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Abstract

In situ time-resolved X-ray absorption spectroscopy and mass spectrometry were used to correlate changes in catalyst surface composition with
catalytic activity for methane oxidation over alumina supported Pt. Different transient experiments (i.e., pulsing of oxygen or hydrogen to an
otherwise constant gas composition) were performed to study the methane oxidation kinetics. Changes in the surface O/Pt ratio were monitored
by the introduction of a new analysis method of the white line area corresponding to the Pt LIII-edge XANES spectra. The relevance of the
method was confirmed by first-principles calculations demonstrating how hydrogen and oxygen adsorbates modify the electronic structure of Pt.
The experimental results show that during the gas-phase transients, the surface O/Pt ratio changes, which in turn affects the methane oxidation
rate. Activity maxima are observed for an intermediate surface O/Pt ratio. An oxygen-rich surface seems to hinder the dissociative adsorption of
methane, leading to low methane oxidation activity at oxygen excess.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The growing concern about global warming has stimulated
strategies to reduce anthropogenic emissions of greenhouse
gasses like carbon dioxide (CO2). One such initiative within
the transportation sector is to replace vehicles with gasoline or
diesel engines with natural gas vehicles (NGVs). Since natural
gas essentially is methane (CH4), NGVs may reduce CO2 emis-
sions if the used methane is produced from regenerable sources,
e.g., biomass. Moreover, NGVs have other advantages, such
as low particulate and NOx emissions as compared with, for
example, standard diesel vehicles. But because CH4 is also a
significant greenhouse gas [1], the methane slip from the com-
bustion process must be controlled, preferably by efficient cat-
alytic exhaust aftertreatment systems. The rather cold exhaust
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(<500 ◦C) from these engines demands low-temperature active
catalysts.

The most common catalysts for methane oxidation are Pd
and Pt. Palladium is more active in the oxidised state and conse-
quently is preferred for operation at net-oxidizing (lean) condi-
tions, whereas Pt, which is more active in the metallic state, may
be beneficial for net-reducing (rich) conditions [2–4]. Among
the hydrocarbons, methane is the most difficult to oxidize, as
reflected by the relatively high temperatures required for the
catalytic oxidation to proceed. From a mechanistic standpoint,
the low reactivity of methane is connected to the difficulty in
which adsorption occurs on different catalytic surfaces. For ex-
ample, the sticking probability of methane on noble metals is
relatively low compared with that on higher alkanes [5]. This
indicates that properties like the chemical state and morphol-
ogy of the surfaces, which are crucial for the adsorption, are
important for the overall oxidation rate. For example, it has
been shown that the methane conversion over a Pt/Al2O3 cat-
alyst strongly depends on the oxidizing–reducing character of
the exhausts, in which excess oxygen conditions result in low
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activity [6]. The latter was assumed to be due to deactivation of
the Pt crystallites by adsorbed oxygen, decreasing the ability of
the catalyst surface to dissociate methane.

X-ray absorption spectroscopy (XAS) is a powerful tech-
nique for analysis of, for example, the oxidation state of solids,
and thus is used in many fields of research, including chemical
sensors, semiconductors, and catalysts [7]. In an XAS spec-
trum, the extended X-ray absorption fine structure (EXAFS)
region provides information on the local geometry and neigh-
boring atoms of the absorbing atom [8]. The EXAFS spectra are
sensitive to thermal vibrations and may degrade significantly at
temperatures above 300 ◦C [9], that is, slightly below typical
reaction temperatures for oxidation of saturated hydrocarbons
over noble metals. But at these temperatures, it is still possible
to deduce valuable information from XAS by using the region
close to the absorption edge, the so called X-ray absorption
near-edge structure (XANES) region. The XANES spectra pro-
vide information about the electronic structure of the absorbing
atom and thus can reveal information about the chemical state
of catalyst surfaces. For example, XANES has been used to
study hydrogen [10–12] and CO chemisorption [12], as well
as the influence of support material on the chemical state of Pt
for typical supported catalysts [13]. The intensity of the absorp-
tion edge, the so-called white line [14], is connected to electron
transitions from the atomic 2p3/2 state to the 5d3/2 and 5d5/2
levels. An intense white line is observed if the absorbing atom
has a large number of d-electron vacancies. Consequently, the
white line can be correlated to the oxidation state of platinum as
the electron vacancies in the 5d levels reflect the oxidation state
of the metal. For oxidized platinum, an intense white line is ob-
served, as opposed to metallic platinum, where the white line is
significantly less intense. Different methods based on the height
and/or area of the white line have been used to extract quantita-
tive information from XANES measurements [15]. Somewhat
more sophisticated methods involving mathematical analysis of
the area under the white line by fitting an arc tangent and a
Gaussian or Lorentzian function to the spectra also have been
used [16,17]. We previously reported the use of the energy dif-
ference at the inflection point of the absorption edge as a basis
for analysis [18].

