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Abstract

Copper and zinc were introduced into mesoporous siliceous matrices with the goal of obtaining model methanol synthesis catalysts with intense
interaction between copper and the ZnO promoter. The preparation methods included various aqueous routes starting from acetate solutions (into
MCM-48) and a route involving an organometallic step—thermolysis of a liquid heterocubane of ZnsO4 type ([CH3ZnOCH,CH,OCH3]4) in
a wormhole-type silica of 5 nm average pore size—followed by aqueous Cu (nitrate) impregnation. The materials were characterized by XRD,
nitrogen physisorption, N O frontal chromatography, TPR, and EXAFS, and their methanol synthesis activity was measured at 493 K and normal
pressure. In the aqueous preparations with acetate solutions, excessive formation of silicates (particularly zinc silicate) led to damage of the pore
system. A significant delay in Cu reduction was assigned to the influence of micropores formed, together with some copper silicate formation.
These samples exhibited poorly accessible Cu surface areas despite small Cu particle sizes indicated by EXAFS and disappointing methanol
synthesis activity. In contrast to this, a highly active catalyst was obtained via the heterocubane route that meets industrial standards in terms of
reaction rate per Cu surface area. Orientation studies (EXAFS at the CuK and ZnK edges) reflecting a redox behavior of the ZnO, component
illustrate the potential of this catalyst type for use in basic studies of the Cu—ZnOy interaction in methanol synthesis catalysts.
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1. Introduction cussion. The most relevant models agree in assuming that
defective ZnO created in a strongly reductive atmosphere ex-
erts a dramatic influence on the copper, but they differ in
the interpretation of the consequences on the active copper
site, which is considered a metallic site by most, but not all,
groups.

It has been found that the defective ZnO causes changes in
the particle morphology of the copper (wetting/nonwetting ef-
fect) [1-3], which leads to different exposures of copper facets,

) . : particularly of the most active (111) facet. Based on this finding,
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Today it is widely accepted that in the Cu/ZnO/Al,O3
methanol synthesis catalyst, the interaction between Cu and
ZnO plays a vital role in the development of high catalytic
activity. The mechanism of this interaction remains under dis-
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ies on Cu single-crystal surfaces. The fact that this model has
been successful when complemented with a routine describing
the exposure of these surfaces with varying oxidation potentials
of the mixture [4] suggests that the morphology change alone
explains the promoting influence of the zinc.

An alternative view has been advocated by Glinter et al., ac-
cording to which the intrinsic activity of copper is enhanced
by strain imposed on it by the interaction with ZnO (misfit
at the contact surface, bulk inclusion of ZnO, entities [5,6]).
This mode of activation, which might be a general feature of
metal-support relations, was observed for methanol synthesis
and methanol steam reforming.

It is, however, also known that under strongly reducing con-
ditions, ZnO, species migrate onto the copper surface [2,7,8],
which has a favorable effect on methanol synthesis activity.
This suggests that sites of particular reactivity may exist at
the Cu—ZnO, interface, the extension of which increases when
ZnO, species migrate onto the Cu surface. This view has been
supported by groups that adhere to Cu metal as the active site
for methanol synthesis [2,8,9], as well as by those that advocate
a deciding role for Cut [10-13]. However, with a traditional
Cu/ZnO/Al, O3 catalyst, the comparison of TPD experiments
(H, TPD vs. N»O titration) after methanol synthesis and af-
ter CO treatment implies that the actual coverage of the Cu
surface by ZnO, may be quite low under actual reaction con-
ditions [8]. But because a moderately active Cu/Al,O3 catalyst
can be dramatically boosted by gas-phase interaction with di-
ethyl zinc [9], it has been concluded that the Cu—ZnO interface
plays a vital role in methanol synthesis.

