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Ignition—extinction of ethane—air mixtures over noble metals
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Surface ignition—extinction, homogeneous ignition and autothermal behavior of ethane—air mixtures are examined over Pt,
Pd, Rh, Ir and Ni foils for the full range of fuel-air ratios. The observed trends are explained in terms of metal-oxygen bond

strengths and reaction pathways catalyzed by these metals.
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1. Introduction

Catalytic oxidation of alkanes is important in a wide
variety of industrial processes ranging from catalytic
incineration for fuel-lean feeds, to catalytic combustion
near stoichiometric fuel feeds, and catalytic partial oxi-
dation for fuel-rich feeds [1-4]. For the design and safe
operation of these processes a precise knowledge of het-
erogeneous ignition—extinction temperatures as well as
homogeneous ignition temperatures near the catalyst
surface, is of prime importance. In this study we examine
these variables for five industrially important catalysts
and investigate the trends observed for ethane oxidation
in these systems.

In a recent study we examined ignition—extinction
behavior of various hydrocarbons over Pt foils [5]. We
observed a common trend in the oxidation of alkanes
(methane, ethane, propane and isobutane) and a differ-
ent trend for alkenes (ethylene and propylene). In the
case of alkanes it was found that the surface was poi-
soned by oxygen prior to heterogeneous ignition, and
therefore ignition temperature generally decreased as
the fuel concentration in the feed was increased. In the
case of alkene oxidation, the surface was mostly covered
by hydrocarbon fragments prior to ignition, and there-
fore the surface ignition temperatures generally
increased with increase in feed fuel concentration. In the
present study we compare the oxidation of a single
alkane, ethane, over various metals, Pd, Rh, Ir and Ni.
Previous results on Pt are included for comparison.

The metals investigated in this study are not as
“noble” as Pt, and under reaction conditions they can
form more or less stable compounds and overlayers with
oxygen and carbon which alter their activity. Therefore,
unlike Pt, the ignition—extinction behavior over these
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metals depends more strongly on the reaction conditions
under which it was operated previously. For example,
the oxides of these metals alter the activity significantly
and the results are dependent on whether the catalyst
was previously operated under oxidizing (excess air) or
reducing (excess fuel) conditions. Due to their greater
interactions with reactants, these metals display a far
more complex behavior than Pt. Hysteresis in activity
and oxygen content is well established at least on Pd cat-
alysts [6], and oscillations in activity of Ni foils, due to
successive oxidation and reduction of the foil, have been
observed [7]. Consequently, studies of these metals are
more difficult and therefore less numerous than those on
Pt catalysts [8—13].

There are a few comparative studies of hydrocarbon
oxidation over metal catalysts in the literature, however,
none of them investigates the ignition—extinction behav-
ior of these reactions [14-17]. Huff et al. and
Tornianinen et al. have done comparative studies on
these metals under nearly adiabatic conditions [14,15].
Selectivities to partial oxidation products over several
metal-coated monolith foams were investigated at very
short contact times and the dominant reactions path-
ways over these catalysts were identified. However, they
only investigated autothermal operation in excess fuel
and ignition—extinction temperatures were not exam-
ined quantitatively. Firth and Holland investigated
complete methane oxidation in excess oxygen on several
supported noble metals [16] and Coward and Guest
made a comparative study on homogeneous ignition of
stagnant natural gas—air mixtures over several metals
many years ago [17]. However, neither group examined
the surface ignition—extinction behavior for these cat-
alysts.

There are several other studies on each of these metals
individually in the literature, but the reaction conditions
for these are so different that a comparison of these
metals on an equivalent basis is not possible. Moreover,
most of the studies have been on supported metal sys-
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tems, so that the complex interaction of the metal with
the support has to be accounted for. For example, inves-
tigations on Pd have been mostly on alumina supports,
and there is a considerable disagreement in the literature
about the change in activity at high temperatures [6,18-
24]. The change in activity has been attributed to the
Pd < PdO, transformation, Pd-support interaction,
sintering etc. As the present study is on high-purity poly-
crystalline metal foils, problems due to sintering and
metal-support interaction are completely avoided and
thus, the results are representative of the intrinsic metal
property.