In the present study, we introduce a new method that uses
the Pt LIII white line area (WLA) intensity to facilitate effi-
cient evaluation of time-resolved in situ XANES measurements
of methane oxidation over a Pt/Al2O3 catalyst at transient in-
let conditions. Specifically, we correlate changes in the surface
O/Pt ratio to methane oxidation activity during oxygen or hy-
drogen pulsing. To support the interpretation of the results that
the method yields, we perform a set of first-principles calcula-
tions to study changes of the metal electronic density of states
on O and H chemisorption.

2. Experimental

2.1. Catalyst preparation and characterization

A 4% Pt/Al2O3 catalyst was prepared by wet impregnation.
The support material, 3.8 g γ -Al2O3 (SCC a-150/200, Sasol),
was dispersed in 10 g of distilled water, and the pH was adjusted
to 2.5 by adding diluted HNO3 solution (Merck). An aque-
ous platinum nitrate solution (Pt(NO3)2, 0.15 wt%, Johnson
Matthey) was added dropwise to the alumina slurry under con-
tinuous stirring to yield a Pt loading of 4%. The slurry was kept
under continuous stirring for 20 min, frozen with liquid nitro-
gen, and freeze dried. To preserve a high Pt dispersion, the cata-
lyst was calcined at 450 ◦C for 4 h in air, starting with a temper-
ature ramp from room temperature at a rate of 5 ◦C per minute
to 450 ◦C. The platinum dispersion of the final catalyst was de-
termined by CO chemisorption (Micromeritics, ASAP2010C)
at 27 ◦C, giving 65% dispersion assuming a maximum CO/Pt
ratio of 0.8, which is reasonable for highly dispersed Pt parti-
cles [19]. The BET surface area (Micromeritics Tristar) of the
sample was measured as 182 m2/g.

2.2. In situ XANES measurements

Energy-dispersive in situ XANES measurements at the Pt
LIII-edge (11.6 keV) were performed in transmission mode at
beamline ID24 at ESRF, Grenoble, France, on a pressed pel-
let (∅ = 5.3 mm and l = 1.3 mm) of ca 50 mg 4% Pt/Al2O3
and 50 mg KBr. The x-ray beam spot size on the sample was
∼200 × 200 µm, and the data sampling rate was 0.56 s. The
pellets were mounted in a temperature-controlled flow reactor
cell, to which a reactant gas mixture, obtained through indi-
vidual mass flow controllers, was introduced. A total flow of
100 ml/(NTP)min, corresponding to a space velocity of about
70,000 h−1, was used. The reactor cell was mainly a flow-by
type with a volume of ∼5 ml, here resulting in a residence time
of <3 s. The product stream was continuously analyzed with
a Balzers Prisma mass spectrometer following the H2 (m/e 2),
He (m/e 4), CH3 (m/e 15), H2O (m/e 18), CO (m/e 28), O2
(m/e 32), Ar (m/e 40), and CO2 (m/e 44) signals. The beam-
line was equipped with a Si [111] polychromator crystal, oper-
ating in Bragg mode, for selection of the desired range of X-ray
wavelengths (11.43–12.05 keV), and a 1152 × 1242 pixel CCD
solid-state detector for spectral analysis. Two additional mir-
rors in the beamline were used to achieve harmonic rejection.
The estimated energy resolution was �E/E ≈ 1.2–1.5 × 10−4,
and the energy increment between data points was 1.2 eV. The
XANES spectra were recorded during pulse response (PR) ex-
periments while the oxidising-reducing character of the feed
was periodically varied by changing either the oxygen concen-
tration between 0 (5 min) and 1250 vol-ppm (5 min) using a
500 vol-ppm CH4 flow or a H2 concentration between 0 (5 min)
and 5000 vol-ppm (5 min) using a flow of 500 vol-ppm CH4
and 1250 vol-ppm O2. Helium was used as carrier gas in all
experiments. The PR experiments were repeated at 450, 400,
and 350 ◦C. All of the experiments are summarized in Table 1
together with the stoichiometric number, S, which is used to
describe the oxidizing–reducing characteristics of the feed gas.