There are several reasons why obtaining reliable insight into
the nature of the Cu—ZnO interaction from experiments with
catalysts of technical interest is very difficult. Although pre-
pared by seemingly simple methods (co-precipitation, calcina-
tions), the actual microstructures of the catalyst precursors and
the resulting catalytic materials after activation are very com-
plex and depend on many parameters that are difficult to con-
trol. In addition, studying the interface between Cu particles
and ZnO aggregates is very complicated, because at particle
sizes of several nm (and well above 10 nm for ZnO), only a
very small percentage of the Cu atoms (or Zn ions) are engaged
in the mutual interaction. This percentage can be increased
by imposing a high dispersion on both Cu and ZnO, which
should be beneficial to the catalyst’s general performance as
well [9].

The approach adopted by our groups to force the catalyst
components into high dispersion and intense interaction with
one another simultaneously provides an opportunity to apply
more well-defined preparation steps. By embedding the cat-
alytically active component into a well-defined superstructure
(e.g., a hierarchically structured mesoporous matrix), it should
be possible to simultaneously simplify and miniaturize the sup-
ported catalyst [14-20] and to utilize in the preparation the
favorable effects of the spatially confined reaction conditions
on the chemistry occurring in the porous solid [21]. However,
this approach carries the risk of interference by the pore walls of
the matrix. Indeed, a strong interaction was previously observed
between the silicate wall and zinc species introduced by aque-
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ous techniques or by interaction with dimethyl zinc, which was
stable during calcination and rendered the zinc in a completely
disordered state, probably as a zinc silicate layer covering the
wall instead of nanoparticulate ZnO [22,23]. In redox experi-
ments in which the response of the IR reflectivity on changes in
the gas atmosphere was followed, these zinc species turned out
to be redox-inactive [23], unlike bulk ZnO.

The activation of copper particles previously produced in the
mesoporous matrix by treatment with diethyl zinc seems an ob-
vious approach for the creation of a large Cu—ZnO; interface,
and it has been realized in a companion work in which cop-
per was introduced from a volatile organometallic source as
well [24]. But although this preparation demonstrates that ac-
tive methanol synthesis catalysts can be obtained by the minia-
turization approach described above, most of the zinc ends up
deactivated at the pore walls in this case as well, impeding the
goal of studying those zinc species engaged in the Cu—ZnO in-
teraction.

The goal of our research was to create a matrix-encapsulated
methanol synthesis catalyst that combines high activity with
high potential for investigation of the metal-support interac-
tion. After considerable effort aimed at achieving this goal with
seemingly simple preparations starting from aqueous copper
and zinc acetate solutions [22,23], a promising catalyst was ob-
tained via a route involving the deposition of zinc into a meso-
porous silicate via thermolysis of a liquid organometallic pre-
cursor [16]. Conventional impregnation of such ZnO-modified
mesoporous silicate with copper nitrate resulted in a methanol
synthesis catalyst with an activity of the same order of magni-
tude as a catalyst of technical relevance and clear indications
of zinc redox activity as demonstrated by XAFS. In this pa-
per, structural and catalytic data for the new model catalyst are
compared with results from a typical material obtained via the
aqueous route to illustrate the critical points in the synthesis.
We show that the new material, which is a simplified but com-
petitive catalyst obtained via a complicated route, opens up an
interesting approach for both further optimization and model
studies on the nature of the Cu—ZnO interaction.

2. Experimental
2.1. Materials

The matrix used in the present study is a mesoporous sil-
ica with a wormhole-type pore structure. The preparation of
silica monoliths with tunable mesopore size via the true liquid-
crystal templating route has been described elsewhere [16,25,
26]. These materials have a bicontinuous pore system, with
micropores connecting the mesopores. In this study, we concen-
trate on a material with an average pore size of 50 A prepared
with Pluronic P123 as a template, labeled as wh(50)-SiO;.
For comparison, a preparation with an MCM-48 matrix is re-
ported as well. The synthesis of this matrix has been described
previously [23] where characterization data are given as well
[XRD—d spacing of (211) reflection—3.272 nm].

