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Self-sustained, regular oscillations were observed in NO+
CH4+O2 reaction over Pd/TiO2 catalysts at specific temperatures
and oxygen concentrations. The oscillatory behavior was investi-
gated combining NO reduction and methane combustion reaction
studies with additional catalyst characterization experiments per-
formed under controlled atmospheres. The catalyst was prepared
using a wet impregnation technique with Pd–acetate as the precur-
sor for palladium. A fixed-bed, flow reactor system was used to per-
form the NO+CH4+O2 and CH4+O2 reaction experiments. Feed
and product analyses were done on-line using gas chromatography–
mass spectrometry, chemiluminescence, and wet chemistry tech-
niques. Additional catalyst characterization was performed using
thermal gravimetric analysis and high-temperature, controlled-
atmosphere X-ray diffraction techniques. Detailed analysis of the
oscillatory behavior has indicated that oscillations in the product
and reactant profiles are coupled with temperature oscillations in
the catalyst. When combined with controlled-atmosphere charac-
terization experiments, these results, which can be reproduced in
both NO+CH4+O2 and CH4+O2 systems, suggested that the os-
cillations are the result of periodic phase change of palladium on
the surface. These cyclic phase transformations, in turn, are the re-
sult of temperature variations that are caused by the varying levels
of exothermicity of the two major reactions, namely NO reduction
and CH4 combustion, that are favored by the metallic and the oxidic
sites, respectively. c© 1997 Academic Press

INTRODUCTION

In recent years much attention has been paid to the ob-
servation and analysis of oscillatory systems in chemistry,
physics and biology. Detailed analysis of these systems pro-
vides us with some unusual insights into the mechanism
of the physicochemical reactions occurring within the sys-
tem. Several heterogeneous reactions have been reported
to oscillate under specific conditions (1–6). In general, oscil-
latory behavior in heterogeneous systems has been poorly
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understood. Studying this behavior can provide informa-
tion which could not be extracted from the analysis in the
nonoscillatory mode.

Most of the heterogeneous catalytic reactions exhibiting
oscillatory behavior involve oxygen participation and are
exothermic in nature. Very often when these reactions os-
cillate, oscillations are also observed in the temperature of
the catalyst surface. CO oxidation over Pt-based catalysts is
probably the most widely studied heterogeneous catalytic
reaction exhibiting oscillatory behavior (7–11). Nitric oxide
reduction reactions with reducing agents such as hydrogen
(12), ethylene (13), and propane (14) in the presence of
oxygen have been reported to exhibit oscillatory behavior
under certain conditions. The methane oxidation reaction
has also exhibited oscillatory behavior over Pd catalysts
(15).

In our previous studies, we have reported that NO could
be effectively reduced by CH4 over Pd/titania catalysts
(16–18). In our more recent work we have investigated the
effect of oxygen concentration and temperature on the ki-
netics of this reaction (19). We have also used isotopic trac-
ers to investigate the mechanistic aspects of this reaction
(20). The kinetics of the NO–CH4 reaction were studied in
the presence of oxygen at 500, 550, and 600◦C. At each of
these temperatures, above a certain critical oxygen concen-
tration in the gas phase, regular, self-sustained oscillations
were observed in the product and reactant profiles. Mass
spectrometry was used in conjunction with different iso-
topes to separate products with similar m/e ratios to study
these oscillations. In addition to the NO+CH4+O2 reac-
tion, we have observed oscillations in the CH4+O2 reaction
as well. In this paper we present findings from studies aimed
at understanding the nature and the cause of this oscillatory
behavior.

EXPERIMENTAL

Catalyst Preparation

The catalyst used in this study was 2 wt% Pd/TiO2

which was prepared using a wet impregnation technique.
The preparation has been described earlier (16). The TiO2
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(anatase) (Aldrich) support was wet impregnated with a so-
lution of Pd–acetate (Aldrich), with addition of oxalic acid
to keep the pH at 4.0. The solution, which was stirred at
90◦C for 4.5 h, was dried overnight at 100◦C. The resulting
catalyst was then calcined at 500◦C for 5 h in oxygen. The
resulting catalyst had a surface area of 12.0 m2/g.