In this study we compare five metals in a single, sim-
ple, well defined experimental setup, which produces
reproducible data with small experimental scatter. All
metals are compared on an equivalent basis and the
entire feed composition range is investigated. This study
of a single hydrocarbon over different metals in conjunc-
tion with our previous study of different hydrocarbons
over a single metal allows us to assemble a more com-
plete picture of alkane oxidation.
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2.Experimental apparatus and procedure

The experimental procedure used in this study was
described in detail earlier [S]. The experiments were con-
ducted in a quartz tube reactor with a diameter of 3 cm
as shown in figure la. Reactant gases, ultra-high-purity
air and CP grade ethane, were mixed in a glass tube filled
with glass beads and then introduced into the reactor. A
high-purity metal foil (> 99.5%, Johnson Matthey) was
cut to approximate dimensions of 20 x 3 x 0.025 mm?
and placed perpendicular to the gas flow in a stagnation
flow configuration. The foil was heated resistively by a
variable current power supply. The current output from
the power supply and the voltage drop across the foil
were recorded to determine the power input to the foil.
The foil temperature was measured by a chromel/alumel
thermocouple spot-welded to the foil.

In all experiments except those at very fuel-rich feeds,
the air flow rate was kept constant at 3 slpm (standard
liters per minute), and the ethane flow rate was changed
to change the fuel-air ratio. For very fuel-rich feeds that
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Figure 1. (a) Experimental apparatus, (b) a typical two-parameter bifurcation plot and (c) a typical surface temperature (75) vs. electrical power
plot (Pw). Ts vs. Py plots like (c) were obtained at several fuel compositions and heterogeneous ignition—extinction, autothermal temperatures
and homogeneous ignition temperatures were read from these curves and compiled in a two-parameter bifurcation plot.
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required ethane flow rates greater than 2 slpm, the air
flow rate was reduced so that the total flow rate
(air 4 ethane) was between 3 and 5 slpm. Varying the
total flow rate between 3 and 5 slpm (velocity of 10—
17 cm/s) did not affect the results significantly.
Reynolds number based on entrance conditions and tube
diameter ranged from 150 to 250. Before taking any
data, all foils were heated in air to about 1100°C for 30—
60 min and then aged under reaction conditions for at
least 2-3 h. However, for Rh foils much longer aging
times (~ 24 h) were necessary before completely repro-
ducible data could be obtained. Foils that deactivated
due to oxide formation were reduced either with 10% H,
in Ar mixture or by operation in excess fuel for several
hours to restore activity. Foils that deactivated due to
coke formation were heated in air at temperatures above
1000°C to reactivate.

Ignition—extinction temperatures were determined
from turning points on the steady state surface tempera-
ture (7s) vs. electrical power (Pw) plot. A data point (7,
Pyw) was considered stationary if the mean values of both
Ts and Py over a period of 10 s did not vary by more than
twice the noise level over a period of 1 min. A typical
steady state Ts vs. Py plot at a fixed fuel-air ratio is
shown in figure 1c and the heterogenous ignition—extinc-
tion and homogeneous ignition temperatures are
marked. In cases where the surface reaction remained
ignited at zero power input, the foil temperature at zero
power was taken as the autothermal temperature. For
Ni, authothermal operation was not observed, but oscil-
lations at a constant current input were seen above a cer-
tain base temperature. In this case, the base temperature
at which oscillations (period < 10 min) started was taken
astheignition temperature.

These Ts vs. Pw curves were obtained at various
fuel-air ratios, and the ignition—extinction data was
compiled in a two-parameter bifurcation plot, as shown
in figure 1b. In this figure, ignition—extinction tempera-
tures are plotted against the feed composition. Instead
of the wusual equivalence ratio (® = (fuel/air)/
(fuel/air)y;.,), the modified equivalence ratio
(®/(1 4+ ®))isused to depict the feed composition so that
fuel-rich and fuel-lean compositions can be shown
together. The modified equivalence ratio maps the entire
range of feed compositions on scale of 0 to 1 instead of 0
to infinity, and thus, puts equal weight on the fuel-lean
and fuel-rich sides of the diagram with ®/(1 + ®) = 0.5
corresponding to the CO, + H,O stoichiometry.

All data points, except surface ignitions on Rh, Ir
and Ni, were reproducible to within 10 K on the
same foil and £15 K on different foils. Surface igni-
tions on Rh, Ir and Ni were only reproducible to
420 K on the same foil and £40 K on different foils,
probably because the foils were oxidized to varying
degrees as they were heated to ignition temperatures.
The data was reproduced on at least five foils for each
metal.