The organometallic precursor of “ZnsO4” heterocubane type
([CH3ZnOCH,;CH,OCH3]4 (I)),
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I
which contains the ZnO in preformed nanounits, is a liquid.
This permits its introduction into pore systems at very dif-
ferent loadings. The detailed procedure for the preparation of
size-selected, nanocrystalline ZnO particles has been reported
elsewhere [27]. In brief, the porous matrix was loaded by liquid
infiltration with (I) or with its solution in n-pentane, the concen-
tration of which was chosen to achieve the desired Zn content.
Subsequent thermolysis of the precursor in synthetic dry air at
523 K (at a temperature ramp of 5 K/min) led to formation
of ZnO. Copper was introduced via the traditional impregna-
tion route using a saturated copper nitrate solution or dilutions.
After infiltration for at least 24 h, the samples were dried in a
rotary-pump vacuum for 3 days.

From the several aqueous routes tried in an attempt to encap-
sulate the methanol synthesis catalyst into siliceous MCM-48
(e.g., coimpregnation of acetates, impregnation of copper into a
MCM-48 previously reacted with diethyl zinc, intraporous urea
precipitation of acetates), we chose for presentation in this pa-
per a material obtained by a synthesis aiming at an intraporous
carbonate precipitation akin to that used for the technical cata-
lyst. For this purpose, Cu and Zn acetates were simultaneously
deposited into MCM-48 by dry (co)impregnation from satu-
rated acetate solution and subsequent freeze-drying. The pores
were then filled with a 1 M NayCOs3 solution to precipitate
the dissolving copper and zinc acetate deposits as carbonate.
Subsequently, the sample was dried at room temperature and
calcined at 573 K for 8 h after heating at a 1 K/min tempera-
ture ramp.

For comparison, a monometallic Cu-MCM-48 sample is in-
cluded in this presentation. Its preparation (via impregnation of
MCM-48 with copper acetate solution) and structural proper-
ties have been described previously [28].

Table 1 summarizes the samples and gives their metal con-
tent and the labels used to describe them throughout this pa-
per. The compositions were determined by ICP analysis or as-
sessments on the basis of the XAFS step heights, which have

Table 1
Preparation procedures and compositions of samples used in the present study

given comparable results over a wide range of materials studied
[22,23].

2.2. Methods

Temperature-programmed reduction (TPR) was carried out
with a mixture containing 4.2 vol% H> in Ar (84 ml/min),
ramping the temperature at 10 K/min from room temperature to
800 °C. The hydrogen content of the effluent was measured by
a catharometry-based instrument (Hydros, Fisher-Rosemount).
Where possible, the criteria derived by Monti and Baiker [29]
for optimum conditions of the experiment were obeyed. Where
this was not possible due to low amounts of available sample,
a drift of the baseline was superimposed on the (weak) Hp con-
sumption signal (Fig. 2); this does not affect the conclusions
drawn from the data, however. The hydrogen consumption cor-
responded to the complete reduction of Cu(Il) to metallic cop-
per within the limits of experimental error (which were, how-
ever, substantial in runs with small amounts of catalyst).

XAFS spectra (CukK edge, 8.979 keV; ZnK edge, 9.659
keV) were measured in transmission mode at Hasylab E4 sta-
tion (Hamburg). A Si(111) double-crystal monochromator was
used, which was detuned to 50% of maximum intensity to
exclude higher harmonics from the X-ray beam. The self-
supported pressed samples were reduced in an in situ EXAFS
cell [30] in a flow of 5% Hy/He at a temperature ramp of
5 K/min and a 15-min isothermal period at the reduction tem-
perature. The spectra (absorption ) were then taken at liquid
nitrogen temperature, and the spectrum of a Cu (or Zn) foil
was recorded at the same time (between the second and third
ionization chambers) for energy calibration. In the subsequent
run, the previous reduction temperature was established with a
10 K/min ramp, and the next temperature was approached with
5 K/min.

The data were processed using the VIPER software pack-
age [31]. For background subtraction, a Victoreen polynomial
was fitted to the pre-edge region. The smooth atomic back-
ground, g, was estimated using a smoothing cubic spline.
The Fourier analysis of the k2-weighted experimental function
X = (u — po)/ o was performed with a Kaiser window. The-
oretical references calculated by the FEFF8.10 code [32] were
used for the determination of structural parameters. To mini-
mize the number of free parameters, equal backscatters were
fitted with the same E(-shift wherever possible.