Catalyst Characterization

The catalyst used in this study was characterized using
several techniques such as BET surface area measurements,
scanning electron microscopy, laser Raman spectroscopy,
X-ray photoelectron spectroscopy, X-ray diffraction, and
thermal gravimetric analysis (TGA). The details of the cata-
lyst characterization studies have been presented earlier
(19).

Analysis of Oscillatory Behavior

The analysis of the oscillatory behavior in the NO–CH4

reaction over a 2% Pd/TiO2–anatase catalyst was per-
formed using a flow reactor system discussed in detail ear-
lier (19, 20). It consists of a feed system with mass flow con-
trollers (Tylan model FC-280), a fixed-bed reactor, and a
gas chromatograph–mass spectrometer (Hewlett–Packard
5890 GC-Hewlett–Packard 5989A MS engine). All the feed
gases were mixed in a single stream prior to being sent to
the reactor. The reaction experiments were carried out on a
fixed bed of catalyst in a tubular reactor measuring 6.4 mm
o.d.× 4.6 mm i.d. The catalyst loading was kept constant
at 37.5 mg for different reactions. Quartz wool was placed
at both ends of the catalyst bed to fix the solids in place.
The temperature of the reactor was controlled by a PID
controller (Omega CN 9111A). The effluent gases from the
reactor were analyzed by bleeding a small amount through
a blank capillary column into a gas chromatograph–mass
spectrometer (GC–MS) (HP 5989 MS engine). The actual
amount of effluent entering the MS detector was deter-
mined by the vacuum level inside the detector. The tem-
perature of the MS source was kept at 100◦C. The product
analysis was carried out by using an on-line GC and on-line
chemiluminescence NOx analyzer (Thermo Environmen-
tal Instruments, Model 10). The reaction temperature was
varied between 500 and 600◦C. The NO and CH4 concen-
trations were kept at 1780 ppm and 2.13%, respectively.
The oxygen concentration was varied between 0 and 1.3%.
Isotopes of reactants such as 13CH4 and 15N18O were used
to separate products with similar m/e ratios such as CO and
N2 with m/e= 28, and CO2 and N2O with m/e= 44. Tem-
perature inside the catalyst bed during the oscillations was
measured with a type K, grounded-junction thermocouple
(Omega) with a diameter of 0.02 in. The time constant of
the thermocouple is reported to be 0.2 s with water at room
temperature. The temperature oscillations were recorded
by a real-time, computerized data acquisition system.

Thermogravimetric Analysis

Thermogravimetric analysis was performed over this
catalyst with two different temperature programs. In the
first program, the catalyst was heated from room tempera-
ture to 1100◦C at a rate of 20◦C/min followed by an isother-
mal stretch at this temperature for 60 min. After the isother-
mal stretch the furnace was programmed to cool the catalyst
to room temperature at a rate of 10◦C/min. In the second
temperature program, the catalyst was heated to 900◦C at
a rate of 20◦C/min followed by an isothermal stretch at this
temperature for 2 h after which the catalyst was cooled to
room temperature at a rate of 10◦C/min. These TGA ex-
periments were performed in ambient air.

In thermogravimetric analysis, the weight and temper-
ature of the catalyst were monitored with an ATI CAHN
microbalance (Model TG-171) with a sensitivity of 1µg and
a B-type thermocouple, respectively.

Controlled-Atmosphere X-Ray Diffraction

High-temperature X-ray diffraction analysis was per-
formed using an X-ray diffractometer (Scintag XDS-2000
equipped with a 0.85-liter controlled-atmosphere chamber
and a platinum heating stage that could go up to 1600◦C).
The instrument had a Cu anode, 2-kW sealed-tube X-ray
source, 2-2 goniometer, and a i-Ge solid state detector.
The power used was 45 kV and 20 mA and the slits were
set at 1 mm. The objective of this experiment was to ver-
ify the rapid transition between the Pd and PdO phases
on the surface under a controlled environment. Pure PdO
samples were obtained from Aldrich and used in this exper-
iment without any further treatment. The heating stage was
maintained at a constant temperature with the PdO sample
on it. The sample chamber was filled with 1% O2 (balance
He) and a stream of this gas was constantly flushed through
the sample chamber during the experiment. The intensity of
the (101) reflection in PdO (d= 2.644 Å) was monitored as
a function of time with 1% O2 in the surrounding environ-
ment at three different temperatures, 500, 600, and 700◦C.
The PdO sample was maintained at the particular temper-
ature for at least 30 min prior to the collection of data to
ensure that an equilibrium has been achieved between the
palladium sample and the gas phase oxygen.