2.3. Method for evaluation of XANES spectra

Previously, the WLA was evaluated by fitting an arc tan-
gent and Gaussian or Lorentzian function to the peak and then
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Table 1
Summary of the PR experiments performed during the XANES measurements

Experiment CH4 conc.
(ppm)

O2 conc.
(ppm)

H2 conc.
(ppm)

He conc. Sa

PR-O2
Lean 500 1250 – Bal. 1.25
Rich 500 – – Bal. 0

PR-H2
Lean 500 1250 0 Bal. 1.25
Rich 500 1250 5000 Bal. 0.36

a S = 2[O2]/([H2] + 4[CH4]) [43].

Fig. 1. XANES Pt LIII-edge spectra recorded during exposure to 0.5% hydro-
gen, 1250 ppm O2, 500 ppm CH4. The WLA is calculated by selecting the first
minimum of absorption after the edge, S0, at energy e2 as a starting point. The
WLA is thereafter calculated as

∫ e2
e1

(S(ε) − S0) dε, where S(ε) is the absorp-
tion spectrum and e1 is the start of integration.

obtaining the WLA by integrating the function [20]. Such a pro-
cedure is suitable for analyzing relatively few spectra with large
relative differences in WLAs. However, for the present set of
data that contains thousands of spectra, such methods are not
feasible and may not be able to capture small changes in the
spectra. For that reason, we introduce a new analysis method
facilitating evaluation of small changes in XANES spectra.

The time-resolved Pt LIII edge XANES spectra were ini-
tially energy-calibrated, using the Delia program in the XAID
toolbox in the XOP 2.0 software package [21], by fitting the
experimental data of a Pt foil spectrum to a corresponding spec-
trum measured in a non-energy-dispersive mode from the data-
base DABAX. All spectra were then normalized, and the WLA
of each spectrum was calculated by interpolation and integra-
tion. The WLA was calculated by selecting the first minimum
of absorption after the edge, S0, at energy e2 as a starting point,∫ e2
e1

(S(ε)−S0)dε, where S(ε) is the absorption spectrum and e1

is the start of integration, cf. Fig. 1. The present method has the
advantage of being less sensitive to normalization of the spec-
tra. Extracting quantitative information about the Pt oxidation
state by using the WLA, as performed by Yoshida et al. [17], re-
quires reliable reference spectra of samples with known oxida-
tion states [i.e., Pt foil, Pt(II) oxide, and Pt(IV) oxide] obtained
from the same experimental setup as the actual measurements.
Unfortunately, because we have measurements only for the Pt
foil, we cannot unambiguously perform a complete quantifica-
tion of the oxidation state. But to extract as much information
as possible, we instead used a reference spectrum from the
DABAX database to obtain a value for the WLA of PtO2. By
using this value and the value for the Pt foil as references, it
is possible to correlate changes in the WLA to changes in the
surface O/Pt ratio during reaction.

2.4. Computational method

To analyze how the electronic structure of a platinum surface
is modified by adsorption of oxygen and hydrogen, we per-
formed a set of first-principles calculations on the basis of the
density functional theory (DFT) [22,23]. We used DFT in the
implementation with plane waves and pseudopotentials [24].
In particular, we used the Perdew–Burke–Ernzerhof (PBE) ap-
proximation to the exchange and correlation functional [25],
along with ultrasoft scalar relativistic pseudopotentials to de-
scribe the interaction between the valence electrons and the core
[26]. A kinetic energy cutoff of 27.5 Ry was used to expand
the Kohn–Sham orbitals. Reciprocal space integration over the
Brillouin zone was approximated by (5,5,1) finite sampling us-
ing the Monkhorst–Pack scheme [27,28].