The influence of the Cu EXAFS on the nearby Zn spectrum
was tested with a sample of high Cu content [aqueous coim-
pregnation; data not shown here due to similarities with those of
CuZn-MCM(carb)] after reduction of the copper to the metal-

Sample code Matrix Preparation?® wt% Cu//Zn (ICP, XAFS)
Cu-MCM MCM-48 Impregnation 5.6

CuZn-MCM(carb) MCM-48 Intraporous carbonate precipitation 3.8 (4.6)//9.5
om-CuZn-M(I) wh(50)-Si0; Heterocubane route, see text 9.9//16.6

om-CuZn-M(II) wh(50)-SiO; Heterocubane route, see text 9.9//4.0

4 See Section 2.



lic state. For this test, the model parameters for the Cu particles
were extracted from the CuK spectrum, which was then sim-
ulated in full length (i.e., extending over the ZnK edge) with
these data and subtracted from the Zn K XAFS. The comparison
between uncorrected and corrected Zn EXAFS show a negligi-
ble influence of copper on the zinc spectrum.

X-ray diffractograms were recorded with a Bruker-AXS D8
Advance instrument using CuK, radiation (A = 1.5418 A) and
a position-sensitive detector (PSD) in the 20 range from 25° to
85° with 0.015° steps.

2.3. Catalysis

The activity measurements were carried out in a fixed-bed
glass-lined U-tube reactor. Samples of 100 mg (sieve fraction,
250-355 pm) were reduced in flowing diluted Hy (2% Hj in
He) at 473 K for 16 h. To ensure complete reduction, the
temperature was increased to 493 K and the sample treated
with pure Hy. For samples based on the MCM-48 matrix, in
which higher temperatures are required for the reduction of Cu,
the final reduction temperature was increased up to 353 K (in
pure Hy). The active surface area of copper was determined by
N> O reactive frontal chromatography at room temperature [33].
Methanol activity was measured at atmospheric pressure and
493 K. The synthesis gas was composed of 72% H,, 10% CO,
4% CO3, and 14% He. Gases of highest purity (>99.9995%)
were used. Analysis of the gas phase was performed using a
calibrated quadrupole mass spectrometer (Balzers GAM 422).

For comparison, activity data were also measured for a
Cu/ZnO/Al, O3 catalyst of industrial interest (ca. 50% Cu, 35%
ZnO, and 15% Al,03).

3. Results and discussion
3.1. Characterization of samples prior to reduction

Powder XRD patterns measured after the introduction of
zinc and/or copper into wh(50)-SiO, are shown in Fig. 1. Traces
a and b were taken after introduction of copper (via aque-
ous copper nitrate solution) and zinc [via (I); see Section 2]
alone; trace ¢ shows the situation after sequential impregna-
tion, with an excess of Cu over Zn (10% Cu, 4% Zn). The
reflections can be completely assigned to Cu(NO3)¢(OH)e in
trace (a) and to ZnO in trace (b), with particle sizes of 4.6 and
3.9 nm, respectively, derived from the line widths via Scherrer’s
equation. After sequential impregnation (c), a coexistence of
both phases apparently occurred, consisting of very small parti-
cles. The different scattering intensities assigned to the different
phases are in good agreement with an excess of the Cu?* salt.
Interestingly, according to a refined analysis of the PXRD data
(Warren-Averbach), the Cu(NO;)s(OH)g particles were some-
what smaller (dparicle & 3 nm) after the sequential impregna-
tion. However, it seems that the porous environment success-
fully confined the growth of both ZnO and Cu(NO;)s(OH)s,
and these phases likely were intimately mixed on the nanoscale.