RESULTS

Reaction Experiments

At 500◦C complete NO conversion was obtained when
CH4 was used as a reducing agent in the absence of oxy-
gen. Methane conversion was around 3.1% under these
conditions. When the oxygen concentration was raised to
2100 ppm, still complete NO conversion was observed and
the methane conversion increased to 7.1%. When the same
reaction was investigated with the oxygen concentration
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of 2980 ppm, complete conversion for NO was observed
and the methane conversion was seen to increase to 10.3%.
When the oxygen concentration was increased to 3800 ppm
the reaction exhibited self-sustained and regular oscilla-
tory behavior in both reactant and product profiles. This
experiment was repeated using 13C-labeled methane to dif-
ferentiate between different species which have the same
m/e ratios. The oscillations obtained by monitoring the
quadrupole signal for selected ions as a function of time are
presented in Fig. 1. The amplitude of oscillations as a raw
quadrupole signal is also indicated in Fig. 1. The methane
conversion was seen to oscillate between 3 and 16%, while
the NO conversion was seen to oscillate between 93 and
11%. The NO and CH4 oscillations were observed to be out
of phase with each other. The N2 and N2O signals were also
out of phase with one another and the maxima for N2 signal
coincided with the minima for NO signal (i.e., maxima for
NO conversion). The period of oscillations for all product
and reactant concentrations were the same at about 23 s.
Figure 2a shows three complete oscillation cycles of NO
and CH4 signals in superimposed form, clearly showing the
minima in NO signal coinciding with the maxima in CH4

signal. Figure 2b depicts the same three cycles for the CH4

and N2 signals, showing them to be in phase with each other,
the implication being that the highest methane conversion
coincides with the lowest N2 yield.

FIG. 1. Oscillations in reactant and product concentrations in the
NO+CH4+O2 reaction.

FIG. 2. Oscillations in (a) NO and CH4 profiles and (b) N2 and CH4

profiles.

Keeping the same reactant concentrations that gave oscil-
lations at 500◦C, the temperature of the system was raised to
550◦C. At this temperature, the oscillatory behavior disap-
peared giving a steady NO conversion approaching 100%.
Increasing the oxygen concentration at this temperature to
8700 ppm again resulted in the oscillatory behavior of the
catalyst. When the temperature was raised to 600◦C, at the
same oxygen concentration of 8700 ppm, the oscillations
disappeared and the NO conversion went back to ∼100%.
A similar oscillatory behavior was exhibited by the catalyst
at 600◦C at 13,100 ppm of oxygen in the feed stream. The
period of oscillations was seen to decrease with increas-
ing temperature and oxygen partial pressure. A listing of
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FIG. 3. Temperature oscillations in the NO+CH4+O2 reaction.

the conditions under which oscillatory versus nonoscilla-
tory behavior is observed is presented in Table 1. It sum-
marizes the conversion data from different phases of this
study, some of which have been presented earlier (19).

When the temperature of the catalyst bed was monitored
by a thermocouple placed directly in the bed, the temper-
ature of the catalyst was also seen to oscillate in synchro-
nization with the oscillations observed in the concentrations
of reactants and products (Fig. 3). The amplitude of tem-
perature oscillations was 2◦C. The maxima for temperature
coincided with the minima in NO conversion and maxima
in the CH4 conversion. The period of oscillations was 23 s
for temperature oscillations, similar to what was observed
for concentration oscillations.

At 500◦C the oscillatory behavior was observed over a
range of oxygen concentrations from 3800 to 6500 ppm. At

FIG. 4. Conversion and selectivities in the NO+CH4+O2 reaction at O2 concentrations below and above the oscillatory region.

