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ABSTRACT: Active surfaces for the catalytic oxidation of CH4 on Pd and Pt
were identified using infrared reflection absorption spectroscopy (IRAS) with a
wide spectrum range (4000−450 cm−1) that is capable of measuring both the
surface species and changes specific to the surface. Both the metallic Pd and Pt
surfaces were found to be significantly less active for the oxidation of CH4 than
the PdO surface under near-stoichiometric conditions. However, the metallic
surfaces become very active under oxygen-poor conditions. This work
represents the first evidence of such high activity for CH4 oxidation on metallic
Pt-group metal surfaces. A comparison of the catalytic behaviors of CH4 and
CO oxidation demonstrates that the chemisorbed oxygen with near-saturated
coverage suppresses the activation of CH4; additionally, the involvement of an
unoccupied surface site, surface cation, or metallic atom can significantly
enhance the activity for the activation of CH4. The current results also
demonstrate that oxygen is depleted sharply when switching from the combustion to the reforming region in the partial oxidation
of methane to syngas.
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1. INTRODUCTION

Methane is a clean, low-carbon, and high-efficiency energy
source and is abundantly found in natural gas, coal bed gas,
shale gas, and CH4 clathrates.

1−7 Methane is also a potential
greenhouse gas, where catalytic oxidation can be used to reduce
emissions of CH4.

8−12 The relative abundance of CH4 makes it
an attractive alternative to oil. The direct conversion of
methane to more-valuable chemicals, such as its selective
oxidation to methanol and formaldehyde, oxidative coupling to
ethylene, and aromatic dehydrogenation to benzene, has been
thwarted by the low selectivity, activity, and stability of existing
catalysts.1−3,13−22 The partial oxidation of CH4 (POM) to
synthetic gas (syngas, CO + H2), followed by Fischer−Tropsch
chemistry,1−3,13,14 has become a potential process for the
development of liquefied alcohols, synthetic fuels, and light
alkenes (key chemicals in industry). Although the partial
oxidation of CH4,

1−3,13,14,20−24 as well as the activation of
CH4,

25−41 has been extensively studied in recent years, the
active surfaces and the mechanism leading to the formation of
CO and H2, by either a direct or combustion-reforming
pathway, have not been fully clarified. The oxidation of CO and
H2 progresses rapidly on Pd-, Rh-, and Pt-based catalysts,42−48

and the direct POM products may follow from subsequent
oxidation to CO2 and H2O in the front part of the catalyst bed
under O2-rich conditions, resulting in the appearance of
complete combustion. In such a case, the rear part of the
catalyst bed suffers from O2 deficiency; as a result, the CH4
reforms CO2 and H2O to reproduce CO and H2. The relative

contribution of each process is difficult to identify, because the
products are similar. Moreover, because the oxidation of CH4 is
a highly exothermic reaction, temperature gradients and
reactant gradients are typically encountered during the catalytic
partial oxidation of CH4.

49−51 In most cases, a hot spot of
several hundred Kelvin arises, and the reaction conditions
change from oxidizing to reducing, which can also affect the
nature of the active sites.49−51 The complexity of this process,
along with the support and additive effects, results in
controversial knowledge regarding the nature of the catalytically
active sites and the catalytic reaction mechanism for the
oxidation of CH4.

1−3,13,14,20−22,49−55

Because of the significantly faster progression of the
oxidation of CH4 on Pt-group metals, compared to those for
reforming, only a few percent of the packed catalyst is sufficient
to fulfill the combustion reaction.28,49,51−53 Moreover, a very
sharp reactant gradient occurs in the front part of the catalyst
bed for POM.51−53,56,57 Because such high inhomogeneity is
encountered in POM on the high-surface-area supported
catalysts, it is difficult to elucidate a reliable structure−activity
relationship. Recently, Chin et al. performed detailed experi-
ments combined with a theoretical approach, offering
significant insight into the reaction mechanism for
POM.29,34,42,43 Our previous in situ spectroscopic character-
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izations and kinetic measurements confirmed that combustion-
reforming is the main process by which the formation of syngas
occurs, while direct partial oxidation is also possible for very
short contact times (e.g., an extremely thin catalyst bed).20−22

It was also found that the catalysts of supported Rh, Pd, and Pt
were in the fully oxidized state as observed by in situ Raman
spectroscopy before the ignition of POM, but turned to be a
metallic state upon ignition.20−22 However, it is still not known
whether an oxidized region exists at the very front of the
catalyst bed with metal-oxide amounts that are below the
detection limit of in situ Raman spectroscopy.
In this study, resistively heated polycrystalline Pd and Pt thin

foils served as model catalysts for the oxidation of CH4, similar
to the experimental setup in several previous reports.56,58−62

