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Commercially, methanol is synthesized from a mixture of hydrogen, carbon dioxide, and carbon monoxide
(synthesis gas) on copper catalysts. The synthesis takes place through reaction (1) and CO is coupled to this
reaction through the water-gas shift reaction (2).

CO2 + 3 H2 = CH3OH + H2O (1)

CO + H2O = CO2 + H2 (2)

Previous in situ EXAFS studies on Cu/ZnO catalysts have uncovered that the apparent coordination of the
Cu atoms is dependent on the reduction potential of the used synthesis gas [1]. This was explained with a
wetting/non-wetting transition of the small Cu particles on the ZnO support. Incorporating such dynamical
changes in a microkinetic model, the observed rates of methanol production on these catalysts could be
explained using results from surface science measurements [2].

In this study we have further developed the in situ technique and have combined X-ray diffraction (XRD),
X-ray absorption fine structure spectroscopy (XAFS) and on-line catalytic activity measurements using a
capillary microreactor setup (see e.g. [3]). The setup allows both structural characterization and catalytic
testing. The experiments were performed at beamline X1. The products were monitored by mass
spectrometry (Balzers Thermostar) and XAFS spectra were recorded under steady state reaction conditions
around the Cu,K-edge (8700 - 9660 eV). Fourier transformation was applied on the k1 weighted χ(k)
function in the interval  k = 2.5 – 12.0 Å. In situ XRD spectra were collected between two XAFS scans by
fixing the energy below the Cu-edge at 8.7 keV (λ = 1.425 Å).

Freshly calcined Cu/ZnO catalysts (4.5wt% Cu) were first activated at 220 °C in a mildly reducing
atmosphere (0.5%CO, 5% CO2, 5% H2, balance Ar) which resulted in a small average copper particle size as
indicated by the low apparent coordination number (around 6) of the Cu-Cu shell and very broad diffraction
lines in XRD (see Figs. 1a and 2a). After changing to a synthesis gas (5% CO, 5% CO2, 90% H2, „dry
synthesis gas“), the on-line mass spectrometry results showed a significant increase in the production of
methanol at 220 °C (Figure 3). The powder diffraction diagrams and EXAFS spectra revealed that the
average particle size remained small upon the changes in gas composition. However, exposing the catalyst
to the same synthesis gas but saturated with 3% water („wet synthesis gas“) resulted in a significant change
in the XRD and EXAFS spectra (Fig. 1c and 2b). The particle size increased (higher apparent coordination
number of the Cu-Cu shell in EXAFS and sharp Cu diffraction lines in the XRD spectra) and the methanol
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Fig. 2: Fourier transform of the in situ EXAFS
spectra of Cu/ZnO catalysts at the Cu,K-edge,
recorded parallel to on-line catalytic
measurements (Fig. 1) and XRD (Fig. 3).
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Fig. 1: In situ XRD patterns of Cu/ZnO (a) after
activation (moderate reduction); (b) in „dry
syngas“; (c) in „wet syngas“.



formation decreased. Changing back to dry synthesis gas resulted again in an increased methanol formation
and decrease in the apparent coordination number, determined by EXAFS (Fig. 4).

Figure 3 shows the production of methanol in more detail. When water is added, there is no significant
methanol production. Heating up afterwards in dry synthesis gas, gives a distinct methanol signal in the
mass spectrum. The trace of methanol, going from wet to dry synthesis gas, shows a slow transition to the
steady state that indicates that structural changes affect the methanol synthesis reaction. Note that when a
second heat up was performed in dry synthesis gas such a slow transition was not observed (Fig. 3).

The change of the apparent Cu-Cu coordination number and the catalytic activity are summarized in Fig. 4.
They are reversible upon changing the gas mixture back and forth and can be explained by a wetting / non-
wetting phenomenon. Under „dry synthesis gas conditions“ the particles are disk-like (lower coordination
number, higher catalytic activity), whereas under less reducing conditions („wet syngas“, lower catalytic
activity) the wetting is lower and more spherical shaped particles (higher coordination number) are formed.
These results support the hypothesis that morphology and activity are related to each other. With the
number of cycles, the Cu-Cu coordination number increases and the relative activity decreases, probably
due to sintering of the small Cu particles.

Further XAFS measurements and calculations using the FEFF 6 package [4] have been performed to
address the possibility for Cu-Zn alloy formation, as suggested by previous FTIR results [5]. Only under
severe reduction conditions (in 10%CO/90%H2 at 600 °C) alloying of copper and zinc was observed in
EXAFS, whereas FTIR revealed that band shifts occurred already at much lower reduction temperatures [5].
These different results can be explained by the fact that probably first surface alloying and only under more
severe reduction conditions a Cu-Zn bulk alloy is formed.
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Fig. 3: Methanol formation at different water con-
tents and temperature profiles. Water is given by
trace m/e=18 and methanol by m/e=31.

Fig. 4: Change of apparent Cu-Cu coordination
number in EXAFS (squares) and the relative methanol
formation (triangles) in dependence of the gas
conditions: (1) reduction gas; (2), (4), and (6) „dry
synthesis gas“; (3), (5), and (7) „wet synthesis gas“.
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