TABLE 1

Conditions for Oscillatory and Nonoscillatory Behavior
of NO+CH4+O2 Reaction

T (◦C) O2 concentration (ppm) % NO conversion % CH4 conversion

400 0 ∼100 1.5
450 0 ∼100 1.8
500 0 ∼100 3.1
500 2100 ∼100 7.1
500 2980 ∼100 10.3
500 3800 Oscillations
500 6500 Oscillations
550 2100 ∼100 9.7
550 2980 ∼100 12.5
550 7000 ∼100 20.9
550 8700 Oscillations
600 2100 ∼100 13.2
600 2980 ∼100 13.6
600 7000 ∼100 23.3
600 11725 ∼100 36.7
600 13100 Oscillations

an oxygen concentration of 7500 ppm, oscillations disap-
peared and the NO conversion remained steady at 10%.
Methane conversion at this point was 17.5%. N2O se-
lectivity was seen to increase and the N2 selectivity was
seen to decrease in comparison to the selectivity values
observed at oxygen concentrations that were lower than
those that led to oscillations at the same temperature. A
comparison of conversions and selectivities obtained below
and above the oscillatory regime at 500◦C is presented in
Fig. 4.
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FIG. 5. Oscillations in reactant and product concentrations in the CH4+O2 reaction.

Methane oxidation reaction experiments were also per-
formed under identical conditions keeping CH4 and O2

concentrations at 2.13% and 3800 ppm, respectively, at
500◦C. Similar self-sustained oscillations were observed in
the methane oxidation reaction. The reactant and product
profiles observed in this reaction are presented in Fig. 5. As
expected, the CH4 signal CO2 signal are out of phase with
each other. The methane conversion was seen to oscillate
between 7 and 13%. When the catalyst bed temperature
was monitored as a function of time, temperature oscil-
lations of about 2.0◦C were observed. These oscillations
are presented in Fig. 6. The product oscillations and the
temperature oscillations appeared to be in phase with each
other. The period of oscillations for concentrations and for
temperature was around 23 s. At 500◦C, increasing the O2

concentration to 7500 ppm took the system out of the os-
cillatory regime and gave a steady methane conversion of
18.8%.

FIG. 6. Temperature oscillations in the CH4+O2 reaction.

Thermogravimetric Analysis

Thermogravimetric analysis was performed on the oxi-
dized Pd/TiO2 catalyst with two different temperature pro-
grams. During the first temperature program, which in-
volved increasing the temperature to 1100◦C and keeping
it at that level for 1 h followed by cooling to room temper-
ature, it was observed that there was a sudden weight loss
when the temperature of the catalyst reached around 875◦C.
The weight loss corresponded to the theoretical amount
of oxygen associated with palladium oxide in the catalyst.
During the isothermal stretch of the temperature program,
the weight of the catalyst was seen to oscillate as shown
in Fig. 7. The amplitude of these oscillations correspond
to about 1.5% of Pd being reoxidized to PdO. When the
temperature variation of the catalyst has been examined
closely, similar oscillations were observed with amplitudes
approaching 40◦C. The period of oscillations for the weight
and for the temperature was equal at 8.3 min. It was also
observed that the maxima in temperature oscillations cor-
responded to the minima in weight oscillations. During the
cooling phase when the temperature of 825◦C was reached,
the catalyst started gaining weight. By the end of the exper-
iment when the catalyst was cooled to room temperature
it had recovered 53% of the weight it had lost during the
heating, pointing to a hysteresis effect.

When a similar experiment was performed with a dif-
ferent temperature program, which involved heating the
catalyst to 900◦C and keeping it at that temperature for
2 h followed by cooling to room temperature, a similar be-
havior was observed. The catalyst started losing weight at
around 850◦C, but when the catalyst weight reached its low-
est point, the weight loss was equal to 53% of the theoretical
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FIG. 7. Temperature and weight oscillations in the thermogravimetric analysis of Pd/TiO2.

amount of oxygen in the PdO present, indicating only a par-
tial reduction to Pd under this temperature program. Dur-
ing the 2-h isothermal stretch at 900◦C, oscillations were
observed in the weight of the catalyst with amplitudes that
corresponded to 6.5% of total palladium oxidizing back to
PdO. Catalyst temperature was also seen to exhibit oscil-
lations of about 10◦C. The period of these oscillations was
9 min.