We emphasize that the surface temperature was measured
directly by a thermocouple attached to the metal foil;
additionally, the studied surface was under the same reaction
atmosphere at each moment, allowing our setup to overcome
the hot spot and reactant gradient problems encountered in the
combustion and partial oxidation of CH4. The reaction
products were mainly found to be CO2 and H2O using an
online gas chromatograph, and the reaction rate was measured
continuously by monitoring the total pressure change in a batch
reactor, which is similar to the results in our previous study of
CO oxidation on Pd.46 Such experiments, in which the oxygen
pressure decreases from its initial value to depletion, imitate the
processes that occur in the front part of the catalyst bed, where
the O2 partial pressure decreases from the initial value to
complete depletion under realistic POM reaction conditions.
Moreover, in situ infrared reflection absorption spectroscopy
(IRAS) with a wide spectrum range (4000−450 cm−1), which
covers the stretching vibrations for most oxides, was combined
to collect surface information under these realistic catalytic
reaction conditions.48 Furthermore, reactions under conditions
of excess CH4 were examined. The most active surfaces for the
catalytic oxidation of CH4 over Pd and Pt were successfully
identified. PdO was found to be significantly more active than
both the metallic Pd and Pt under near-stoichiometric reaction
conditions. However, the most active regions were found to be
the metallic Pd and Pt surfaces under oxygen-poor conditions,
where the surfaces were not saturated by chemisorbed oxygen.
The oxidation of CO on the Pd surface, which is a well-
documented catalytic reaction, was compared to obtain a better
understanding of the observed phenomenon for the oxidation
of CH4.

2. EXPERIMENTAL SECTION
Experiments were carried out in a batch reactor (0.5 L)
connected to a vacuum system and equipped with basic surface
science techniques, including an ion gun for surface cleaning
using Ar+ sputtering, low-energy electron diffraction (LEED),
and Auger electron spectroscopy (AES). The reactor was also
furnished with in situ infrared reflection absorption spectrom-
etry (IRAS) and online Agilent gas chromatography (GC)
techniques, as well as a MKS precise pressure sensor. Details
concerning the system used for our model catalysis study are
provided in our previous publications.48,63 The in situ reactor
can accommodate a pressure range of ultrahigh vacuum (UHV)
to 1 atm and sample temperatures of 80−1200 K. The wide
spectrum range of in situ IRAS allows for the measurement of
surface oxide formation and reduction and can be used to
establish an authentic relationship between the surface structure
and its catalytic activity.

The Pd and Pt thin foils measured 0.1 mm in thickness (Alfa
Aesar) and were cleaned by chemical treatment before
introduction into the vacuum chamber. The samples were
heated resistively, while their temperatures were measured
using a C-type thermocouple (5%Re/95%W−26%Re/74%W).
Prior to the reaction, the samples were further cleaned and
oxidized with O2 at 600 K for 5 min and then were annealed
under UHV at 900−1000 K to remove the residual oxygen.
Average surface atom densities of 1.53 × 1015 and 1.47 × 1015

atoms/cm2 for Pd and Pt, respectively, were used to estimate
the turnover rate.
The possible products of the catalytic oxidation of CH4 on

Pd and Pt, respectively, are CO2 and H2O (complete oxidation)
and CO and H2 (partial oxidation). When crosschecked with an
online Agilent gas chromatograph,63 the main products were
confirmed as CO2 and H2O (>99.9%) under the reaction
conditions examined in this study. This is consistent with the
general kinetics results of POM, namely, that feeding sufficient
oxygen (CH4:O2 = 1:2) yields complete combustion
products.1−3,13,14 In addition, the oxidation of either CO or
H2 on both Pd and Pt occurs at significantly faster rates than
that of CH4.