Using the present method, we calculated the lattice constant
for Pt to be 4.00 Å. This is a slight overestimation compared
with the experimental value of 3.92 Å [29]. Adsorption of oxy-
gen and hydrogen was considered on a Pt(111) surface modeled
by a p(2 × 2) unit cell with four atomic layers. In the calcu-
lations, repeated slabs were separated by 12 Å. To mimic a
truncated bulk surface, the atomic positions for the bottommost
layer were fixed at values corresponding to the theoretical bulk
value. All other atoms in the cell were geometry-optimized.

3. Results

3.1. Experimental results

Fig. 2 shows the WLA of the Pt LIII edge in situ XANES
spectra and the simultaneously recorded mass spectrometry
data for the Pt/Al2O3 sample during an oxygen PR experiment
at 400 ◦C. At the beginning of an oxygen step (e.g., t = 10 min),
the outlet concentration of CH4 decreased rapidly, reaching a
minimum at about 7 s after the introduction of oxygen be-
fore the start of a continuous increase for the remaining period
with oxygen supply. Most often, the methane concentration ap-
proaches a stationary level, however, in this case, the pulse time
was too short to allow this observation. A corresponding in-
crease in the amount of CO2 produced, a transition through a
concentration maximum, and a continuous decrease occurred
for the same period. When the oxygen supply was switched off
at t = 15 min, the CH4 concentration passed a new minimum
before approaching a significantly lower level compared with
the period of oxygen supply. Considering the CO2 concentra-
tion for this 5-min period, a corresponding passage through a
concentration maximum before it reaches 50 ppm can be seen.
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Fig. 2. Oxidation of 500 ppm CH4 over a 4% Pt/Al2O3 catalyst at 400 ◦C dur-
ing periodic changes of the oxygen concentration between 0 and 1250 ppm.
From top to bottom: Normalised ion currents for H2 (m/e 2) and O2 (m/e 32),
CH4 concentration and normalised ion current for CO (m/e 28), CO2 concen-
tration and white line areas of the XANES Pt LIII edge spectra. The floating
median of the WLA is represented by the black line in the bottom panel.

During the rich phase (no oxygen supply), both carbon monox-
ide and hydrogen were produced. Considering the WLA for Pt
during the pulses, the introduction of oxygen led to a contin-
uously increasing WLA value, whereas a step decrease in the
WLA occurred when the oxygen supply was switched off. The
increase in WLA was relatively slow when the oxygen sup-
ply was switched on. When the oxygen was removed from the
gas feed, the decrease in WLA was considerably faster. This
trend was observed at all of the temperatures studied, and no
clear temperature dependence could be observed. The periodic
fluctuations in WLA shown in Fig. 2 were probably due to the
combined effects of fluctuations of the X-ray beam position and
sample inhomogeneities [30,31].

Fig. 3 shows the results from the PR experiment in which H2
pulses (0.5%, 5 min) were introduced to a net-oxidizing mix-
ture of CH4/O2/He at 400 ◦C. These results are in line with the
oxygen PR experiments, with a relatively high outlet concen-
tration of CH4 in absence of hydrogen in the feed. However,
introducing H2 resulted in a sharp drop in the CH4 concentra-
tion passing through a minimum, followed by a slow increase.
When the H2 supply was switched off at t = 15 min, there was
a lower minimum correlated with an increase in the CO2 con-
centration. Studying the changes in the WLA reveals a rather
rapid drop in WLA with the introduction of hydrogen, followed
by a slower increase when the hydrogen supply was switched
off. No significant rate differences in WLA increase or decrease
were found at the temperatures studied.
Fig. 3. Methane oxidation over a 4% Pt/Al2O3 catalyst at 400 ◦C during hydro-
gen pulsing (0.5%, 5 min) to a 500 ppm CH4 and 1250 ppm O2 composition.
From top to bottom: Normalised ion currents for H2 (m/e 2) and O2 (m/e 32),
CH4 concentration and normalised ion current for CO (m/e 28), CO2 concen-
tration and white line areas of the XANES Pt LIII edge spectra. The floating
median of the WLA is represented by the black line in the bottom panel.

