
somewhat higher temperatures, which were tailored to eval-

uate the performance of these materials as environmental
remediation catalysts for deep oxidation of low-level hydro-
carbon contaminants. Many of these studies include only
cursory evaluation of the kinetics (rates and activation en-
ergies at one gas composition, light-off temperatures, etc.)
while a few have attempted to construct rate laws and re-
late them to the reaction mechanism. None have reported
in detail on the materials here. In the previously published
studies on other LaBO3 perovskites there are similarities
and differences with our results. The various mechanisms
which have been invoked to explain these results differ
mainly in whether the reactive oxygen is supplied from the
lattice and/or the gas phase, and whether the supply from
the gas phase is reversible or irreversible. Several investi-
gators have reported rate expressions which are first order
in methane pressure and exhibit variable effective oxygen
orders between 0 and 0.5 (13, 15, 29). This kinetic behavior
has been rationalized by a model wherein oxygen is sup-
plied by two parallel and reversible (i.e., not rate-limiting)
processes: first, from the gas phase (from which oxygen or-
ders of 0 to 0.5 arise from dissociative Langmuir adsorption)
and second, from the lattice (giving a zero-order term). In
some of the studies, these two oxygen sources are further
associated with distinctly different TPR/TPO (3, 17, 28, 30,
33, 41), oxygen TPD (17, 35, 15, 2, 21, 23), or XPS features
(1, 23, 50, 51). The MVK redox model, on the other hand,
assumes that the supply of oxygen from the gas phase is
irreversible, occurring only when a reduced site is made
available by the reaction. This allows site oxidation to be a
limiting factor in the kinetics, modifying the methane pres-
sure dependences, consistent with the kinetic behavior seen
here and in other studies. Both models are obvious oversim-
plifications of the actual mechanism and are not unique, but
they provide useful means of evaluating kinetic data, and
rationalizing the two types of kinetic behavior seen in this
reaction. The oxygen and methane orders reported by Arai
et al. (13) for La0.8Sr0.2BOx (B=Co, Mn) show no anticorre-
lation; methane orders are never less than 0.9 even though
the effective oxygen orders rise to 0.5 at lower reaction
temperatures. Clearly these results are not consistent with
a redox mechanism like MVK. Similar findings have been
reported by others (29, 15), and interestingly, all involve
materials with A site substitutions. In other cases, however,
consistency with MVK has been observed. In particular,
the data in Figs. 6.2 and 6.3 of Ref. (15) indicate effective
methane orders less than unity concurrent with finite oxy-
gen orders for LaFeO3 and LaCoO3 catalysts. Analysis of
the data in Figs. 6.2 and 6.3 yields n= 0.81, m= 0.24 for
LaCoO3 and n= 0.75, m= 0.21 for LaFeO3. Additionally,
the oxygen effective orders decrease with increasing tem-
perature for LaFeO3 (Fig. 6.8 in Ref. (15)), similar to our
results although the corresponding methane dependences
are not given. Interestingly, these materials are not substi-
tuted on the A sites. Although no deliberate variation of gas
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composition was involved in their study, Klvana et al. (52)
did report the use of the MVK rate expression to fit the con-
version vs. residence time curves at various temperatures
over (La,Sr)(Ni,Co)O3 catalysts. The data were fit better
by MVK than by the two-term model. Many other stud-
ies simply report first-order methane dependences which
do not discriminate between the two models, especially at
the low-methane partial pressures characteristic of these
studies. Substitution on the A site greatly increases lattice
oxygen mobility, which provides a pathway for greater re-
oxidation rates in these materials, and perhaps explains the
distinct kinetic behavior.

The reactivity trends with nickel content can be rational-
ized by a simple local site model which assumes (1) that
the surface oxygen species associated with two Ni cations
dominate the surface activation rate, (2) that the reactivity
of these species in independent of the Cr content of the
material, and (3) that the distribution of Ni on the B sites is
random. All oxygen atoms in the structure are equivalent
and coordinated to two B cations. Ni–O–Ni ensembles in
the nickel-containing materials are good candidates for the
reactive species since a local defect can be formed without
cation migration, i.e.,

Ni3+–O2−–Ni3+ → Ni2+– –Ni2+ (+1/2O2). [9]

A random population of B sites by Ni ions would produce
a surface density of Ni–O–Ni ensembles proportional to
x2, in agreement with the dependence found in Fig. 6. This
purely statistical interpretation contains the underlying as-
sumption that the reduction kinetics of the individuals sites
are not sensitive to the overall nickel content. We also note
that the onset temperature for the first wave of reduction
in hydrogen (48) is similar for all the materials and the ini-
tial reduction kinetics have the same dependence on Ni
content as the methane reactivities. This is undoubtedly an
oversimplified interpretation—the generalized XPS shifts
suggest non-local electronic changes in the materials which
might influence the rate of defect formation. Furthermore,
the observed rate is likely averaged over surface hetero-
geneity. Nevertheless, this picture is appealing. Previous
studies have used both kinetic measures (TPR) and ther-
modynamic measures of reducibility to correlate catalytic
rates. There are currently no data available regarding the
thermodynamics of the reduction of LaCr1−xNixO3 to test
this alternate interpretation.

The general catalytic behavior is well explained by the
foregoing simple mechanistic scheme. Not explained, how-
ever, are the remaining variations in surface reactivity both
during the life of each material and between the different
synthetic series. The most likely cause is variability in the de-
tailed surface chemistry, including variable fractional cover-
age by the various low index planes, defects, non-statistical
cation distribution, and, of course the remaining effect of

small quantities of non-perovskite phases. In summary, the
substitution of Cr by Ni in LaCrO3 produces higher catalytic
activity while preserving the inherent reduction stability of
the lattice so that operation at very reducing conditions
is possible, as long as the Cr/Ni ratio is greater than 1.0.
Clearly, an increase in surface Ni content is a desirable goal
and, if the model is correct, non-random cation distributions
at the surface could also enhance the reactivity. Future in-
vestigations will examine in more detail the relationship of
surface structure and reactivity and aspects of the electro-
catalytic performance of the LaCr1−xNixO3 oxides.
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