28,29,42,45−48 The saturation pressures of CO2 and
H2O are both below 10−6 Torr at the temperature of liquid
nitrogen (78 K), while those of CH4, O2, and CO are ∼10.2,
160, and 360 Torr, respectively; in contrast, H2 is not
condensable at this temperature. Therefore, when using a
liquid nitrogen trap with initial pressures of CH4 and O2 that
are less than 10 and 160 Torr, respectively, the CO2 and H2O
formed during the reaction will predominantly be trapped,
while CO and H2 will not be trapped. Therefore, the CH4
oxidation rate (CH4 + 2O2 = CO2↓ + 2H2O↓) can be
continually monitored and computed from the decrease in total
pressure. Partial oxidation, CH4 + 1/2O2 = CO + 2H2, will
result in an increase in the total pressure. Hence, a decrease of
the total pressure is correlated with the consumption of CH4
and O2.
High-purity CH4 and O2 (Hong Kong Specialty Gases Co.,

Ltd.) were further cleaned in a liquid nitrogen trap before
introduction into the reaction cell. The cell was filled with a
CH4:O2 gas mixture at the desired ratio and specified pressure
at room temperature. Then, approximately one-seventh of the
reactor was immersed into the liquid nitrogen bath to further
clean the reactant gases and to remove the majority of the
combustion products of CO2 and H2O. The sample temper-
atures were then increased to the reaction temperature to
initiate the kinetic measurements. In the present study, pressure
changes were measured using a MKS precision pressure sensor.
The surface changes occurring under the reaction conditions, in
particular, the formation and reduction of surface oxides, were
characterized by our home-built in situ IRAS. The polycrystal-
line Pd and Pt foils were cleaned by preoxidizing in oxygen
followed by annealing at 1000 K in UHV for 10 min to
completely remove any residual oxygen.46−48,64 The obtained
clean surfaces were used to collect the IRAS background
spectrum.

3. RESULTS AND DISCUSSION
Figure 1 shows in situ IRAS spectra for the oxidation of CH4 on
a Pd foil at 643 K. Upon the exposure of the clean Pd foil to the
reactant mixture (CH4 and O2 of 9 and 1 Torr, respectively),
while heating to 643 K, the Pd surface was oxidized to form
PdO, as indicated by the two IR peaks at ∼645 cm−1 and ∼600
cm−1. The assignments of these IR peaks were addressed
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previously in detail.48 The formation of PdO was also
confirmed by in situ Raman spectroscopy and was found to
be consistent with the results presented in several previous
approaches.56,58−62,65−69 The ignition of the POM on Rh/
Al2O3 was found to be potentially related to the amount of Rh
present in the higher oxidation state;51,67 this finding also
sustains the interpretation that the oxide is an active surface. It
should be noted that, because of the liquid nitrogen trap, the
formation products of H2O and CO2 were held at very low
levels in the gas phase, as can be observed in the in situ IR
spectra (Figure 1).
The reaction kinetics were monitored based on changes in

pressure, as shown in Figure 2A. The computed reaction rate in
TOF (the turnover frequency, i.e., CH4 molecules converted
per surface Pd atom per second) is displayed in Figure 2B. The
CH4 conversion rate of the TOF was calculated based on the
geometric Pd metal surface area, assuming an average Pd
surface atom density of 1.53 × 1015 atoms cm−2. The total
pressure decreases rapidly at the beginning, concurrently
accompanied by the appearance of PdO (Figures 1 and 2A).
As the reaction proceeds, the O2 partial pressure decreases
quickly, while the CH4 partial pressure remains at an almost
constant level, because of the significant excess quantity (Figure
2A). The amount of PdO formed increases at the beginning,
then is reduced at very low O2 pressures (<0.2 Torr), in
addition to an observed decrease in the reaction rate (Figure
2B). It should be noted that the as-formed PdO includes the
bulk oxide, while the catalytic reaction takes place only on the
surface; hence, the reaction rate need not follow the intensity of
the PdO IR band. The observed decrease of the reaction rate as
the O2 pressure decreased and the amount of PdO is reduced
leads to a complicated explanation, which may be related to the
reaction order, with respect to O2 pressure, as well as to the
decrease of the effective active area of PdO. After ∼890 s, the
PdO peaks vanish, and the reaction rate reaches its lowest point
(the TOF has decreased from 20 to 5). The CH4 oxidation rate
then increases on this reduced surface as the oxygen partial
pressure further decreases. This sequence can be reproduced at

various reaction temperatures. The critical pressure ratio of O2/
CH4 increases as the reaction temperature increases, as can be
observed from the extent of the pressure drop from the critical
point to the end of the reaction, as shown in Figure 3A.
For comparison, CH4 oxidation was conducted on a