High-Temperature Controlled-Atmosphere
X-Ray Diffraction

In order to obtain a direct evidence of the phase transfor-
mation between Pd and PdO, we performed X-ray diffrac-
tion analysis of the catalyst in a controlled environment.
A sample of palladium oxide was maintained at 500◦C
on a heating stage in an atmosphere of 1% O2 with bal-
ance helium. The intensity of the (101) reflection, which
is the most intense peak in the X-ray diffraction pattern
of PdO, was monitored under these conditions as a func-
tion of time. The variation of the signal is presented in
Fig. 8. The data were processed using Savitzky–Golay data
smoothing technique, which involved using a nine-point
least square method with 602 of the output points (21). The
signal smoothed through the Savitsky–Golay mathemati-

cal manipulation is also presented in Fig. 8. As can be seen
from both the unprocessed signal and processed signal, the
intensity of the (101) reflection oscillates with time. The
high temperatures used cause loss of signal due to high lev-
els of noise; nevertheless, the oscillatory behavior is evident
even in the unprocessed signal. The period of these oscil-
lations was around 6 min. The oscillatory behavior of the
intensity of (101) reflection was observed at all three tem-
peratures, namely, 500, 600, and 700◦C, investigated. There
was a decrease in the period with increasing temperature.
The signal also became weaker and noisier with increasing
temperature.

DISCUSSION

In our previous articles (16–20), we presented the activity
of Pd/TiO2 catalyst for the reduction of NO with methane
in the absence as well as in the presence of oxygen. The pre-
vious results led us to suggest that the three independent
reactions, namely, NO reduction with CH4, NO decomposi-
tion, and CH4 combustion, make up the major components
of a multireaction network on the surface of Pd/TiO2 cata-
lysts and the extent of each of these reactions is dictated by
the relative abundance of the metallic and the oxidic sites
of palladium.
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FIG. 8. Oscillations in the (101) X-ray diffraction signal of PdO at 500◦C.

4NO+ CH4 → 2N2 + 2H2O+ CO2 [1]

2NO→ N2 +O2 [2]

2NO→ N2O+ 1/2O2 [3]

CH4 +O2 → CO2 +H2O. [4]

We proposed that the metallic sites are active for the forma-
tion of CHx species whereas the oxidic sites lead to direct
methane combustion. According to the reaction scheme we
proposed, reduction of NO to N2 takes place also on the
metallic sites, possibly through the formation of a methyl
dinitrosyl type intermediate from the interaction of surface
CHx groups with NO molecules.

[CHx–NO–NO]∗(s)→ N2 + CO2 + xH(s). [5]

N2O observed in our studies, on the other hand, is pri-
marily a result of direct NO decomposition through a stable,
dimerized intermediate, which could be formed over both
oxidized and reduced sites.

(NO)2(s)→ N2O(g) +O(s) [6]

Although further decomposition of N2O to N2 over re-
duced sites remains as a possible path, it does not appear
to contribute to the N2 formation to any significant extent
in the presence of CHx species. The transient experiments
performed using isotopic labeling studies, which showed
the surface residence times to be significantly longer for
the intermediates leading to N2O formation than for those
leading to N2 formation provided additional support to
the proposed reaction network (20). We reported that the
NO+CH4+O2 system showed self-sustained oscillatory
behavior when the oxygen concentration was raised to a
certain critical level at each temperature and that this level
increased with oxygen concentration. We suggested that the

oscillations were the result of cyclic phase transformation
of Pd on the surface between the oxide and the metal. In
this article, we report the use of this oscillatory behavior as a
probe to examine the catalytic functionality of the metallic
and oxidic sites and the reaction network.