Both the choice of the ZnO precursor and the pore size are
important parameters for obtaining a suitable catalyst. This is
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Fig. 1. X-ray diffractograms of Cu and Zn species introduced into wh(50)-SiO,.
(a) Impregnation with aqueous Cu(NOj3); solution, (b) intraporous thermol-
ysis of heterocubane (I) at 523 K in dry air, (c) thermolysis of (I) followed
by impregnation with aqueous Cu(NO3), solution, approximate composition—
10% Cu, 4% Zn.

documented by our experiments on MCM-48 and the intro-
duction of Cu and Zn by aqueous methods (see Section 2).
Here, according to powder XRD, no crystalline phases ap-
peared. Furthermore, the introduction of the metal species led
to a strong reduction of the low-angle XRD indicative of the
meso-character of the porous matrix. The latter effect can be
caused by either lattice destruction or successful introduction
of heavy elements into the pore system (decreased scattering
contrast [22]). Lattice destruction is a problem, however, par-
ticularly when Zn acetate is involved [23], although the extent
of the damage appears to depend on conditions that are not en-
tirely clear. In the case of CuZn-MCM(carb), a BET surface
area of just 180 m?/g (initial MCM-48—ca. 1260 m?/g) was
measured, with a wide pore size distribution between the mi-
cropores and macropores not related to the distribution in the
parent MCM-48 (see supporting material).

3.2. Reduction studies

The formation of copper under confinement of the porous
matrices was investigated by TPR and in situ XAFS. Fig. 2
presents TPR profiles of catalysts investigated in this study
(normalized to the Cu content) and compares them with the
TPR profile of CuO, which is reduced in a single sharp step
at ca. 470 K. The reduction profile becomes broader when cop-
per is introduced into the mesopores of MCM-48, but ~80%
of the hydrogen consumption still occurs in a single reduction
peak at around 500 K. The profile of CuZn-MCM(carb) is typ-
ical of samples obtained by introduction of Cu and Zn acetates
into MCM-48. The reduction begins in the same temperature
range as in Cu—-M or CuO, but the profiles are extremely wide
and indicate hydrogen consumption well above 800 K. In con-
trast, the copper in om-CuZn-M(]) is reduced in a single step
below 500 K. The profile resembles that of the monometallic
Cu-M except for a weak tailing to higher temperatures instead
of a separate high-temperature peak.
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Fig. 2. Influence of zinc on the TPR profiles of Cu oxide species in mesoporous
siliceous matrices.

Typical sets of CuK XAFS spectra measured during the
reduction of copper species in mesoporous siliceous matrices
loaded both with CuO, and ZnO, are shown in Fig. 3 ((b),
XANES region; (a) and (c), absolute value of k>-weighted FT).
As may be anticipated from the TPR profiles, the course of the
reduction differs greatly between CuZn-MCM(carb) (which be-
haves similar to other preparations involving aqueous media in
the introduction of zinc) and om-CuZn-M(I). In the XANES of
CuZn-MCM(carb) (Fig. 3b), the formation of Cu(I) species is
clearly apparent at around 550 K, whereas the typical shape of

Cu(0) appears only at 595 K. In the EXAFS (Fig. 3c), Cu ions
can be clearly seen to coexist with Cu(0) at 565 K and even
595 K (a shoulder at the main scattering signal). On the other
hand, for the heterocubane-based om-CuZn-M(I), the develop-
ment of the XANES during reduction suggests that the Cu(I)
species in this material are directly converted to Cu(0) at low
temperatures. In the EXAFS spectra of the Cu(0) species, the
features between 3 and 5 A, uncorrected, are somewhat blurred.