polycrystalline Pt foil. With an initial CH4/O2 pressure ratio
of 10/3, the CH4 oxidation rate on Pt at 750 K was significantly
lower than that on Pd at 643 K, although the rate increases
continuously as the reaction proceeds, i.e., the O2 partial
pressure decreases (Figure 4A). The CH4 conversion rate of
TOF was calculated based on the geometric Pt metal surface
area. The finding of a significantly lower rate for the oxidation
of CH4 on Pt, compared to Pd, was also reported
previously.56,59,70 Additionally, the ignition temperature for
the oxidation of CH4 on Pt/Al2O3 increased with an increase in
oxygen concentration in the reactant mixture,67 which also
corroborates the suppression effect of oxygen. At a critical point
of a CH4/O2 pressure ratio of ∼20/1, the CH4 reaction rate
increases quickly and achieves a maximum that is ∼2 orders of
magnitude higher than the rate achieved under near-
stoichiometric conditions. Such effect of O2 pressure on the
reaction rate for the oxidation of CH4 was also observed on
supported Pt catalysts, where a maximum TOF of ∼1300 was

Figure 1. In situ IRAS spectra depict the formation and reduction of
the Pd surface oxide during the oxidation of CH4 at 643 K on a
polycrystalline Pd thin foil. The bands of PdO as well as the gaseous
phases of CH4, CO2, and H2O are indicated in the figure. The initial
CH4 and O2 pressures were 9 and 1 Torr in the batch reactor. The
reaction times in seconds are labeled on the figure by corresponding
spectra. The insets show the IRAS technique and cartoon-like surface
structures of the PdO and chemisorbed oxygen covered surfaces (O/
Pd).

Figure 2. (A) The changes of the total pressure (black line) and partial
pressure (blue line) are displayed, as functions of the reaction time, for
a typical experiment of CH4 oxidation on a polycrystalline Pd thin foil
at 643 K. The initial CH4 and O2 pressures are 9 and 1 Torr,
respectively. (B) The computed reaction rate (pink line) and IR
intensity of PdO (black line) are displayed, as functions of the reaction
time. The insets show cartoon-like surface structure models, according
to the in situ IRAS results.
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achieved with an CH4/O2 pressure ratio of ∼10/1 at 873 K.42

We emphasize that the critical O2/CH4 pressure ratio increases
with the reaction temperature, as shown in Figure 3B. Because
platinum oxides were not detected (a band with a frequency of
500−700 cm−1 would be expected71,72) by in situ IRAS and
Raman spectroscopies during the oxidation of CH4 on the Pt

thin foil, it is reasonable to conclude that metallic Pt is the
active surface under the present conditions, consistent with a
recent report.42 Here, it should be noted that platinum oxide
does form for oxide-supported Pt nanoparticles before the
point of ignition under POM conditions, but reduces to the
metallic state upon ignitation.21,22 These results demonstrate
that PdO is significantly more active for CH4 oxidation than
either metallic Pd or Pt under comparable reaction conditions.
Previous kinetic measurements on Pd also yielded observations
of a significant drop of the reaction rate upon the trans-
formation of PdO to the metallic Pd phase as the reaction
temperature increased to values above 950 K (1.5 Torr O2 +
0.3 Torr CH4).

56 A recent in situ surface X-ray diffraction study
also confirmed PdO as one of the active surfaces for CH4
oxidation.66 The temperature-programmed desorption of light
alkanes revealed that CH4 molecules bond more strongly on
PdO surfaces than on Pd surfaces due to the formation of a
sigma-complex,68 which may be one reason for the correspond-
ing higher reaction rate.
The above results demonstrate that significantly higher

reaction rates (Figures 2, 3 and 4), specifically, 2−3 orders of
magnitude higher than those observed under near-stoichio-
metric conditions, are achieved on Pd and Pt surfaces under
oxygen-poor conditions. Such high rates are even more
remarkable when compared to those observed on PdO surfaces,
especially at higher reaction temperatures (Figure 3). To better
understand this phenomenon, CO oxidation was performed in
the same reactor using the same Pd sample. It should be noted
that such a sharp enhancement of the reaction rate, as a
function of the CO partial pressure, has previously been
observed for the oxidation of CO on Pd, Rh, and Pt
metals.46−48 As observed in Figure 4B, CO oxidation was
conducted on the Pd thin foil at 523 K in the same reactor as
that used for CH4 oxidation. Beginning with an oxygen-rich
condition, the extent of the total pressure decrease increases
with reaction progress, i.e., the reaction rate increases as the
CO partial pressure decreases (a negative order of 1.2 with
respect to the CO pressure), see also Figure 5A. A very sharp
pressure drop, corresponding to a TOF of 2000−3000 (2−3

Figure 3. Changes in total pressure (black lines) and the computed reaction rates (pink lines), as functions of the reaction time for CH4 oxidation
over polycrystalline Pd and Pt thin foils at the indicated reaction temperatures: (A) over a Pd surface with an initial CH4/O2 ratio of 9/1 and a total
pressure of 10 Torr and (B) over a Pt surface with an initial CH4/O2 ratio of 10/3 and a total pressure of 13 Torr.

