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Implication of the microstructure of binary Cu/ZnO catalysts for
their catalytic activity in methanol synthesis
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Binary Cu/ZnO catalysts with varying molar ratios (90/10 through 10/90) were studied under methanol synthesis conditions at 493 K
and at atmospheric pressure. The methanol synthesis activity of the catalysts was correlated to their specific Cu surface area (N2O reactive
frontal chromatography, N2O RFC) after reduction in 2 vol% H2 at 513 K. Activity data were supplemented with a detailed analysis of
the microstructure, i.e., crystallite size and strain of the reduced Cu and the ZnO phases after reduction using X-ray diffraction line profile
analysis. The estimated copper surface area based on a spherical shape of the copper crystallites is in good agreement with data determined
by N2O RFC. A positive correlation of the turnover frequency for methanol production with the observed microstrain of copper in the
Cu/ZnO system was found. The results indicate a mutual structural interaction of both components (copper and zinc oxide) in the sense
that strained copper particles are stabilized by the unstrained state of the zinc oxide microcrystallites. The observed structural deformation
of ZnO in samples with higher Cu loading can originate, for instance, from epitaxial bonding of the oxide lattice to the copper metal,
insufficient reduction or residual carbonate due to incomplete thermal decomposition during reduction. Additional EXAFS measurements
at the Cu K and the Zn K edge show that about 5% ZnO are dissolved in the CuO matrix of the calcined precursors. Furthermore, it is
shown that the microstructural changes (e.g., size and strain) of copper can be traced back to the phase composition of the corresponding
hydroxycarbonate precursors.
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1. Introduction

Cu/ZnO catalysts supported on alumina are common cat-
alysts for the hydrogenation of carbon monoxide and carbon
dioxide. These systems have found industrial use for low-
pressure methanol synthesis and for the low-temperature
water–gas shift reaction. It is the proposed synergistic ef-
fect in the binary copper/zinc oxide that makes this sys-
tem interesting for investigations of the effects of structural
and chemical promotion [1]. The maximum activity is ob-
served in an intermediate compositional range (∼70 mol%
Cu), whereas Cu and ZnO alone exhibit only negligible ac-
tivity [2]. The nature and the location of the active site of
this type of catalyst has been the subject of a vast number
of publications in both surface science and solid state chem-
istry. Up to now four major theories concerning the nature of
interaction between Cu and ZnO in the system can be found
in the literature. Klier [1] proposed copper to be incorpo-
rated on interstitial and substitutional sites in the zinc oxide
phase assuming three possible valence states Cu0, Cu+ and
Cu2+. Klier’s proposals were made within the framework of
bulk defect equilibria based on scanning transmission elec-
tron microscopy (STM), X-ray data and optical spectra [3].
Hence, the defect structure and, therefore, the bulk of the
catalyst determines the catalytic activity [1]. In a recent pub-
lication, Fujitani et al. on the basis of an XRD study corrob-
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orated the model of Klier et al. where they interpreted the
effect of ZnO on the catalytic activity in terms of a forma-
tion of a Cu–Zn surface alloy [4].

In contrast, Waugh et al. suggested that it is merely metal-
lic Cu that carries the catalytic activity and that ZnO is only
stabilizing a specific higher Cu surface area [5]. Hence, in
their opinion ZnO acts only as an inert support. Waugh’s
conclusion is based on the observed linear relationship be-
tween catalytic activity and copper surface area.

Burch et al. and Spencer claim that ZnO is more than just
an inert support [6,7]. Within the sequence of elementary
reaction steps in methanol synthesis it is assumed that the
hydrogenation of formate adsorbed on metallic copper is en-
hanced by spillover of hydrogen from ZnO which acts as a
reservoir of adsorbed hydrogen.

Topsøe and Topsøe have presented in situ IR measure-
ments of 1 and 5% Cu on ZnO catalysts during methanol
synthesis [8]. From the observed CO band shift the authors
deduced the formation of a surface Cu–Zn alloy upon migra-
tion of ZnO moieties onto reduced Cu microcrystallites [6].

In summary, previous investigations of the interaction
(synergy) of Cu and ZnO have rationalized the real struc-
ture of Cu/ZnO catalysts either with morphological changes
(dynamic wetting/non-wetting phenomenon) of copper de-
pendent on the oxidation potential [9,10] or as a formation
of additional phases (e.g., surface alloy) which leads to an
electronic modification [4,11]. The influence of tempera-
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