
Adsorption of hydrogen on the polar O–ZnO surface: a molecular

beam study

M. Kunat, U. Burghausy and Ch. Wöll
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The interaction of atomic and molecular hydrogen with the polar oxygen-terminated ZnO(000-1) surface has
been studied by He atom scattering, LEED, and He atom reflectivity measurements. Whereas the sticking
coefficient S0 for molecular hydrogen is so low that only an upper limit can be given (S0< 3� 10�7), adsorption
of atomic hydrogen leads to the formation of a H(1� 1) adlayer. Prolonged exposure to H atoms induces a
disordering of the surface. The desorption temperature of the adsorbed H atoms was determined by monitoring
the reflectivity of the surface for the He atoms. Assuming that the activation energy for desorption is equal
to the H atom binding energy and using a pre exponential factor of 1021 cm2/(mol s) we yield a value
of 163 kJ/mol for the H atom binding energy.

1. Introduction

In a number of previous studies on metal oxide surfaces the
question whether hydrogen atoms or OH species are adsorbed
on the surface has remained open. Although the presence of H
adatoms has pronounced effects on the chemical activity of
metal oxide surfaces (e.g. in connection with methanol synth-
esis using Cu/ZnO catalysts1) and also on the growth of metals
on metal oxides (see e.g.2), most of the standard methods in
Surface Science are not sensitive to the presence of hydrogen
atoms. The scattering of thermal energy He atoms is particu-
larly useful in this context, since the cross-section of atoms
adsorbed on the surface is fairly large (�10 Å2,3,4), and this
method is thus well-suited to study the adsorption of hydrogen
on solid substrates. Although He atom scattering (HAS) has in
the past been applied to study hydrogen adlayers on a number
of different metal surfaces (see e.g.5,6) and insulators (see e.g.7)
applications to metal oxide surfaces have been rather scarce,
although HAS has been used successfully to investigate metal
oxide surfaces, see8–10 and ref. 11 for studies on clean MgO,
NiO and CoO.
Only few studies on the interaction of hydrogen with single

crystal surfaces have been reported so far, namely on the
non-polar ZnO(101̄0)12,13 and polar ZnO13,14 surfaces. The inter-
action of hydrogen with ZnO powders has been studied in con-
siderable more detail.15–19 Additionally, kinetic studies about
hydrogen adsorption on industrial ternary Cu/ZnO/Al2O3

catalysts have been carried out.20 A variety of techniques, such
as (high pressure) thermal desorption,14,15 ESR,15 NMR,15 IR
spectroscopy,18,19 photoluminescence,17 surface conductivity
measurements,21,22 LEED,14,23–25 and theoretical studies26,27

have been conducted. In most studies on powders the expo-
sure to hydrogen is carried out by backfilling the measuring
chamber at pressures of 1–15 bar.
Based on the experimental results obtained for ZnO pow-

ders, three distinct adsorption types of adsorbed hydrogen
(Type I, II, and III) have been proposed (see e.g.19).
Type I: Reversible adsorption of dissociatively chemisorbed

hydrogen. The observation of the corresponding bands in

IR-spectroscopy reveal the formation of hydroxyl and ZnH+

hydride species. It has been speculated that the ZnH+-species
is relevant in connection with methanol synthesis and with
ethylene hydrogenation.22

Type II: Irreversible dissociative adsorption at room tem-
perature with two distinguishable adsorption pathways, one
rapid and one slow. The slow reaction pathway has been
assigned to hydrogen diffusion into the bulk whereas rapid
adsorption leads to the formation of weakly bonded
Zn–H� � �Zn and O–H� � �O species. This adsorption state of
hydrogen apparently is nonreactive towards ethylene hydro-
genation.22

Type III: Molecular (associative) adsorption of hydrogen at
very low temperatures.
Occasionally other types of adsorbed hydrogen have been

proposed. On the basis of ESR and NMR measurements15,16

the existence of an adsorbed H3
+ species adjacent to OH has

been proposed. In TDS studies up to six different adsorption
states of hydrogen on ZnO powders have been postulated
(cf.,28).
In most LEED studies12,23,25,29,30 on the clean polar and

clean prism faces of ZnO a (1� 1) structure has been observed;
however in ref. 23 an eventual faceting of the polar ZnO sur-
faces has been detected after annealing in UHV at 1050 K;
in other studies (2� 2) structures have been observed. Adsorp-
tion of atomic hydrogen on the polar and prism faces of ZnO
did not show the development of an overlayer structure in
LEED.13 In a very recent STM study (1� 3) and (1� 1) struc-
tures have been detected, respectively.2 The former one has in
that study been assigned to an (unidentified) impurity induced
reconstruction.
In systematic investigations carried out in our laboratory

using the highly surface-sensitve technique of He atom scatter-
ing (see e.g.31–33) an unreconstructed, clean polar O–ZnO sur-
face could not be observed; the presence of a well-defined
(1� 1) diffraction pattern was always correlated with the pre-
sence of hydrogen as evidenced by a characteristic He atom
diffraction pattern and the observation of a pronounced
shoulder in the O 1s line in the XPS data.34 Note, that accord-
ing to Tasker’s rule35 polar ZnO surfaces should not be stable.
In case of the polar Zn–ZnO surface recently a stabilization of
the Zn-terminated surface of ZnO involving the formation of

y New address: Department of Chemistry, North Dakota State
University, Fargo, USA.

4962 Phys. Chem. Chem. Phys., 2003, 5, 4962–4967 DOI: 10.1039/b307955d

This journal is # The Owner Societies 2003

P
C
C
P