3. Results
3.1. Platinum

The results on Pt have been reported earlier [5]. The
two-parameter (temperature and composition) bifurca-
tion diagram obtained from several S curves is shown in
figure 1b. The most remarkable feature of the result is
that Pt shows stable operation in both excess air and
excess fuel, and shows no deactivation either due to coke
or oxide formation. Also note that except for very rich
feeds the surface ignition temperatures drop continu-
ously as the fuel concentration in the feed is increased.

3.2. Palladium

The two-parameter bifurcation diagram for Pd is
shown in figure 2a. The figure shows that the heteroge-
neous ignition temperatures remain fairly constant for
the entire composition range and only a slight increase in
ignition temperatures is seen in very lean fuel mixtures.
The S curves in region A, B and C exhibited qualitatively
different behavior and are shown in figures 3a—3c. Note
the two distinct curvatures for the autothermal curve
(figure 2a) and the increased foil activity in region B
above 800°C (figure 3b). No significant change in activ-
ity was seen for leaner mixtures (region A) at similar
temperatures. The shaded region in figure 2a indicates
deactivation due to coking. In this region an active Pd
foil ignited at the indicated temperature but deactivated
after about 1-30 min of operation. Coke was then
visually observed on the deactivated catalyst.

XPS was performed on the Pd foils after surface and
homogeneous ignition. The surface consisted mostly of
PdO, before heterogeneous ignition and mostly of Pd
metal at homogeneous ignition temperatures.

3.3. Rhodium

The two-parameter bifurcation diagram for Rh is
shown in figure 2b. The shaded area indicates deactiva-
tion. When an active foil was heated rapidly in this
region, it ignited at about 500-600°C, but deactivated
after about 30-60 min of operation at temperatures of
about 700-800°C. The deactivated foil no longer showed
ignitions in the 500-600°C temperature range. (This
behavior is similar to Ir and is discussed with a T vs. Pw
graph below.) However, when the deactivated foil was
heated to about 1000°C heterogeneous ignition was
again observed (figure 3d). Long-term operation (> 5 h)
in this ignited state above a 1000°C was not possible
because of metal loss due to oxide evaporation. Note
from figure 3d that Rh displays a much higher activity
on cooling than on heating. No hysteresis was seen if the
deactivated foil was heated to temperatures below
900°C and then cooled.

In region B, Rh showed no deactivation over a period



162

Pd I !
) L-_,_/-"'j:r

| Inaelive Coka

-—.—h,J.I_'_._'n_I. r .__._._l_l_ m—m——
=N 1] aAm Al
ompl—+ ¥ . ¥ 1%
1] LR A g (=¥ 1
Pp+1]
[ | L
i Ir
[ w1
1000 —
1
|
Tl | Inmctive Oxide
GO0 I
| T
| ~
. | i
::I:FI :Ill*r-\.
?E‘:' L i i L -
a 0.2 0.2 0.4 [k} 1

a1

M. Ziauddinet al. / Ethane oxidation over noble metals

Rh
{til
1008 2
l‘-\-\-\"‘-\—u..-"'"- a
4
- B
TG inactive Oxide B
B0 A e
ET Aial A
0 o2 0.4 115 LB 1
Ll S |
. _
Hi
]
1008 e
sl lanons
el innctive Cxide
&0
=11
200 : 1
a iF) frd .8 0 1

|

Figure 2. Two-parameter bifurcation plots for Pd (a), Rh (b), Ir (c) and Ni (d). (A ) depict surface ignition temperatures, ( ¥ ) depict surface extinc-
tion temperatures, () depict autothermal temperatures and (A ) depict homogeneous ignition temperatures. 7 vs. Py plots at the indicated com-
positions are shown in figure 3.

of several hours. A typical S curve in this region is shown
in figure 3e. Note from figure 2b that the homogeneous
ignition temperatures and the autothermal curve are
close to each other. The autothermal curve in this region
was obtained by starting with a feed richer in fuel than
the homogeneous flammability limit and then slowly
decreasing the fuel concentration. Homogeneous igni-
tion temperatures were obtained in the usual way i.e. by
heating the foil at a fixed fuel-air ratio until the gas
phase ignited.

In region C, Rh deactivated and a typical S curve is
shown in figure 3f. The total time on the ignited branch
was 25 min. No visual coke was seen on the deactivated
foil.