3.2. Computational results

To exemplify how adsorbates can modify the electronic
structure of platinum, we performed first-principles calcula-
tions. We compared the electronic density of states (EDOS) of
a bare Pt(111) surface with the case with O and H adsorbed on
Pt(111). Fig. 4 shows the results corresponding to an adsorbate
coverage of 0.25 monolayer. For O as well as H, the preferred
adsorption site was the threefold fcc position.

Because the WLA reflects the number of unoccupied d-
states, we projected the Kohn–Sham orbitals on the (pseudo)
atomic orbitals of each atom. In the cases with adsorbates, the
EDOS corresponding to a metal atom is one of the atoms form-
ing the threefold site at which the adsorbates are chemisorbed.

The results clearly show the difference between oxygen and
hydrogen adsorption on the electronic structure of the metal
surface. Compared with oxygen, the changes induced by hy-
drogen were smaller. Because the EDOS of unoccupied states
above the Fermi energy (εF) is of special interest, we inte-
grated this part from εF to εF + 5 eV. For Pt(111), H/Pt(111),
and O/Pt(111), we calculated 1.04, 0.94 and 1.17 electrons, re-
spectively. Because the electronic configuration of platinum is
5d96s1, the result for the bare surface (one electron hole in the
d-shell) was as expected and confirmed the accuracy of the ap-
plied technique. Hydrogen was found to donate a fraction of
one electron to the metal. For oxygen, the trend was reversed.
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Fig. 4. Projected electronic density of states of Pt(111), H/Pt(111) and
O/Pt(111). The results are reported with respect to the Fermi energy of each
system and broaded with a 0.05-eV Gaussian. The shaded curves correspond to
unoccupied states.

Oxygen abstracted an electronic charge from the metal, result-
ing in an increase in the d-electron vacancies. For completely
oxidized Pt (PtO2), there was an even higher degree of charge
transfer from the metal, and the integrated EDOS for α-PtO2
was 1.9 electrons.

4. Discussion

As mentioned in the Introduction, the electronic state of a
solid catalyst surface is crucial to the catalytic activity. For
Pt-based catalysts, this was demonstrated for many reactions,
including oxidation of CO [18,32], C3H8 [33,34], and CH4
[4,6]. The common result in these studies is that the degree
of oxidation of the platinum surface has a significant impact
on the overall reaction rate. Various terms, such as “weak” and
“strong” adsorption of oxygen [35], or any version of surface
oxide [36], have been used to describe various degrees of in-
teraction between platinum and oxygen. These terms are often
cited interchangeably in the literature. Following the definition
of IUPAC, no clear distinction can be made between adsorbed
oxygen and surface oxides [37]. Charge transfer adsorption is
a form of reductive or oxidative adsorption in which reductive
and oxidative refer to electron gain and loss, respectively, on
species in the solid [37]. This is demonstrated by our DFT cal-
culations that clearly show that hydrogen and oxygen adsorbed
on Pt(111) affect the EDOS above the Fermi level, which in
turn influences the electron density and thus also the number
of unoccupied d-states. Oxygen adsorbed on Pt(111) gives an
increased number of unoccupied d-states, which in a XANES
spectrum gives rise to an increased white line intensity, whereas
hydrogen adsorbed to Pt(111) results in a decrease of unoccu-
pied d-states and thus a decrease in white line intensity. Thus,
in the present study, we can confidently interpret an increase
in the XANES WLA in terms of increased surface O/Pt ra-
tio and vice versa. The term surface O/Pt ratio here considers
the amount of oxygen in all types of platinum–oxygen species.
This is because we cannot unambiguously distinguish between
chemisorbed oxygen on the Pt crystallites and Pt oxide, be-
cause both types affect the surface electronic state, and the
absolute quantification of the WLA is not straightforward. With
the present interpretation of changes in the WLA, we then cor-
relate the surface O/Pt ratio to the activity for methane oxidation
and speculate as to how this may influence the dissociative ad-
sorption of methane. In addition, we have some comments on
the reaction selectivity.