Figure 4. Changes of the total pressure (black line) and the computed
reaction rates (pink line), as functions of the reaction time for (A)
CH4 oxidation over a polycrystalline Pt thin foil at 750 K with an initial
CH4/O2 ratio of 10/3 and a total pressure of 13 Torr, and (B) CO
oxidation over the polycrystalline Pd thin foil at 523 K with an initial
CO/O2 ratio of 1/1.2 and a total pressure of 5 Torr. The insets show
cartoon-like surface structure models based on IRAS measurements.
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orders of magnitude higher than that observed under the near-
stoichiometric condition), is observed at the critical CO/O2
pressure ratio. It has been well-established that Pd and Pt
surfaces are dominated by CO, even under oxygen-rich
conditions during CO oxidation; this fact results in CO-
desorption limiting of the reaction rate.42−48,73 As the CO
partial pressure decreases, the surface coverage of the
chemisorbed CO decreases, vacating more surface sites for
O2 activation and leading to a very sharp growth of the reaction
rate at low levels of surface oxygen coverage. Then, the reaction
rate either achieves a maximum value at suitable surface
coverages of CO and O or meets the mass transfer limit of CO,
resulting in the shift from a CO-dominant surface to a
chemisorbed oxygen-dominant surface.48 It should be noted
that in situ IRAS with a wide spectrum range has demonstrated
that PdO does not appear for CO oxidation under the above-
mentioned conditions.48

In contrast, the CH4 conversion rates (TOF) on metallic Pd
and Pt surfaces are low under the above-examined conditions,
as shown in Figures 2, 4, and 5. However, the dissociation of O2
on Pd and Pt surfaces is well-known to occur quickly,74−77

which can also be substantiated from the oxidation of CO with
a TOF of several hundreds to several thousands at lower
reaction temperatures of 450−550 K (Figures 4 and 5).46−48

The lower CH4 reaction rate should then be limited by the
activation of CH4 on the Pt and Pd surfaces. Moreover, surface
CHx (x = 0−3) species were not observed by subtracting the in
situ IRAS spectra obtained under the reaction conditions, when
using the comparable gas phase CH4 as a background. Based on
these facts, the surfaces of Pd and Pt under the CH4 oxidation
conditions should be dominated by chemisorbed oxygen, if the
specific oxides are not present.

Accordingly, the initial lower CH4 conversion rate observed
on the Pt surface and the increase of the reaction rate with
decreasing O2 partial pressure (a negative order of ∼1.4, with
respect to the O2 pressure) demonstrate that the surface-
chemisorbed oxygen at near-saturation coverage suppresses the
activation of CH4, i.e., CH4 activation requires unoccupied Pt
sites. This is also evidenced by the similarity of the trend lines
of the changes in the total pressure and rate for the oxidation of
CH4 on Pt as functions of the reaction time, in addition to the
trends recorded for the oxidation of CO on Pd and Pt (see
Figure 5).48 It has also been proposed that a surface that is
unsaturated with chemisorbed oxygen (oxygen-vacancy pair:
O*−*) is more active than a surface that is saturated with
chemisorbed oxygen, based on kinetic measurements for the
oxidation of CH4 on supported Pt nanoparticles and DFT
calculations.28,34 Therefore, with decreasing in O2 pressure, the
coverage of the surface chemisorbed oxygen (θO) decreases,
which then releases additional active sites on the surface
(uncovered surface Pt atoms) for the activation of CH4, leading
to an increase in the reaction rate (a negative order of 1.4, with
respect to O2; see Figure 5B). As the critical point is
approached, the number of available surface Pt sites increases
significantly, resulting in a sharp increase in the reaction rate.
This continues until a maximum reaction rate has been
achieved. After the maximum point, the rate decreases with a
further decrease of the O2 pressure due to the presence of an
insufficient amount of surface oxygen species.
Even at a CH4/O2 pressure ratio of 10/1, PdO initially forms