3.4. Iridium

The two-parameter bifurcation diagram for Ir is
shown in figure 2¢ and the 7§ vs. Py plots are shown in
figures 3g—3h. The shaded region in figure 2c indicates
deactivation. In the shaded region an active Ir foil, which
was previously operated in excess fuel for several hours,

deactivated when operated in excess air, as shown in
figure 3g. In this figure, the arrows indicate heating or
cooling. The time spent on the heating branch is about
35 min, which includes at 15 min period in which the tem-
perature was kept constant at 740°C. Note that the
power required to maintain the foil at 740°C increases as
the foil deactivates. On cooling Ir shows no activity,
which is indicated by an almost linear dependence of Tg
on Pyw. Also note that for the same power input a higher
temperature is observed on the heating branch than on
the cooling branch. Like Rh, catalytic activity on a deac-
tivated Ir foil was recovered at temperatures above
1000°C and the S curves for Ir in this case are similar to
those of Rh (figure 3d).

Figure 3g shows a typical S curve for Ir in excess fuel.
No deactivation was observed under these conditions
over a period of several hours.

3.5. Nickel

The two-parameter bifurcation diagram for Ni is
shown in figure 2d. No autothermal behavior was
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Figure 3. Surface temperature (7s) vs. electrical power (Pw) plots for Pd (a)—(c), Rh (d)—(f) and Ir (g)—(h), and surface temperature trace for Ni

observed on Ni under any feed composition, and it deac-
tivated rapidly in excess air. In the fuel-rich region, oscil-
lations at constant current input were observed at
temperatures above ~ 600°C, and a sample is shown in
figure 3i. The period, amplitude and the shape of the
oscillations changed with the feed composition and the
base temperature.

4. Discussion

In the presented experiments we have investigated
the oxidation of ethane over five industrially important
metal catalysts. It is surprising to find that these “noble”
metals with many common physical and chemical prop-
erties show such large differences in their catalytic activ-
ity. The complete bifurcation diagrams (figures 1 and 2)
reported here clearly mark the limits of operation for
these catalysts and at the same time yield insight into the
catalytic chemistry. These diagrams help identify poten-

tial catalysts for partial oxidation and lean combustion
applications. Both practical and scientific implications
of these bifurcation maps are discussed in the following
sections. Simple explanations for trends observed in
ignition temperatures and catalyst deactivation are pro-
vided.

4.1. Surfaceignition

Figure 4a shows that Pd, Rh and Ir are ignitable in
much more fuel-rich feeds than Pt, and ignition tempera-
tures are generally in the order Pt < Pd< Rh < Ir < Ni.
Pt has the widest ignition—extinction region and does not
deactivate in either excess air or fuel. Pd is the only other
metal that is active in excess air; although it deactivates
rapidly in excess fuel (figure 2a). Rh, Ir and Ni show
activity in excess fuel only, and deactivate rapidly in
excess air (figures 2b-2c).

In an earlier study we presented a simple model for
alkane oxidation on Pt [5]. The model was based on a
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Figure 4. Surface ignition temperatures (a), extinction (filled symbols) and autothermal (unfilled symbols) temperatures (b), and homogeneous
ignition temperatures (c) for Pt, Pd, Rh, Ir and Ni.

Langmuir-Hinshelwood mechanism with competitive
adsorption of the reactant gases and predicted catalytic
ignition temperatures well. The model was thus able to
show that surface ignition was mainly controlled by de-
sorption of oxygen, which blocks the surface before igni-
tion. These model results extend well to the present
study.

The oxide stability and the M—-O bond strength are
generally in the order Pt < Pd < Rh < Ir < Ni[25], and
the ignition temperature and composition correlate well
with these. Pt and Pd with the lowest M—O bond strength
have the lowest ignition temperatures and are active in
the leanest fuel mixtures. The strong interaction of Rh,
Ir and Ni with oxygen deactivates these metals in the
fuel-lean region (oxidizing environment) and ignitions
are only seen after the oxide decomposes or evaporates.
In excess fuel Rh and Ir do not deactivate, most likely
due to a net reducing environment which prevents the
formation of a stable oxide. Ni with the highest M—-O
bond strength forms an oxide even in excess fuel, and
shows oscillatory behavior due to successive oxidation
and reduction of the surface. The probable mechanism
of the oscillations is based on a lower catalytic activity of

the oxidized surface versus the reduced surface. At low
temperatures in the cycle the surface is preferentially
reduced and the activity increases which results in a rise
in the surface temperature. However, as the surface tem-
perature rises surface oxidation becomes more favorable
and the activity and the surface temperature once again
drop. This oxidation-reduction mechanism for Ni has
been suggested previously [7,26,27].