The first shell of the CuK EXAFS spectra was fitted ac-
cording to principles outlined previously [28] (see supporting
material for detailed results). These results support the observa-
tion from XANES (Fig. 3b) that the reduction of Cu(Il) oxide
species in CuZn-MCM(carb) proceeds largely via the interme-
diate Cu(]) stage; the Cu—O distance shifts from 1.95 A (initial
sample) to 1.86 A (565-595 K) before the oxide shell dis-
appears. In the fully reduced state, which is achieved only at
695 K with this material, the fits yield a Cu(0)—-Cu coordination
number (CN) of 10.4. According to a geometrical correlation
between first-shell CN and the diameter of (spherical) parti-
cles [34], this corresponds to particles of ca. 3 nm diameter.
Similar results have been obtained with other Cu—Zn-MCM-
48 materials prepared starting from metal acetates [35]. During
reduction, extensive Cu(I) was observed on both XANES and
EXAFS, and the Cu particle size achieved on full reduction was
2-3 nm, readily measurable by EXAFS.

In contrast, in om-CuZn—-M(I), the Cu—O shell remained at
the distance typical of Cu(Il) (1.95-1.96 A). At 535 K, Cu(0)
appeared [Cu(0) CN 9.0], with only a minor contribution of
residual Cu-0O. After 15 min of reduction at 695 K, the Cu(0)—
Cu CN increased slightly to 10.3; that is, the particles were of
the same size as in CuZn-MCM(carb). In the monometallic Cu-
MCM, the particles remained significantly smaller on reduction

om-CuzZn-M(1) b

[

Cu foil

" Cufoil

: 7

CuZn-MCM(carb)

695K

Normalized absorption

om-CuZn-M(l)

< <
2 695K Ko
i} . ny
ini b
CuZn-MCM(carb) T
v L] . L] L] b L L] v . 1 L4 1 L)
0 2 4 6 8 8960 9000 9040 9080 0 2 6 8
rA E, eV r,A

Fig. 3. CuK XAFS spectra measured after reduction of om-CuZn-M(I) and CuZn-MCM(carb) at different temperatures indicated in the figure. (a) and (c) EXAFS,
(b) XANES, all spectra measured at liquid nitrogen temperature. Cu(0)-Cu coordinations numbers for the highest reduction temperature (695 K) evaluated to 10.4
(CuZn-MCM(carb)) and 10.3 (om-CuZn-M(I)). For full set of data—see supporting material.
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Fig. 4. Comparison of ZnK and CuK XAFS spectra measured after reduction of copper in matrix-encapsulated CuO/ZnO preparations at different temperatures.
(a) ZnK EXAFS, (b) CuK EXAFS, (c) and (d) examples for fitting results for the spectra of (¢) om-CuZn-M(I) and (d) om-CuZn-M(II), both after reduction in
CO/H; at 695 K (15 min), models with Cu metal atom as second shell (cf. Table 3). Labels “H,” and “CO/H;,” mean 5% H; in He, and 10% CO/H,, respectively.

All spectra measured at liquid nitrogen temperature.

[28], with Cu(0)—-Cu CNs increasing from 8 to 9.5 between 500
and 770 K (particle size, 1.2—-1.8 nm).

ZnK EXAFS spectra measured during these reduction runs
are presented in Fig. 4a. The spectrum of CuZn-MCM(carb) is
nearly invariable over the whole temperature range and clearly
differs from that of ZnO; the second shell (Zn—Zn in ZnO) is
not only much smaller in the matrix-encapsulated sample, but
it apparently consists of two contributions at different distances
than in the oxide. Hence, the Zn phase formed in this sample
is different from ZnO. In the heterocubane-derived om-CuZn—
M(D), a weak scattering feature appears at the distance expected
for ZnO already in the initial state, pointing to the particulate
nature of the zinc oxide species. On reduction of the copper
(see also Fig. 3a), this second sphere grew somewhat, probably
due to better ordering or particle growth on collection of the Cu
oxide species into particles. However, as long as CO is absent
from the reaction atmosphere, only minor changes in the ZnK
EXAFS occur with further temperature increases.

