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The adsorption of methanol on pure ZnO and Au-decorated
ZnO nanoparticles and its thermal decomposition monitored
by temperature-programmed desorption (TPD) experiments
and by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), both applied under continuous flow conditions
in fixed bed reactors, is reported. Two distinguishable methoxy
species are formed during methanol adsorption on ZnO differing in the CO stretching bands. During the subsequent TPD
experiments two different H2 peaks are observed, indicating
the conversion of methoxy into formate species. By applying
different heating rates, activation energies of 109 kJ mol1 and
127 kJmol1 for the selective oxidation of the two methoxy
species are derived. Correspondingly, the methoxy decomposition results in two distinguishable formate species, which are
identified by the asymmetric and symmetric OCO stretching
bands on pure ZnO and Au/ZnO. Based on the decreased in-

tensities of the OH bands during methanol adsorption, which
are specific for the various ZnO single crystal surfaces, on the
different reactivities of these surfaces, and on the formate FTIR
bands observed on ZnO single crystal surfaces, the two methoxy and the corresponding formate species are identified to

be adsorbed on the exposed less reactive non-polar ZnO(1010)
 surface.
surface and on the highly reactive polar ZnO(0001)
The simultaneous formation of H2, CO, and CO2 at about 550–
600 K during the TPD experiments indicate the decomposition
of adsorbed formate species. The CO/CO2 ratio decreases with
increasing Au loading, and a broad band due to electronic
transitions from donor sites to the conduction band is observed in the DRIFT spectra for the Au-decorated ZnO nanoparticles. Thus, the presence of the Au nanoparticles results in an
enhanced reducibility of ZnO facilitating the generation of
oxygen vacancies.

1. Introduction
Since methanol is one of the promising candidates as a future
fuel, many studies concerning methanol synthesis and its conversion in the gas phase have been performed.[1] Zinc oxide is
used as catalyst or as catalyst support in heterogenous catalysis, and is a major component of all industrial catalysts for
methanol synthesis. The first catalysts for methanol synthesis,
applied in 1923 by BASF, consisted of ZnO/Cr2O3, in which ZnO
was the main active component.[2–4] In the ternary Cu/ZnO/
Al2O3 catalysts, used since the 1960s, Cu is the main active
component,[4, 5] but it is assumed that the strong interaction
between Cu and ZnO creates highly active sites.[4, 6–9]
ZnO is an oxide with a strongly anisotropic morphology, exhibiting highly different surfaces. In contrast to the non-polar
 surface, the polar Zn-terminated ZnO(0001) and the
ZnO(1010)
O-terminated ZnO(0001) surfaces are electrostatically unstable,[4, 9–12] and higher reactivities compared to the non-polar
surface are expected.[13] The oxygen vacancies present on the
 surface have been sugpolar oxygen-terminated ZnO(0001)
gested as active sites in methanol synthesis.[4, 12, 14–16]
In the last decades gold has become of major interest for
several reactions such as CO oxidation, selective oxidation of
hydrocarbons, alcohols and aldehydes, hydrogenation reactions, or the water gas shift reaction.[17] Gold is catalytically
active when well-dispersed on support materials. It is also able
to catalyze methanol synthesis.[18–24] Compared to other support materials such as TiO2, Al2O3, or Fe2O3, ZnO exhibits a high
selectivity towards methanol.[20, 21] The active sites for carbon
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oxide hydrogenation have been claimed to be located at the
interface between the gold particles and the support.[19, 21, 24]
The reason for the interface being the active part of the catalyst is still under debate. For the system Cu/ZnO, Spencer and
co-workers[25, 26] proposed hydrogen dissociation to take place
on ZnO followed by reverse spill-over to Cu. For the same
system, an enhanced reducibility of ZnO was found experimentally by King and Nix.[27] Frost[28] proposed already in 1988 that
any of the Group Ib metals (Cu, Ag, Au) perturbs the oxide
defect equilibria in semiconducting oxides by metal/oxide
junctions enhancing the number of oxygen vacancies on the
surface. An enhanced concentration of oxygen vacancies as
active sites is also discussed in more recent literature.[20, 24]
Infrared (IR) spectroscopy is a convenient tool for the identification of adsorbed species and the elucidation of reaction
pathways of heterogeneously catalyzed reactions. When methanol synthesis is investigated in situ under typical reaction conditions such as high temperature and high pressure of the synthesis gas (CO, CO2, H2), all IR-active gas-phase species contribute to the spectra. In addition, the high reduction potential of
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