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Reduction of Copper in Porous Matrixes. Stepwise and Autocatalytic Reduction Routes
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The reduction of Cu(II) oxide species in siliceous matrixes of different porosity (MFI, FAU, MCM-48) and
in alumosilicate MFI was studied by temperature-programmed reduction in hydrogen (TPR), by X-ray
absorption fine structure (after stationary hydrogen treatments), and by transmission electron microscopy. It
was found that the reduction may proceed in one or in two reduction steps. The two-step scheme known for
zeolites was observed also for Cu(II) in siliceous microporous matrixes, with similar temperature of Cu(II)
reduction onset as for the alumosilicate MFI. Therefore, the two-step scheme cannot be explained by the
stabilization of Cu ions by intra-zeolite electrical fields. CuOx clusters in MCM-48 were reduced in a onestep scheme (similar to bulk CuO) at high Cu content (6 wt %) but in a two-step scheme at low Cu content
(1 wt %). The two reduction steps observed with most samples cannot be identified with the transitions of all
Cu(II) to Cu(I) and of Cu(I) to Cu(0). Instead, Cu(0) nuclei were observed already at low reduction temperatures
and were found to coexist with Cu ions over temperature ranges of different extension. This coexistence
range was narrow in materials that favor aggregation of the Cu nuclei into particles: Cu-MCM-48 of low Cu
content and Cu-ZSM-5. In the latter, metal segregation from the pore system was found to be accompanied
by an autocatalytic initiation of the second reduction step. In the siliceous microporous matrixes, the Cu(0)
nuclei were observed to coexist with Cu ions over wide temperature ranges (100 K for MFI) at temperatures
far above that of Cu reduction in the bulk oxide. These observations suggest that oligomeric Cu metal nuclei
which may have been formed, e.g., at the intersections of the MFI channel system, may be unable to activate
hydrogen, which would be required for rapid reduction of the coexisting Cu ions.

Introduction
Zeolites are known to stabilize transition metals in cationic
states, which opens reaction routes not easily observed in the
analogous bulk phases. Thus, Rh(I), Pd(I), and Ni(I) cations
were observed in the matrix of X zeolite.1-4 Metallic Cu clusters
in ZSM-5 zeolite may be oxidized by zeolite protons when CO
is offered in the gas phase, obviously due to the stabilization
of Cu(I)-CO complexes by the charged framework.5 The wellknown two-step reduction sequence of Cu(II) ions in zeolites,
which was observed in various temperature-programmed reduction (TPR) studies6-10 and confirmed by in situ X-ray absorption
fine structure (XAFS) work9-11 differs strongly from the
reduction of bulk CuO where intermediate Cu(I) can be traced
only in time-resolved studies12,13 or under very short supply of
H2.14,15 The two steps of the sequence have often been
interpreted as a reduction of all Cu(II) to Cu(I), which is
stabilized by the intrinsic electrical field of the zeolite, and
subsequently to Cu(0).
* Corresponding author: Professor W. Grünert, Lehrstuhl für Technische
Chemie, Ruhr-Universität Bochum, P.O. Box 102148, D-44780 Bochum,
Germany; tel, +49 234 322 2088; fax, +49 234 321 4115; e-mail,
w.gruenert@techem.ruhr-uni-bochum.de.
† Lehrstuhl für Technische Chemie, Ruhr-Universität Bochum.
‡ On leave from: N. D. Zelinsky Institute of Organic Chemistry, Russian
Academy of Sciences, Moscow, Russia.
§ Hasylab, Hamburg, Germany.
| On leave from: Department of Chemical Engineering, Istanbul
University, 34850 Istanbul, Turkey.
⊥ Lehrstuhl für Kristallographie, Ruhr-Universität Bochum.
# Lehrstuhl für Physikalischen Chemie I, Ruhr-Universität Bochum.

If the electrical field is crucial for the stabilization of Cu(I),
intermediate Cu(I) should not occur in the reduction of Cu(II)
species in siliceous matrixes. In an attempt to verify this
hypothesis, we studied the reduction of Cu(II) in purely siliceous
microporous and mesoporous matrixes (MFI, FAU, MCM-48)
and compared this with the reduction behavior in a zeolite (CuZSM-5; data on Cu-Y, which are strongly affected by special
effects of the remote sites in FAU will be reported elsewhere16).
It was found by TPR that the stepwise reduction scheme is not
particular to alumosilicate zeolites while extended X-ray absorption fine structure (EXAFS) studies revealed that Cu(0) is
present already after the first reduction step. The data obtained
suggest that hydrogen activation, which is a crucial step for the
autocatalytic reduction mechanism observed, e.g., with bulk
CuO, is not initiated unless the Cu metal nuclei formed exceed
a critical size.
Experimental Section
Materials. Silicalite-1 (Si/Al > 240) and Na-ZSM-5 (Si/Al
) 14) were kindly donated by Süd-Chemie AG and Chemiewerk
Bad Köstritz, Germany, respectively. Dealuminated Y (“DAY”) was a material produced by Degussa AG via the SiCl4
dealumination route, which avoids the creation of mesopores.
The synthesis of MCM-48 has been described elsewhere,17
together with characterization data. In powder diffraction, the
(211) reflection was found at 2θ ) 2.70° (d spacing, 3.272 nm)
while N2 physisorption yielded an average pore diameter of 2.5
nm, which is, however, subject to considerable uncertainty due
to inaccuracies of the BJH formalism in this pore-size region.
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