on the Pd surface; hence, this system exhibits a higher reaction
rate and changes by +0.9 orders with respect to the O2 pressure
(Figure 5). PdO is reduced at low O2 partial pressures (Figures
1 and 2); after this occurs, the behavior of CH4 oxidation on
the metallic Pd at low O2 pressure is similar to that on the Pt
surface. There are common features between the two systems,
including the increase in the reaction rates (TOFs) with
decreasing CO partial pressure, with respect to CO oxidation,
and with decreasing O2, with respect to CH4 oxidation, and the
occurrence of a sharp increase at the critical point. It should be
noted that de-N2O efficiency on Pd/Al2O3 catalysts in the
presence of CH4 and O2 is also significantly suppressed by O2,
due to the scavenging of strongly adsorbed oxygen species by
the hydrocarbon.78

Furthermore, it should be emphasized that O2 can dissociate
on metallic Pd surfaces to form a chemisorbed oxygen species
below room temperature,74−76,79−82 while the formation of a
bulk oxide requires a higher temperature and sufficient O2
partial pressure.48,83,84 The reduction of PdO as the O2 partial
pressure decreases under the CH4 oxidation conditions
demonstrates that the O2 partial pressure is essential to PdO
stability in the presence of a certain amount of the reducing
gas.84 Such results also suggest that the activation/dissociation
of O2 on the PdO surface is slower than that on the metallic Pd
surface, as well as the fact that the lattice oxygen can directly
engage in CH4 oxidation.
The above comparisons demonstrate that strongly chem-

isorbed oxygen species are involved in the oxidation of both
CH4 and CO on Pd and Pt, when no oxide has formed. Under
near-stoichiometric conditions, the surface is dominated by
chemisorbed oxygen for the oxidation of CH4, but chemisorbed
CO dominates the surface for the oxidation of CO. The state of
higher activity occurs under oxygen-poor conditions on a
chemisorbed oxygen-deficient surface during CH4 oxidation,
but under oxygen-rich conditions on a chemisorbed oxygen-

Figure 5. Reaction order dependence for (A) CO oxidation over a Pd
foil at 523 K on CO (∼0−3 Torr CO, 1.5−3 Torr O2) and (B) CH4
oxidation over a Pd foil at 643 K and over a Pt foil at 750 K on O2
(∼10 Torr CH4, and 0−10 Torr O2).
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rich surface during CO oxidation. These results reveal that the
Pd and Pt surfaces are rich in surface chemisorbed oxygen for
CH4 oxidation, while such oxygen-rich surfaces are highly active
for the oxidation of CO. This is the reason why CO2 and H2O
are the main products during the oxidation of CH4 on Pd and
Pt under the present experimental conditions, except when O2
is nearly depleted. This supports a mechanism of combustion
followed by subsequent reforming for the partial oxidation of
methane.1−3,13,14 The very sharp pressure drop observed at the
critical point also confirms the complete oxidation of CH4
because partial oxidation (CH4 + 0.5O2 = CO + 2H2),
including both the direct and combustion-reforming paths,
would result in a pressure increase.
The significantly different activities observed for the

oxidation of CH4 on Pd and Pt surfaces as a function of O2
pressure (Figure 5) demonstrate that the combination of Pd
and Pt on a supported catalyst should enhance the overall
activity of the catalyst in a wide range of O2 pressures in which
PdO may play the key role under oxygen-rich conditions, while
Pt may be the key catalytically active surfaces under oxygen-
poor conditions. The better performance observed on a
bimetallic Pd−Pt catalyst for the oxidation of CH4

85 can be
attributed partially to the effect of alloying, which modifies the
redox properties of Pd nanoparticles, in addition to the
existence of different active surfaces of PdO and metallic Pt.

4. CONCLUSIONS

In summary, both PdO and metallic Pd were identified by the
home-built wide spectrum range in situ IRAS as catalytically
active surfaces for the oxidation of CH4, depending on the
reaction temperature and the partial pressure of O2. On a bulk-
like Pt foil, only the metallic surface presents as the active
surface. Near stoichiometric reaction conditions, the PdO
surface is significantly more active for CH4 oxidation than
either the metallic Pd or Pt surfaces. The dissociated adsorption
of O2 occurs significantly faster than that of CH4 on the Pd and
Pt surfaces, leading to a surface dominated by chemisorbed
oxygen on both the metallic Pd and Pt surfaces, which then
suppresses the activation of CH4. The most active region is
achieved under oxygen-poor conditions. The study reveals that
the involvement of a surface metal or cation site significantly
enhances the activation rate of CH4.
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