Periodic phase changes of catalysts have been established
as the cause of oscillatory behavior in several reaction sys-
tems (22, 23), including reactions over Pd-based catalysts
(24–28). Amariglio et al. (22) described oscillatory behavior
in propene oxidation over copper oxides at low conversion
levels. They argued that the formation of CO2, which is
much more exothermic and oxygen consuming than that
of acrolein, is favored on CuO and causes a temperature
increase in the solid. Reducing conditions are thus created
leading to Cu2O formation. On Cu2O, acrolein formation,
which is less oxygen consuming, is favored and it leads to a
decrease in the temperature. Lower temperatures, in turn,
facilitate the reoxidation of the solid. This process is re-
peated giving the oscillatory behavior. Kurtanjek et al. (23),
who studied hydrogen oxidation over a nickel catalyst, also
reported oscillatory behavior and through the use of con-
tact potential difference (CPD) measurements showed the
Ni catalyst to oscillate between reduced and oxidized states,
giving rise to oscillations in product concentrations. Similar
conclusions were drawn by Rajagopalan et al. (24), who also
studied hydrogen oxidation over palladium wires. Konig
et al. (15) reported oscillatory behavior in the product and
reactant profiles in methane oxidation over thick Pd/PdO
films at 500◦C with 4% CH4 and 2% O2 in the feed stream.
Using the ellipsometric technique, they concluded that the
oxidation state of palladium was changing from PdO to
metallic Pd. These conclusions were backed by visual obser-
vations that the color of the catalyst changed from brown-
ish to gray which corresponds to PdO and metallic Pd,
respectively. Jaeger and co-workers (25–28) studied CO
oxidation on highly dispersed Pd embedded in a zeolite
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matrix. Periodic oscillations observed in this case were ex-
plained in terms of the surface palladium going from metal-
lic Pd (Pd0) to PdO (Pd2+).

In this study, when the oscillatory behavior of the
CH4+NO+O2 reaction is examined in detail using 13C-
labeled methane, one of the most significant features ob-
served is that the oscillations for the two reactants, i.e., NO
and CH4, are 180◦ out of phase with one another (Figs. 1
and 2). N2 and CH4 signals, on the other hand, are com-
pletely in phase with each other, implying that the highest
methane conversion coincides with the lowest N2 yield. This
is possibly one of the best pieces of evidence that the cata-
lyst is not simply behaving as a “nonselective” methane
combustion catalyst, but that there are distinct routes and
distinct sites for NO reduction and methane combustion
reactions. Otherwise, one would expect to get the highest
methane conversion also leading to the highest NO conver-
sion. Also interesting is the fact that N2 and N2O are 180◦ out
of phase with each other, the maxima for N2O correspond-
ing to the minima in NO conversion, which in turn, coin-
cides with the maxima in CH4 conversion. This observation
is in perfect agreement with our earlier results which sug-
gested different intermediates and different routes for the
formation of N2 and N2O (20). When the reactant and prod-
uct concentration oscillations are analyzed simultaneously
with the temperature oscillations, we see that the tempera-
ture maxima correspond to CH4 conversion maxima as well
as N2O concentration maxima. Since, at any given oxygen
concentration, higher temperatures favor the formation of
(Pd0) sites, it is conceivable that the oscillations are the re-
sults of periodic transformations between the metallic and
the oxidic phases on the surface. The observations made
in the oscillatory regime are consistent with the proposed
reaction scheme, which assigns the methane combustion
and N2O formation through direct decomposition of NO
to the oxidic sites and the CHx formation and NO reduc-
tion to the metallic sites. The fact that the CH4 conversion
does not go to zero at the minima also supports our ear-
lier suggestion that the role of methane is not simply a re-
duction of the surface following decomposition of NO, but
that it is directly involved in the reduction of NO through
the formation of a common intermediate which leads to N2

formation.
Another interesting point to note about the reactant and

product oscillations is that while the CO oscillations seem
to be smooth and symmetrical, the oscillations for CO2 and
CH4 exhibit a skewed nature with a shoulder-like feature
appearing to the right and to the left of the maxima for the
two species, respectively. Since the CH4 and CO2 concen-
tration oscillations are out of phase with each other, it is
evident that the shoulder-like feature appears on the “re-
ducing half” of the cycle (i.e., transition from PdO to Pd)
for both species. This behavior suggests that the formation
of CO is likely to result from a single reaction associated

with a single phase, whereas the rise and fall of CO2 and
CH4 signals are dictated by double reactions which involve
both of the phases. This observation is also consistent with
our reaction scheme, which suggests that CO is formed as
a first step in direct CH4 oxidation on oxidic sites, but the
CO2 formation can be the result of two different reactions
taking place on two different phases, namely, the decom-
position of a methyl dinitrosyl-type species over the metal
phase and further oxidation of CO over the oxide phase.
Similarly, CH4 conversion is also tied to two different re-
actions, namely, formation of CHx species on the metal-
lic sites and direct oxidation of methane over the oxidic
sites. In the presence of NO, the surface CHx groups are
envisioned to take part directly in the NO reduction step,
forming N2.