In the oxygen PR experiment (cf. Fig. 2), we observed min-
ima and maxima in the CH4 and CO2 outlet concentrations for
changes from rich to lean (RL) and from lean to rich (LR) con-
ditions. The high CO2 production at the RL switch was most
likely due to a combined effect of the passage through a state
with high activity for some intermediate surface O/Pt ratio and
high availability of adsorbed CHx (methane adsorbs dissocia-
tively on noble metals [2], however, the exact adsorbate con-
figuration is not well understood) that has been accumulated
during the oxygen-free period. The transient oxygen concentra-
tion on the catalyst surface is evident from the XANES analy-
sis, which shows an increasing WLA for this period. The high
methane oxidation activity at the switch is in line with previous
studies on methane oxidation [6], and thus our XANES analysis
confirms previous speculations that the surface O/Pt ratio plays
an important role in the activity of this reaction.

The influence of the surface O/Pt ratio on activity is even
more clear during the LR switch. Here the CHx coverage is
initially low; however, despite this, the activity is temporar-
ily high which again is due to the transition through a state
with high activity. It is likely that an optimal surface O/Pt ra-
tio corresponding to a maximum methane oxidation rate exists.
This is supported by the hydrogen PR experiments (cf. Fig. 3),
which show similar results. In this case, a small overshoot in
CO2 production is observed during the initial period of H2 sup-
ply. Even though the underlying mechanisms are different in
the oxygen and hydrogen pulse experiments, we can see clear
connections between surface O/Pt ratio and methane oxidation
activity. Moreover, the XANES experiments indicate that at the
conditions used here, the reduction process is faster than the
oxidation process.

In this study, we used a Pt catalyst with 65% dispersion,
meaning that most of the Pt atoms are available for adsorption.
Here, this facilitates the detection of changes in WLA as a re-
sult of changes in the surface coverage. It was previously shown
that Pt crystallite size distribution has a negligible influence on
the XANES spectra [38]; thus, in our study, changes in WLA
are relevant as a measure of changes in the surface O/Pt ra-
tio. A comparison between the WLAs of the sample used in
the present study and the reference samples (Pt foil and PtO2)
suggests that the average oxidation state of platinum is closer
to zero (Pt) than +4 (PtO2). Given that a linear relationship
between the WLA and the O/Pt ratio is plausible [17], and us-
ing the WLA of Pt(0) = 0.95 and WLA of Pt(IV) = 5.87, we
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Fig. 5. Schematic illustration of possible mechanisms for dissociative adsorp-
tion of CH4 on a catalyst surface for (a) an oxygen covered surface with a lean
feed gas, (b) on a partially oxygen covered surface with only methane in the
feed gas and (c) on an initially CHx covered surface when oxygen is added to
the methane feed gas.

may speculate that, assuming that the WLA during O2 expo-
sure (cf. Fig. 2) equals about 1.2, and assuming oxidation of
surface Pt only, the average O/Pt ratio would be 0.16 for our
sample. During the oxygen-free periods, WLA equals about
1.1; in this case, the corresponding average O/Pt ratio of the
surface Pt would be 0.10. Thus, the O/Pt ratio is higher at the
end of an O2 pulse compared with at the end of an oxygen-free
period by a factor of 1.6. The present results are in line with the
study by Burch et al. [4], who measured the oxygen uptake of a
reduced Pt/Al2O3 catalyst in vacuum at 300 ◦C and found that
it (O/Pt) reached a stationary value of about 65% of a mono-
layer. This was correlated with the conversion of methane over
the same catalyst, and it was found that maximum CH4 conver-
sion was reached just before the oxygen uptake reached 65%,
after which the activity declined quite rapidly.

