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The adsorption of carbon dioxide on differently pretreated polycrystalline ZnO was studied by thermodynamic
and kinetic methods. The uptake of CO2 observed in a static Tian-Calvet microcalorimeter reached saturation
at about 5 µmol/m2, corresponding to about half of the exposed Zn2+ sites after a thorough thermal pretreatment
at 450 °C for 4 h. The saturation uptake was found to be correlated inversely with the amount of residual
hydroxyl groups on the ZnO surfaces. At room temperature, the adsorption of CO2 was found to occur in two
steps. Initially, the adsorption was nonactivated, and the exposed surfaces were saturated at a very low
equilibrium pressure (p , 1 Pa) with an initial differential heat of adsorption (qdiff) of 100-120 kJ/mol, a
standard entropy of -190 J mol-1 K-1, and an adsorption rate constant of 10-5 Pa-1 s-1. During the second
stage, an inhibiting effect was observed; the equilibrium coverage increased slowly with increasing pressure,
qdiff decreased rapidly with increasing coverage, and the rate of adsorption was low. Temperature-programmed
desorption measurements indicated the formation of strongly adsorbed polydentate carbonates at higher
temperatures with an adsorption energy between 120 and 160 kJ/mol.

1. Introduction

Zinc oxide is an important functional material, which is
applied in different fields for various purposes. Due to its
semiconducting and optical properties, it is used as a front
electrode in thin-film solar cells and as a sensor for hydrogen.1–6

ZnO nanoparticles are applied to improve the properties of
rubber7 and also frequently in heterogeneous catalysis. ZnO is
an essential component of the ternary copper-based catalysts
for the modern low-pressure methanol synthesis process, in
which carbon monoxide, carbon dioxide, and hydrogen are
converted into methanol, the third-most large-scale chemical
product.8,9 ZnO is also a catalyst for the water gas shift reaction,
converting carbon monoxide with water into carbon dioxide and
hydrogen.10

Carbon dioxide is a useful probe molecule to study the
basicity of metal oxide surfaces. Heats of adsorption of CO2

on ZnO were reported in several studies, but the values varied
over a broad range. Measurements on polycrystalline samples
yielded higher values of 80-120 kJ/mol based on temperature-
programmed desorption (TPD)11 or the Clausius-Clapeyron
equation.12,13 Other than the very old data, the only calori-
metrically measured heat of adsorption of CO2 on polycrystalline
ZnO amounts to 130 kJ/mol as reported by Auroux and
Gervasini.14 Detailed information on structure sensitivity is
accessible by studying single-crystal surfaces.15 On the nonpolar
ZnO(101j0) plane, which is dominantly exposed on polycrys-
talline ZnO particles, the adsorption energies in the literature
are quite divergent. Both large values of 70-140 kJ/mol16 and
small values of 31-45 kJ/mol17,18 were found. Wang et al.19

reported recently for the adsorption of CO2 on ZnO(101j0) that
all three atoms in a CO2 molecule interact with Zn and O surface

atoms, forming a tridentate carbonate species. The adsorbate
structures include a weakly adsorbed (1 × 1) structure with a
TPD peak maximum at 200 K using a heating rate of 1 K/s and
a more strongly adsorbed (2 × 1) structure with a TPD peak
maximum at 320 K. The corresponding desorption energy
barriers are 53 and 87 kJ/mol supposing that Ad ) 1013 s-1.19

Thermal pretreatment is a necessary step prior to the
adsorption of probe molecules on polycrystalline ZnO samples
due to the high reactivity of the exposed surfaces and especially
of the hydroxyl groups, which are inevitably present. Polar faces
of ZnO are unstable because of electrostatic reasons requiring
additional stabilization.20 Recently, it was found that on Zn-
terminated ZnO(0001) faces, either nanoscaled triangular islands
with O-terminated steps exist21,22 or a layer of hydroxyl groups
is present, 23 depending on the preparation conditions. The
oxygen-terminated ZnO(000-1) faces, on the other hand, are
found to be essentially always covered by hydrogen atoms.24,25

The desorption energy of water from ZnO(101j0) is as high as
99 kJ/mol, and the elimination of hydroxyl groups from
ZnO(101j0) is even more difficult.26,27 The differential heat of
adsorption (qdiff) of water on polycrystalline ZnO is much larger
than that of CO2; Nagao et al.28,29 reported that the calori-
metrically measured qdiff of water on polycrystalline ZnO
pretreated at 450 °C changes from over 150 to 100-120 kJ/
mol at different coverages. Yasumoto’s work30 based on the
Clausius-Clapeyron equation yielded a much higher isosteric
heat of adsorption of water compared to that of CO2 on ZnO;
the former amounted to 90-110 kJ/mol at high coverages of
4.8-5.5 mol/m, while the latter decreased to 60 kJ/mol at
coverages of 5.0 µmol/m2.

Despite the necessity of thermal pretreatment, there is no
commonly established procedure for polycrystalline ZnO pow-
der; heating temperatures of 400,14,31–34 450,35 or 500 °C36 were
chosen, and the duration was also variable. As a consequence,
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