Thus, we generally see that with an increase in the
M-O bond strength both the temperature and the fuel
content of the feed required for ignition increase.
Figure 5a shows a plot of Tjg vs. metal-oxygen binding
energy (BE, from TPD) [25,28]. Ignition temperatures
were taken at ®/(1 + ®) = 0.6 as all metals exhibited
stable operation at this feed composition. The figure
shows an almost linear dependence of ignition tempera-
tures on the M—O bond strength, except for Ni which
forms a stable oxide.

It is interesting to note that ignition temperatures for
Pt generally drop with the fuel feed composition, while
for Pd they are almost independent of the feed composi-
tion. This result is consistent with the picture of oxygen
desorption controlling ignition as presented above.
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Figure 5. (a) Ignition temperatures (at /(1 + ®) = 0.6) plotted against the metal-oxygen binding energy from TPD experiments. (b) The highest
autothermal temperature observed for the indicated metal is plotted against the metal-oxygen binding energy.

Since the Pt-O bond is fairly week, oxygen poisoning is
reduced as the fuel-air ratio increases. However for Pd,
the Pd—O bond is sufficiently strong, and oxygen desorp-
tion probably remains the rate limiting step, even in
excess fuel.

The ignition curve for Rh is nearly flat while for Ir it
seems to have a slightly negative slope and for Ni it
shows a minimum. However, since these trends lie within
the experimental error bounds for these metals no defi-
nite conclusions from these differences should be drawn.
As noted previously, the scatter in data is probably
because the foils were oxidized to different degrees as
they were heated to ignition temperatures.

4.2. Surface extinction and autotherms

Figure 4b shows the surface extinction (filled symbols)
and autothermal temperatures (unfilled symbols) for
metals investigated in this study. Only a few data points
are included for each metal to show the curves. Once
again note that Pt shows stable operation in both excess
air and excess fuel. Pd is active in excess air but deacti-
vates in excess fuel. Rh and Ir deactivate in excess air but
show stable operation in excess fuel. These results are
consistent with the correlation between the activity and
the M-O bond strength presented above.

It is interesting to note that Pd shows two distinct
autotherms. The composition range for the first auto-
therm is 0.42 < ®/(1 + ®) < 0.50 and the temperature
range is 630-740°C, and the composition range for the
second autotherm is 0.50 < ®/(1 + ®) < 0.60 and the
temperature range is 740-1120°C. Also note that the S-
curve for Pd at ®/(1+ ®) = 0.47 (figure 3b) shows
increased activity above the composition temperatures
of PdO (~ 800°C). These results strongly suggest that
the first autotherm is on an oxide surface, while the sec-
ond autotherm is on metallic Pd. The increase in activity
observed at temperatures above 800°C (figure 3b) is

most likely due to the exposure of a more metallic surface
after decomposition of the oxide, and it is possible that
this increased activity develops into the higher auto-
therm observed at more fuel-rich feeds. These results
imply that in excess air and at temperatures below 800°C
PdO., is the active phase, while in excess fuel and at tem-
peratures above 800°C Pd metal is active.

It is remarkable that PdO, is active, while oxides
of Rh, Ir and Ni completely deactivate the catalyst.
However, the behavior of PdO, is consistent with the
correlation between M—O bond strength and activity
presented above. The Pd—-O bond strength is intermedi-
ate between that of Pt—-O and Rh-O, and maybe it is
just the right strength for PdO, to be active. The Pt-O
bond may be too weak, while the Rh—O bond may be
too strong for PtO, and RhO, to be active. The same
trend is seen in the peak autothermal temperatures
observed over these metals (figure 5c). The plot is
reminiscent of a volcano type relationship. However, it
differs from a true volcano plot because autothermal
temperatures are a function of both the reaction rate
and the selectivity.