The results presented so far reveal that different routes for
introducing Cu and Zn into siliceous matrices have led to mate-
rials with extremely different reduction behaviors, although the
final Cu species appears to be similar on the basis of EXAFS
data. It is known that at the Cu contents discussed herein, cop-
per alone reduces in a single step in MCM-48 [28]; see also
Fig. 2. Two-step reduction schemes have been seen with other
wet-prepared CuZn-MCM-48 samples as well, but not when
the zinc was introduced via reaction of the matrix with diethyl-
zinc [35]. Thus, we believe that lattice destruction due to silicate
formation (mostly with zinc) is the origin of these phenomena.
Lattice destruction by silicate formation has been recently ob-
served during the preparation of Co-ZSM-5 from Co acetate

(solid-state and liquid-exchange routes) [36]. Regarding cop-
per and zinc, the interaction of the latter with the pore walls is
much stronger than that of the former; Cu was found to form
oxide nanoparticles in siliceous matrices, whereas zinc did not
under comparable conditions [23].

Copper silicate formation was directly indicated by TPR
(Fig. 2). With Cu-MCM, the high-temperature peak probably
arose from such a phase; amorphous Cu-containing particles
were seen in the TEM, but due to their high Cu content, they
more likely were formed from an amorphous minority phase
in the MCM-48 material [28]. The high-temperature shoul-
ders in the TPR of ZnCu-MCM(carb) and om-CuZn—M(I) may
be assigned to copper silicates as well. However, the splitting
of the low-temperature peak in Cu—Zn-MCM(carb) cannot be
ascribed to the same cause, because the maximum of the addi-
tional signal occurred at a rather low temperature (ca. 670 K).
A similar splitting of the main reduction peak into two was
found earlier for microporous matrices (silicalite-1, dealumi-
nated Y), where intermediate Cu(I) was well detected by XAFS
and high-temperature TPR peaks assignable to Cu silicates
were completely absent [28]. Thus, we believe that the two-
step reduction scheme found for ZnCu-MCM(carb) (and other
wet-prepared samples) is due not so much to an interaction
between Zn and Cu, but rather to perturbation of the pore sys-
tem by the interaction of Zn with the pore walls. The resulting
pore systems contain micropores (see supporting material), and
although introducing Cu(Il) into siliceous micropore systems
from aqueous solutions is not straightforward [28], the highly
dispersed Cu(II) species already present in the mesopores as the
pore system is being destroyed by zinc silicate formation quite
likely end up largely in the emerging micropores.
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Fig. 5. N, O frontal chromatography (a) and catalytic behavior in methanol syn-
thesis at normal pressure ((b) 7 =493, K; 72% Hj, 10% CO, 4% CO, and 14%
He) measured with matrix-encapsulated Cu/ZnO catalysts.

3.3. Catalysis and Cu—ZnQ interaction

Fig. 5 shows the first data on the catalytic behavior of the
new materials in methanol synthesis (Fig. Sb) and relates to the
accessible copper surface area (Fig. 5a). We present here rates
measured under ambient pressure, even though data measured
under realistic pressures might be more informative and less
limited by equilibrium than data from ambient pressure tests.
However, it is known that the results of such tests and of the
much more laborious pressure tests are clearly correlated [37].

Table 2 summarizes the measured activities. Although dif-
ferences between the samples could be expected based on the

Table 2

differing Cu contents and reduction behaviors, the contrast is
striking. With om-CuZn—-M(I), N;O chemisorption yielded an
appreciable Cu surface area, whereas the value measured with
the monometallic Cu-MCM was surprisingly small and that of
CuZn-MCM(carb) was near the detection limit. Analogously,
only om-CuZn-M(I) provided an appreciable methanol syn-
thesis activity, whereas the activities of the catalysts on the
basis of MCM-48, which were measured at a higher W/F
due to the very low methanol formation, were disappointingly
low. With om-Cu-M(I), a gradual productivity increase with
time on stream that extended over several hours was observed
(Fig. 5b). The methanol mole fraction tended toward the equi-
librium value, which was ca. 0.0354 mol% under our condi-
tions as found in independent experiments with conventional
Cu/ZnO/Al; O3 catalysts at high W/F. Indeed, with om-Cu-—
M(I), the methanol effluent concentration decreased only mod-
erately on an almost seven-fold decrease in the W/ F.

