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The adsorption of CO on polycrystalline ZnO powder samples was investigated as a function of the pretreatment
by applying static adsorption microcalorimetry and temperature-programmed desorption (TPD). Mainly weak
adsorption sites were found to be present on the exposed ZnO surfaces but also a minor amount of highly
active sites (>0.1 µmol/m2). On the majority sites, the adsorption of CO is weak, as reflected by the isotherms
and the TPD profiles, with a maximum heat of adsorption of about 40 kJ/mol, which decreases with increasing
coverage and also with an increasing amount of surface hydroxyl groups. The standard adsorption entropy is
derived to amount to -102 J mol-1 K-1. These weak adsorption sites are hardly influenced by the pretreatment
in flowing oxygen, hydrogen, or helium. On the highly active sites, as probed by small doses of CO in the
calorimetric experiments, different exothermic (>100 kJ/mol) and endothermic surface reactions occur in
addition to CO adsorption, depending on the gas atmosphere applied during the pretreatment. These results
clearly indicate that the small amount of highly active sites accounts for the catalytic properties of ZnO.

1. Introduction

It has been known for a long time that ZnO surfaces are
strongly heterogeneous with respect to adsorption and catalytic
reactions.1 For polycrystalline ZnO particles, Taylor et al.2 found
multiple stages of hydrogen desorption, Krylov et al.3 reported
broad activation energy distributions in the dehydration of
isopropanol, and Kolboe4 determined several sets of adsorption
sites according to the isopropanol thermodesorption profiles.
Detailed information on structure sensitivity is accessible by
studying single crystal faces.5 Grunze et al.6 investigated the
interaction with oxygen, hydrogen, and water and found by
applying infrared spectroscopy that only ZnO powders with a
significant fraction of exposed polar surfaces show pronounced
Zn-H and O-H bands upon hydrogen adsorption. Cheng et
al.7 showed that the polar Zn-terminated ZnO(0001) surface and
stepped nonpolar ZnO surfaces have higher activity than the
nonpolar flat ZnO(101j0) surface in methanol decomposition,
with formaldehyde being formed only over the polar ZnO(0001)
surface. Some polar organic compounds including alcohols,8

aldehydes, carboxylic acids,9,10 terminal alkynes,11 and CH3SH
and (CH3)2S2

12 adsorb dissociatively on the ZnO(0001) surface,
but on the O-terminated ZnO(0001j) surface, only molecular
adsorption occurs. In addition to the structural differences of
these crystal faces, lattice defects such as oxygen vacancies also
play an important role in the structure sensitivity of ZnO
surfaces. For example, the yield of products of methanol
decomposition was found to be higher over the reduced
ZnO(101j0) than that over the stoichiometric ZnO(101j0) surface.7

The formation of methanol over polycrystalline ZnO/Al2O3

decreased remarkably in the presence of only a very low amount
of carbon dioxide in the synthesis gas mixture, implying that
oxygen vacancies are the active sites for the hydrogenation of
carbon monoxide over ZnO.13

Carbon monoxide is a useful probe molecule to study the
structure sensitivity of ZnO surfaces in catalytic methanol
synthesis because it is not only a reactant of this reaction but
also a σ donor, which is suitable to characterize Zn2+ ions with
different electronic environments.14 An early comparison of CO
adsorption energies on different ZnO single-crystal faces was
performed by Gay et al.15 based on a Clausius-Clapeyron
analysis of ultraviolet photoelectron spectra, which yielded 50
kJ/mol for all of the investigated (0001), (0001j), (101j0), and
(112j0) surfaces. This is a rather surprising result from a chemical
point of view as there is no mechanism which would bind CO
to the oxygen anions terminating the ZnO(0001j) surface.
Recently, it was possible to determine CO binding energies by
combing helium atom scattering (HAS) with thermal desorption
spectroscopy (TDS).16 By applying this He-TDS method, which
monitors the reflectivity of the surface for thermal helium atoms,
the desorption of CO bound to the perfect parts of ZnO surfaces
can be monitored. Staemmler et al.16 report a higher CO binding
energy on the clean ZnO(0001) surface (26.9 kJ/mol) compared
to that on the clean ZnO(0001j) surface (17.0 kJ/mol), in
agreement with theoretical calculations. Furthermore, the sen-
sitivity to a hydrogen pretreatment is different. After saturating
the Zn-ZnO surface with adsorbed atomic hydrogen, it became
repulsive to CO adsorption, while the CO binding energy on
the O-ZnO surface was nearly unchanged (19.2 kJ/mol).16

Actually, for a clean, hydrogen-free ZnO(0001j) surface, a
(1 × 3) reconstruction is visible, which is rapidly converted
even under ultrahigh vacuum (UHV) conditions into the stable
hydroxylated (1 × 1) reconstruction.17 It was concluded that
most of the previous experiments on the O-ZnO surface were
indeed carried out on OH-ZnO,5 in agreement with a recent
theoretical analysis of the stability of the polar ZnO surfaces.18

Thus, on the (1 × 1)-ZnO(0001j) surface, CO is actually ad-
sorbed on top of the OH groups with the C-atom down being
weakly held by electrostatic interactions.19,20 On the basis of
the CO TPD data on the clean mixed-terminated ZnO(101j0)
surface, a binding energy of 30.5 kJ/mol was obtained,21 which
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