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The interaction of carbon monoxide and oxygen with gold particles supported on zinc oxide, alumina, and
titania was investigated by microcalorimetry. Multiple processes were detected during CO adsorption, including
adsorption of CO on the gold particles and support, oxidation of CO, and formation of carbonates. The rate
of O2 adsorption was much slower than that of CO adsorption. The heats and entropies of CO adsorption on
the Au sites indicated that the interaction between CO and Au supported on TiO2 is much stronger than that
between CO and Au supported on ZnO. The Au/ZnO sample had the largest amount of lattice oxygen (7.6
µmol/g), which reacted with CO to give CO2.

1. Introduction

The hydrogenation of carbon monoxide provides two essential
products for the chemical industry. Over catalysts containing
open d shell metals such as Fe, Co, Ni, or Ru, the main products
are methane and higher hydrocarbons

CO + 3H2 h CH4 + H2O (1)

Over commercially applied Cu/ZnO/Al2O3 catalysts and over
ZnO/Cr2O3 used in the old high-pressure process, methanol is
the dominating product1,2

CO + 2H2 h CH3OH (2)

In recent years, supported gold catalysts have been applied
in both reactions 1and 2, providing new insight into the
mechanism of methanol synthesis. Sakurai and Haruta3,4 reported
on the hydrogenation of CO2, where in the temperature range
from 200 to 400 °C, only CH3OH was obtained over Au/ZnO,
while methane was also formed and became dominant with
increasing temperature over Au/TiO2 and Au/Al2O3. Obviously,
the effect of the support on the catalytic properties of the gold
catalysts is rather strong. Over Cu/Al2O3 and Cu/TiO2, the yield
of methanol was found to be smaller compared to that of Cu/
ZnO, but the formation of methane was not observed.5 Zhao et
al.6 reported a shift in the product selectivity to higher alcohols,
especially ethanol and 1-propanol, during CO hydrogenation
at 573 K and 2.5 MPa over Au/ZnO compared to that of ZnO,
and Mpela et al.7 found a high selectivity to hydrocarbons, when
incorporating Au in ZnO.

Even in case of the well-established ternary Cu/ZnO/Al2O3

catalyst, the role of ZnO is still a subject of controversy. ZnO
is essential for the stabilization of copper particles and is
effective against sulfur poisons; it also strongly interacts with
Cu particles forming Cu-Zn sites and even a copper-zinc alloy
under highly reducing conditions.8-10 Whether these new species
and ZnO because of its oxygen vacancies are also involved in

the catalytic process is a controversial topic.11-15 Recent studies
applying adsorption calorimetry and CO as a probe molecule
provided strong evidence for these strong metal-support
interactions in Cu/ZnO catalysts.16,17

For the ternary Cu catalyst, CO2 is considered the main carbon
source of methanol18 because isotope labeling (14C) showed that
methanol is formed directly from CO2.19-21 A transient kinetic
study provided further evidence for this hypothesis.22 It is
difficult to distinguish between CO and CO2 as the carbon source
of methanol because the Cu/ZnO/Al2O3 catalyst is also highly
active for the water-gas shift reaction21,23-26

CO + H2O h CO2 + H2 (3)

On ZnO, however, both pathways from CO and CO2 as
carbon sources have been suggested, and an oxygen vacancy
has been assumed as the active site.27-29 The reaction pathway
starting from CO as a carbon source was suggested to be the
energetically favorable one, and recent catalytic activity studies
of oxygen-deficient ZnO revealed a beneficial influence of a
higher degree of oxygen deficiency of ZnO on the catalytic
activity in methanol synthesis from CO as a carbon source.30

For a deeper understanding of the mechanism of CO
hydrogenation over Au catalysts, it is first necessary to
investigate the interaction with CO. Volumetric measurements
show that CO adsorbs only to a small extent on Au particles
and that a larger fraction of the uptake occurs on the support.31-34

CO adsorbed on Au sites at the interface of reducible supports
such as ZnO and TiO2 reacts with surface lattice oxygen
atoms.35-37 Because of this oxidation, the adsorption of CO on
Au/TiO2 is not fully reversible.33

The heats of adsorption of CO on pure Au and supported Au
catalysts have been derived from temperature-programmed
desorption (TPD) or from quantitatively applied spectroscop-
ies,38-45 showing that the heat of adsorption of CO on titania-
supported Au (>70 kJ/mol) is larger than that on pure Au (<60
kJ/mol). Using the spectroscopic intensity of the CO band in a
polarization modulation-infrared reflection absorption spec-
troscopy (PM-IRAS) study, Diemant et al.46 found a size
dependence of the CO adsorption energy on the Au particles,
which had been deposited on a flat TiO2 surface. While the initial
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