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Introduction

We have used in situ X-ray photoelectron spectroscopy
(XPS) to investigate the catalytic oxidation of methanol over
a polycrystalline copper foil. There are two main reaction
paths: a partial oxidation to formaldehyde, and a total oxida-
tion, which would be thermodynamically favored under
equilibrium conditions:

@) CH;0H + 20, — CH,0 + H,O

(partial oxidation) DH = -159 kJ/mol
2) CH;0H + 3/20,— CO, + 2H,0

(total oxidation)  DH = -674 kJ/mol
In situ near-edge X-ray absorption spectroscopy results at
the O K-edge revealed that the formaldehyde yield is corre-
lated to the presence of a suboxide species at the sample
surface that could only be detected under in sifu conditions.
[1] The goal of our experiments was to use in situ XPS [2]
to determine the nature of the active species during the cata-
lytic reaction, and to measure their abundance as a function
of reaction conditions. By varying the incident photon en-
ergy we have also performed depth-profiling of the active
species at the copper surface under reaction conditions.

Results and discussion
A polycrystalline Cu foil was mounted onto a temperature-
controlled sample stage in the experimental cell. The com-

bined methanol and oxygen pressure in the experimental cell
was 0.6 mbar at a methanol-to-oxygen flow ratio of 3:1. The
experiments were performed at BESSY in Berlin at the un-
dulator beam line U49/2-PGM1, and at the bending magnet
beamline 9.3.2 at the Advanced Light Source in Berkeley.
Fig. 1 shows the Ols region of photoemission spectra (hn =
720 eV) taken at 25 °C and 400 °C in the reaction mixture.
Since the incident X-ray beam irradiates part of the gas
phase in front of the sample in addition to the sample sur-
face, the spectra in Fig. 1 contain gas phase peaks alongside
the surface peaks. Peaks with a binding energy (BE) higher
than 534 eV are due to gas phase species, those with a BE
smaller than 534 eV are due to oxygen species at the sur-
face.

Both gas phase and surface peaks in the spectra in Fig. 1
show a strong dependence on the sample temperature. At 25
°C, only gas phase peaks of the two reactants (O, and
CH;0H) are present in the spectrum, indicating that there is
no catalytic conversion. The presence of gas phase peaks of
the reaction products (CH,O, H,0O, and CO,) in the spectrum
taken at 400 °C shows that the Cu foil is catalytically active
at this temperature.

In the spectra in Fig. 1 we can distinguish three different
species at the surface or in the near-surface region (apart
from some residual hydrocarbon-related contamination at 25
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°C). At 25 °C the CuyO peak (BE 530.4 ¢V) dominates the
spectrum. Two smaller peaks at 529.8 eV and 531.5 eV are
also present at room temperature. These peaks dominate the
Ols spectra of the catalytically active Cu surface at 400 °C,
while the oxide peak is not present, i.e. the surface has now
a metallic character. This is confirmed by the valence band
spectrum taken at 400 °C, which shows the characteristic
spectrum for metallic copper.
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Fig. 1: In situ XPS O 1s spectra of copper foil in 0.15 mbar
O, + 0.45 mbar CH;0H. At 25 °C the sample is oxidic and
catalytically inactive. At 400 °C the surface is metallic and
shows a strong sub-surface oxygen peak. There are also
peaks from the gaseous reaction products at 400 °C. The BE
scale is referenced to the surface peaks. The BE difference
of the gas phase peaks at 25 °C and 400 °C is due to a
change in the work function of the sample surface.

The nature of the peaks at BE 529.8 eV and 531.5 eV was
investigated using depth-profiling. To this end Ols spectra
were recorded at different incident photon energies. The
531.5 eV peak intensity decreased with increasing mean free
path length, whereas the 529.9 eV peak intensity increased
with increasing mean free path length. This implies that the
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531.5 eV species is located at the surface, while the 529.9
eV species is distributed in the sub-surface region. We can
rule out that either of these species is a carbon-oxygen com-
pound, since the Cls region of the photoemission spectrum
does not show surface peaks that correlate to the Ols peaks
under our reaction conditions. The 529.9 eV peak due to
sub-surface oxygen was only observed in in situ measure-
ments. When the oxygen flow to the cell was stopped the
sub-surface oxygen peak vanished in less than one second.
Fig. 2 shows the dependence of the CH,O yield on the
abundance of sub-surface oxygen in the sample (expressed
in terms of its peak area) for different temperatures between
25 °C and 450 °C. There is a clear correlation between the
abundance of sub-surface oxygen and the yield of CH,O.
Sub-surface oxygen could increase the catalytic activity by
inducing stress in the Cu lattice, which could lead to an up-
ward shift of the d-states and thereby to a stronger surface-
adsorbate interaction. [3] The role of the sub-surface oxygen
in the catalytic oxidation of methanol is subject of further
investigations in our laboratory.
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Fig. 2: CH,O yield as a function of the sub-surface oxygen
peak area.

[1] A. Knop-Gericke, M. Havecker, T. Schedel-Niedrig, R. Schlogl. Top. Catal. 15 (2001) 27-34.
[2] D.F. Ogletree, H. Bluhm, G. Lebedev, C.S. Fadley, Z. Hussain, M. Salmeron, Rev. Sci. Instrum. 73 (2002) 3872-3877.
[3] M. Mavrikakis, B. Hammer, J.K. Norskov, Phys. Rev. Lett. 81 (1998) 2819-2822.

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.thi-berlin.mpg.de/ac)