A further explanation for the difference in autother-
mal temperatures over these metals lies in the different
reaction pathways catalyzed by these metals. Huff et al.
have identified the major reaction products in ethane
oxidation over Pt, Pd and Rh, on metal-coated mono-
liths in excess fuel [29]. On Pt, the main reaction product
was C,Hy (70% selectivity, 80% conversion). On Rh,
syngas (CO + H») production dominated (~ 70% selec-
tivity, 95% conversion), while on Pd no stable operation
was possible due to heavy carbon deposition. Torniainen
et al. have investigated methane oxidation over several
metals, with an experimental setup similar to that of
Huff et al. [15]. They observed that Ir had an activity
intermediate between Pt and Rh. These results suggest
that the autothermal temperatures on Pt are much lower
than that on Ir or Rh, due to the fact that Pt favors the
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less exothermic reaction of C,H4 formation, while Ir
and Rh favor the more exothermic syngas production.

4.3. Homogeneous ignitions

Figure 4c shows the homogeneous ignition tempera-
tures for all metals investigated in this study. Only a few
data points are shown for each metal. Note that, com-
pared to other metals, homogeneous ignition tempera-
tures on Pd are considerably higher. The upper
flammability limits in the order of increasing ®/(1 + )
are Pd (0.56), Ni(0.62), Rh (0.64), Ir (0.64) and Pt (0.68),
while the lower flammability limit is at about 0.35 for all
metals investigated.

Linan and Williams have suggested that a sufficiently
fast surface reaction can delay homogeneous ignition by
depleting the reactants from the boundary layer [30].
This depletion of the boundary layer makes a lean gas
mixture leaner and a rich gas mixture richer, and thus
may move the composition in the boundary layer of the
flammability limit [31]. Therefore, the flammability lim-
its of combustible gases near a catalytic surface are nar-
rower than the usually determined flammability limits.
Homogeneous ignitions on Pd agree well with this
hypothesis. Pd has the highest autothermal tempera-
tures, and thus probably it is the most efficient catalyst
in depleting the boundary layer of reactants and suppres-
sing homogeneous ignition.

In contrast to the above, it is surprising that the lower
flammability limit agrees closely for all metals investi-
gated. A possible explanation for this behavior could be
based on the different reaction selectivities in the fuel-
rich regime over the different catalysts. Obviously, sev-
eral different products are possible for partial oxidation
reactions, while total oxidation only yields CO, and
H,O. Thus, different metals will catalyze different reac-
tion pathways under fuel-rich conditions (e.g., Pt cata-
lyzes oxidative dehydrogenation, while Rh, Ir, Ni favor
syngas production). Due to correspondingly different
reaction stoichiometries, they will thus differ in their
ability to deplete the boundary layer of O, the limiting
reactant under these conditions:

C,Hg + 3.50, — 2CO; + 3H,0O
C,Hg + O, — 2CO + 3H,
C,H¢ + 0.50, — C,H4 + H,O

Under fuel-lean conditions on the other hand, complete
oxidation will dominate the reaction over any catalyst.
Thus the boundary layer will be depleted equally and all
metals will show similar lower flammability limits.

5.Summary

In this study we have determined complete bifurcation
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diagrams for the oxidation of ethane over Pd, Rh, Ir and
Ni. This study was a direct extension of our earlier work
in which we examined the oxidation of several hydrocar-
bons on a Pt surface [5]. Ongoing research in our lab
investigates the oxidation of methane near Pd, Rh, Ir
and Ni surfaces. The intent of these investigations is to
obtain consistent bifurcation data for hydrocarbon oxi-
dation over noble metal catalysts.

In the oxidation of ethane, Pt showed stable operation
without any deactivation in either excess air or fuel. All
other noble metals deactivated either due to the forma-
tion of oxides in excess air (Rh, Ir, Ni) or due to coke for-
mation in excess fuel (Pd, Rh). Heterogeneous ignition
temperatures were generally in the order Pt < Pd
< Rh < Ir < Ni. The results correlated well with the M—
O bond strength. Pt and Pd with the lowest M—O bond
strength had the lowest ignition temperatures and
ignited in the leanest fuel mixtures, while Rh, Ir and Ni
with high M-O bond strengths, had high ignition and
deactivated in excess air. Rh and Ir showed stable opera-
tion in excess fuel, possibly because the oxides were not
stable in the net reducing environment. Finally, Ni with
the highest M-O bond strength showed oscillatory
behavior in excess fuel due to successive oxidation and
reduction of the surface.
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