The fact that the methane combustion reaction also
showed oscillations which were accompanied by temper-
ature oscillations and that the temperature maxima coin-
cided with methane conversion maxima provides evidence
that the oscillations observed in NO+CH4+O2 reaction
are not specific to the reaction system, but are specific to
the catalyst used.

The results obtained when we examined the behavior of
the catalyst below and above the oscillation regime by keep-
ing all parameters the same, and changing only the oxygen
concentration, provided some complementary evidence to
the proposed reaction scheme. At 500◦C, oxygen concen-
trations of 0 to 3800 ppm gave essentially complete NO
conversion, with N2 selectivities over 90%. When the oxy-
gen concentration was raised above 3800 ppm, oscillations
were observed. The oscillatory regime covered the oxygen
concentrations ranging from 3800 to 7500 ppm. When the
oxygen concentration was raised to 7500 ppm, the oscilla-
tions disappeared. However, the steady-state conversion
level for NO dropped to 10%, and CH4 conversion in-
creased, as expected. More interestingly, the selectivity for
N2 decreased compared to its “below oscillation regime”
value and N2O selectivity increased, reinforcing the pre-
vious conclusions. Additional control experiments we per-
formed involved a comparison of the behavior of fully oxi-
dized and prereduced catalysts during the first 20 min of the
NO+CH4+O2 reaction using parameters that fell below
the oscillatory regime (20). Over the oxidized catalyst, the
NO reduction rate started out very low and increased with
time. The CH4 conversion rate, on the other hand, started
out quite high and leveled off with time. During the first few
minutes of the reaction, significant levels of N2O were also
observed which decreased to negligible levels as time went
on. The behavior of the oxidized catalyst became identical
to that of the prereduced catalyst within 20 min, support-
ing the catalytic functions assigned to the oxide and metal
phases in the proposed scheme.

The phase transformation between metallic Pd and PdO
has been reported in the literature in detail (29, 30). These
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studies point to the equilibrium between Pd and PdO
phases that is readily attainable. Equilibrium calculations
performed using Gibbs free energy estimations (31) pre-
dict decomposition temperatures that range from 400◦C
at 300 ppm O2 to 700◦C at 14% O2 (32). Although the
oxygen concentrations which induced oscillations at each
temperature were lower than the oxygen concentration
predicted for the PdO/Pd+O2 equilibrium at each temper-
ature, this difference can be due to support effects which
may render the decomposition behavior of PdO dispersed
on the surface quite different from that of the bulk PdO. The
temperature-programmed desorption and reduction exper-
iments, which hinted at the increased oxygen mobility of the
titania support when Pd is supported on it, are consistent
with this observation and can help explain why oscillations
start at lower oxygen concentrations than predicted.

When the exothermicity of these reactions are examined,
we see that although both NO+CH4+O2 and CH4+O2

reactions are highly exothermic, however, the extent of the
direct combustion reaction is much higher over the oxide
phase, leading to the observed temperature rise, which is
sufficient to convert the oxide on the surface to the metallic
phase. The heat of reaction calculations has shown that the
heat generated in the reducing half of the cycle is sufficient
to convert 55% of PdO on the surface to Pd (32).