Considering the sticking probabilities of methane and oxy-
gen together with the results from the PR experiments, the
following scenario emerges (Fig. 5): In the presence of ex-
cess oxygen, the surface becomes increasingly covered with
oxygen. This is supported by the fact that the sticking coeffi-
cient for oxygen is about 15 times higher than that for methane
on Pt (although the sticking coefficient can vary depending
on surface structure and experimental conditions) [39–42]. As
a result, a relatively low amount of methane adsorbs on the
Pt crystallites (which most likely is required for the catalytic
reaction, assuming a Langmuir–Hinshelwood reaction mecha-
nism), reflecting the low conversion at the end of an oxygen step
(Figs. 5a and 2 at t = 4 min). Moreover, when the oxygen sup-
ply is switched off (Figs. 5b and 2 at t = 5 min), an increase in
activity is observed. The activity increase is likely due to the re-
moval of gas-phase oxygen, which competes with methane for
the vacant adsorption sites on the Pt crystallites, thus leading
to a change in surface O/Pt ratio favoring methane adsorption.
When the catalyst is exposed only to methane (we assume the
catalyst surface is covered with dissociated methane, which we
denote by CHx) and the oxygen supply is switched on (Fig. 5c
and t = 10 min in Fig. 2), temporary high methane conversion
is likely obtained until all CHx is consumed.

During the rich period in both the oxygen and hydrogen PR
experiments, CO2 production decreases after the initial activity
increase. The outlet methane concentration is lower than dur-
ing the lean phase, and both H2 and CO are produced. This
indicates that methane adsorbs on the catalyst surface, and also
that some of the methane is converted into CO and H2. But
this requires an oxygen source, which could be the remain-
ing water produced in the previous oxidation reaction, oxygen
from platinum oxide, or oxygen from carbonates on the sup-
port. Supposing that the Pt crystallites are oxidized during the
lean phase and then reduced by CH4 during the rich phase, this
could produce some CO and H2. But this is not probable given
that the CO production increases during the oxygen-free phase
and the WLA drops quite rapidly, indicating a relatively rapid
reduction. Because the WLA remains at a fairly constant level
during the oxygen-free period, the interpretation of the WLA
clearly shows that the oxygen is not provided from the Pt sur-
face region. Therefore, a more likely explanation is a reverse-
methanation reaction, that is, water reacting with CH4 to form
H2 and CO. Further possibilities are reactions of methane with
hydroxyl species and/or carbonates from the support, where the
reaction with hydroxyl species seems more probable, because
the carbonates are likely rather unstable at the temperatures
used in this investigation.

In summary, we have shown that the surface O/Pt ratio is
crucial for methane oxidation activity. By performing transient
experiments, we observed activity maxima for both LR and RL
switches. This suggests that it is possible to approach an op-
timal surface O/Pt ratio for maximum methane oxidation by
means of periodic operation of the gas phase, as was previously
observed for oxidation of propane [33].

5. Conclusion

We have investigated methane oxidation over a Pt/Al2O3
catalyst in situ by combined XANES spectroscopy and mass
spectrometry under transient reaction conditions. By introduc-
ing an analytical method that enables use of the WLA of the Pt
LIII-edge XANES spectra, we were able to continuously fol-
low small changes of the surface O/Pt ratio. To confirm the
relevance of this method, we performed first-principles calcu-
lations to exemplify how hydrogen and oxygen adsorbates may
modify the electronic structure of Pt. Based on this method, we
correlated changes in surface O/Pt ratio to changes in methane
oxidation activity. In particular, we could correlate the activity
maxima observed at the switches during lean–rich cycling with
an intermediate surface O/Pt ratio. For a rich–lean switch, the
activity maximum was most likely due to the combined effect of
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high availability of CHx adsorbed during the rich period and the
transition through a surface O/Pt ratio with high activity. This
indicates that the surface O/Pt ratio is crucial to the methane ox-
idation activity. An oxygen-rich surface seems to suppress the
dissociative adsorption of methane, resulting in low methane
oxidation activity at oxygen excess. The results suggest that in
applications, transient operation (O2 or H2 pulsing) of the gas
composition could be beneficial to maintain a surface composi-
tion favorable for high methane conversion. This is in line with
previous observations for propane oxidation [33].
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