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a b s t r a c t
Zinc oxide has a variety of applications in catalysis both as support and as active phase for hydrogenation
or dehydrogenation reactions. This review provides an overview of the surface chemistry of ZnO nanoparticles concerning the interaction with small molecules such as CO, CO2, H2, H2O, and CH3OH, which are
relevant for the catalytic synthesis of methanol and the water gas shift reaction. These interactions were
studied by combining surface-sensitive methods such as infrared spectroscopy, temperature-programmed desorption, and adsorption calorimetry. A thorough understanding of the processes occurring
on the different exposed facets of the ZnO particles in an atmosphere of reactive gases was achieved
based on the comparison with results obtained in ultra-high vacuum with single-crystalline surfaces,
i.e. under well-deﬁned conditions, and by using ﬁrst-principles calculations.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
Zinc oxide is not a chemical specialty, but rather a substance
occurring in everyday life. ZnO is a white pigment, which has already been used in colors for centuries. Due to its antiseptic properties it is used in ointments for skin and wound treatment, and its
optical properties make it suitable to be used in sun protection lotions. One of the main applications for ZnO is as an additive for the
vulcanization in the rubber industry, for example in the production
of tires [1]. As ZnO is a semi-conducting oxide with a band gap of
3.4 eV [2], it is also of interest for a variety of electronic applications [1].
ZnO can be used as catalyst support in heterogeneous catalysis.
However, ZnO is also an active phase for reactions such as methanol synthesis [3–7] or the water gas shift reaction (WGSR) [8–16].
This review addresses the different reactivities of exposed facets of
polycrystalline ZnO samples resulting in strong structure sensitivity. Recent experimental results concerning the interaction with
small molecules and the formation of defect structures are reviewed. To obtain a deeper understanding of the surface chemistry
of the exposed facets of ZnO nanoparticles, the results obtained
with the powder samples are always discussed with respect to
the reactivity of ZnO single crystal surfaces and the results of
ﬁrst-principles calculations. Furthermore, the consequences of
the strongly differing chemical properties of these ZnO surfaces
for methanol synthesis are addressed, and recent mechanistic
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models of methanol synthesis over ZnO are discussed. As an introduction a brief description of the most relevant ZnO single crystal
surfaces and their chemical reactivity is provided. A comprehensive review of the surface science of ZnO single crystal surfaces
can be found in Ref. [17].

2. Exposed facets and defect structures on ZnO nanoparticles
In general, an oxide with anisotropic morphology such as ZnO
can expose strongly differing surfaces, such as polar and non-polar
ones. Non-polar surfaces exhibit equal amounts of Zn and O atoms
and do not need to compensate a surface dipole moment. On the
 0Þ surface, atoms are
most common and most studied ZnOð1 0 1
rather densely packed, and the surface is electrically neutral, rendering the surface very stable [18–20]. This low Miller index surface
was reported to be the energetically most favorable surface, which
keeps its truncated bulk structure. Neither experimentally nor with
quantum-chemical calculations major deviations from the bulk
wurtzite structure were detected [17]. Thus, the non-polar ZnO surface can be considered to consist of regular rows of Zn–O dimers.
 0Þ surface, the polar zinc-terminated
In contrast to the ZnOð1 0 1
 surface
ZnO(0 0 0 1) surface and the oxygen-terminated ZnOð0 0 0 1Þ
possess a large dipole moment. These surfaces, which are also referred to as basal planes, are intrinsically less stable [21–23], so
that different chemical reactivities of the surfaces in comparison
to the non-polar surface are expected [24], which are discussed
in detail below. In several catalytic reactions, such as methanol
synthesis [23,25,26] or the decomposition of terminal alkines
[27], the catalytic activity of the polar surfaces was found to be
higher than that of the non-polar surfaces.