The TGA experiments have provided additional evi-
dence of the rapid phase changes of palladium on the sur-
face even in the absence of reactants. In agreement with
earlier reports in the literature (28, 29), PdO on the sur-
face was observed to lose all its oxygen around 825◦C, as
evidenced by the corresponding weight loss of the cata-
lyst. During the isothermal stretch that followed the weight
loss, oscillations were observed in the weight of the cata-
lyst and the oscillations in weight were seen to accompany
oscillations in temperature. Since the temperature maxima
correspond to weight minima, these oscillations cannot be
explained by buoyancy effects. It is conceivable that the
oscillations in this case are triggered by the exothermic-
ity of the oxidation reaction of palladium, which can re-
sult in local temperature variations large enough to shift
the Pd/PdO equilibrium in the reverse direction. It should
also be noted that the amplitude of the temperature oscil-
lations is too large to be induced solely by the heat of reac-
tion effects and we believe that temperature oscillations are
accentuated by the temperature controller of the furnace.
However, it is clear that the temperature oscillations are
triggered spontaneously and these oscillations are accom-
panied by weight oscillations. Similar oscillations have been
reproduced at a lower temperature (900◦C) with a smaller
amplitude in temperature oscillations.

Another interesting observation from the TGA experi-
ments has been the “hysteresis” behavior of the Pd/PdO
conversion. When the temperature has been lowered to
room temperature, the catalyst was seen to gain only about

53% of its initial weight loss. This observation is similar to
what has been earlier reported in the literature for Pd/PdO
transition (29).

Possibly the most direct evidence of the rapidity of Pd/
PdO transition in this study has been obtained through the
controlled-atmosphere, high-temperature X-ray diffraction
analysis. At 500, 600, and 700◦C in 1% oxygen concentra-
tion, distinct oscillations were seen in the intensity of (101)
reflection of PdO indicating that in 1% O2 atmosphere
500◦C was high enough to drive at least some of the sur-
face palladium into a cycle of phase transition between the
oxidic and metallic phases. It should be noted that in order
to observe the change in the intensity of the (101) reflec-
tion of PdO, one should have at least some partial phase
change in the bulk (i.e., long-range ordering). If one can
have the partial phase transition in the bulk, one would ex-
pect to achieve a surface transition between the oxide and
the metallic phases much more readily.

The fact that similar oscillations in the intensity of (101)
reflection were observed even at two higher temperatures
for the same oxygen concentration indicates that for every
O2 concentration there is a range of temperatures which
will be sufficient for inducing the cyclic behavior between
phases. The decreasing amplitude of oscillations with in-
creasing temperature is also consistent with the fact that the
higher temperatures would drive the Pd/PdO equilibrium
toward the metallic phase and hence reduce the intensity
of the characteristic (101) reflection of palladium oxide.

CONCLUSIONS

The results described in this article combined with the
isotopic labeling and characterization studies presented in
previous publications lead us to conclude that the oscilla-
tions observed in the NO+CH4+O2 reaction under cer-
tain reaction conditions are the result of cyclic phase trans-
formation of palladium between the metallic and the oxidic
phases. It is possible to generate these cyclic phase trans-
formations during NO+CH4+O2 and CH4+O2 reactions
as well as in the presence of oxygen without any reducing
agent being present. At every temperature there is an oxy-
gen concentration range below and above which the cata-
lyst surface is stable in the metallic phase and the oxidic
phase, respectively. In between, however, there is an os-
cillatory regime where the thermodynamic equilibrium for
Pd/PdO system is shifted back and forth. These shifts are
triggered by the local temperature changes in the catalyst
due to the exothermic nature of the reactions, examples of
which include NO+CH4 reaction, CH4 oxidation, and even
Pd oxidation.

The catalytic implications of this behavior in the NO re-
duction system that we are focusing on are such that the
system oscillates between two groups of reaction. On the
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reduced phase, the dominant reaction is NO reduction to
N2 by CH4. On the oxidized phase, the dominant reaction
is direct methane oxidation. Although direct NO decom-
position could take place on both phases, our results lead
us to conclude that N2O formation mainly occurs on the
oxidic phase through direct NO decomposition. At oxygen
concentrations that fall below or at temperatures that fall
above the oscillatory regime, the catalyst is capable of re-
ducing NO with CH4 with NO conversion levels approach-
ing 100% and N2 selectivities approaching 95%. The exact
boundaries for the oscillatory region will depend on not
only the gas phase oxygen concentration and temperature,
but also on the type of reactions taking place on the surface,
the presence of other gas phase species, and the nature of
the support material.
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