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Abstract

The growth and alloying of thin Zn layers on Pd(111) was investigated using X-ray and ultraviolet photoelectron
spectroscopy as well as low energy electron diffraction and correlated with density functional calculations. At 105 K, the
formation of a pseudomorphic Zn monolayer is observed. Upon heating this layer to 550 K or upon deposition of 1 ML
at 550 K, an ordered p(2 · 1) PdZn surface alloy with a Pd:Zn ratio of �1:1 is formed, with a characteristic Pd 3d5/2
peak at a binding energy of �335.6 eV. For deposition of 3 ML Zn at 550 K or by heating 3 ML, deposited at low tem-
perature, to 500 or 600 K, a PdZn alloy with a Pd:Zn ratio of again �1:1 is found in the surface region, with a Pd 3d5/2
peak at �335.9 eV; the direct preparation at 550 K leads to a more homogeneous and better ordered alloy. The valence
band spectrum of this alloy with a low density of states at the Fermi level and pronounced maxima due to the ‘‘Pd 4d’’
band at �2.4 and 3.9 eV closely resembles the spectrum of Cu(111), in good agreement with the calculated density of
states for a PdZn alloy of 1:1 stoichiometry. The shift of the ‘‘Pd 4d’’ band to higher binding energies as compared to
Pd(111) indicates a charge transfer from Zn to the Pd 4d levels. Overall, the similarity between the ultraviolet photo-
electron spectra for the PdZn alloy and for Cu(111) is taken as explanation for the similar chemical activity of both
systems in methanol steam reforming.
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1. Introduction

Presently, much attention is focused on the
production of hydrogen as energy carrier. In com-
bination with fuel cells it can be used as clean and
efficient source of electric power for both mobile
and stationary applications [1,2]. Oxidative metha-
nol reforming is regarded as one of the most prom-
ising techniques for the mobile supply of hydrogen
[3,4]. Thereby, endothermic steam reforming of
methanol (DH0 = +131.0 kJ/mol)

CH3OH+H2O!CO2 + 3H2 ð1Þ

is combined with exothermic partial oxidation of
methanol (DH0 = �154.8 kJ/mol)

CH3OHþ 1

2
O2 ! CO2 þ 2H2 ð2Þ

to achieve an almost thermoneutral overall reac-
tion [3].

Highly active and selective catalysts for oxida-
tive methanol reforming are mainly based on Cu
[5], Cu/ZnO [6–10], and Pd/ZnO [11–19]. Recently,
the latter catalyst system has attracted particular
attention as it exhibits superior long-term and ther-
mal stability under real catalytic conditions com-
pared to the commercially used Cu/ZnO catalysts
[3,4]. Pd supported on In2O3 andGa2O3 shows sim-
ilar high activity and selectivity [20]. In contrast, on
unsupported pure Pd catalysts methanol is pre-
dominantly decomposed to hydrogen and carbon
monoxide, resulting in poor selectivity for the
steam reforming of methanol [11,17]. The very
strong enhancement in catalytic activity towards
steam reforming of methanol on Pd/ZnO, Pd/
In2O3, and Pd/Ga2O3 catalysts is ascribed to the
formation of PdZn, PdIn, and PdGa alloys, respec-
tively, by reduction of the powder catalysts at
elevated temperatures [12,15–18,20]. X-ray diffr-
action measurements show patterns characteristic
for these alloys [3,12,15–17,19]. In the case of Pd/
ZnO catalysts, crystallites with predominantly
PdZn(111) and PdZn(200) surfaces form [3,18].
Results of studies by X-ray photoelectron spectros-
copy (XPS) also confirm the formation of PdZn
alloys [18,21]. Furthermore, it is well known that
Pd and Zn are miscible and thus form alloys with
a large range of relative compositions [22,23].

The similar catalytic performance of PdZn- and
Cu-based catalysts in methanol steam reforming
[3,4,14,17,18] has been suggested to originate from
similar electronic structures [24]. In a very simpli-
fied model, mixing of the electron configurations
of Pd(4d10) and Zn (3d104s2) atoms results in an
average configuration of d10s1, the electron config-
uration of Cu. The 4d band of bulk Pd is not com-
pletely filled, yielding an electron configuration of
4d9.55s0.5 [25,26]. Recent calculations based on
density functional theory (DFT) revealed that the
density of states of the valence band region of
PdZn alloys resembles that of metallic Cu [24,27,
28]. In addition, these calculations identified the
PdZn(111) surface as the most stable one.

Therefore, we have studied the growth and
alloy formation of Zn on a Pd(111) single crystal
surface using high resolution XPS, ultraviolet pho-
toelectron spectroscopy (UPS), and low energy
electron diffraction (LEED). Contrary to most
previous investigations on powder catalysts, we
used a single crystal as it is a well-defined model
system. Core- and valence-level photoelectron
spectroscopy allowed for observing changes in
the electronic structure and chemical composition
of the system Zn/Pd(111) due to mixing/alloying.
LEED patterns served for the identification of
ordered alloy structures. Results of DF calcula-
tions assisted in the assignment.

2. Experimental setup and data analysis

The experiments were performed in a two-
chamber UHV system (Scienta ESCA 200), which
is described in detail elsewhere [29]. The l-metal
shielded analyzer chamber is equipped with a
200 mm electron energy analyzer, a monochroma-
tized X-ray source (Al Ka), and a He-discharge
lamp. The preparation chamber is equipped with
a sputter-gun, a two-grid back-view LEED system,
and a quadrupole mass spectrometer (QMS) for
residual gas analysis and recording of temperature
programmed desorption (TPD) spectra. A home-
built Knudsen cell is used for evaporating Zn at
a constant flux by resistively heating a Mo crucible
with pieces of Zn wire (MaTeck, purity 99.99%)
inside. Gases like CO (Linde, purity 99.97%) can
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