Table 2 also presents activity data measured with the com-
mercial reference catalyst with the same (i.e., lower) W/F.
Note, however, that here again the methanol yield is too close
to equilibrium to allow a direct comparison of rates. To achieve
such comparison at least on an approximate basis, the for-
ward reaction rate (r_.) was estimated from the measured
one (r) by taking into account that r =r_, (1 —r_, /r) =
r—(1 — Q/Keq) ® r— (1 — pcH;0H/ Peq,CH;0H), Where r
is the reverse reaction rate, Keq is the equilibrium constant
(= (pchs0H/ [712{2 PCO)eq) and Q is the corresponding ratio of
actual partial pressures (pcH;0H/ plzh pco)- The hydrogen and
CO pressures cancel out each other, because they do not change
at a methanol formation of 200-300 ppm. Forward reaction
rates estimated on this basis are compared in the last columns of
Table 2. From these data, it is clear that om-CuZn-M(I) indeed
provides a methanol synthesis rate at the same order of magni-
tude as the commercial reference catalyst. When this methanol
synthesis rate is related to the free copper surface area, the per-
formance of the model catalyst om-CuZn—M(I) matches that
of the reference catalyst. (The slight advantage of the former
should not be overemphasized due to the considerable uncer-
tainties inherent in the correction used.)

For the MCM-48-derived catalysts, only with the monome-
tallic Cu-MCM was it possible to reliably measure the methanol
content of the effluent; the data of CuZn-MCM(carb) (and
of several other similar preparations) were near or beyond

Active Cu surface area and methanol synthesis activities of Cu/ZnO in mesoporous matrices measured at different W/ F at 493 K

Sample code Cu surface area?, W/F Methanol formation rate
Acy (m?/g) (gs/ml) Measured data Corrected for influence of equilibrium
Per g catalyst Per m? Cu surface Per g catalyst Per m? Cu surface
(umol/(gh)) (umol /(m? h)) (umol/(gh)) (umol /(m? h))
Reference? 22.9 0.12 357 15.6 1424 62
om-CuZn-M(I) 5.3 0.8 61 11.5 387 73
0.12 224 42 428 81
Cu-MCM 1.1 1.2 1.8 1.6
CuZn-MCM(carb) 0.4) 0.8 (0.6) (1.5)

4 By N, O frontal chromatography.
b Ca. 50% Cu, 35% ZnO, 15% Al,03.



the detection limit. Despite the low activities observed, some
conclusions can be drawn from these data. Thus, the promo-
tional effect of the zinc may be assessed by comparing the
ratio between the rates (per Cu surface area) of ZnO-promoted
and monometallic Cu catalyst [at the higher W/F of (1 £
0.2) g s/ml]. This ratio was ca. 45, again a rough estimate
due to the high conversion achieved with om-CuZn-M(I) at
W/F = 0.8. However, it allows one to conclude that the pro-
motional effect of the zinc was absent in CuZn-MCM(carb):
indeed, with a 30- to 40-fold increase of the rate/m?> Cu over
the unpromoted copper, a measurable methanol synthesis rate
should have been expected even with the smaller Cu surface
area of this catalyst.

It is remarkable that the catalysts based on the MCM-48
matrix did not meet expectations with respect to not only the
catalytic activity, but also the Cu surface area. From the accessi-
ble Cu surface areas (Table 2), the size of the particles (assumed
to be spherical) may be estimated as 12.7 nm for om-CuZn—
M(I), 34 nm for Cu-M, and 76 nm for CuZn-MCM(carb)). This
is far beyond the data derived from the EXAFS spectra after re-
duction at even higher temperatures (3 nm, 1.2—-1.8 nm, and
3 nm, respectively). This huge discrepancy cannot be due to
methodical uncertainty; particles tens of nm in size definitely
would not be distinguishable from the reference spectrum of the
Cu foil (see, however, Fig. 2). Wall effects may explain some
of the difference, particularly in matrixes having suffered seri-
ous damage of the pore system, in which a large part of the Cu
aggregates may be covered by the curved walls. In om-CuZn—
M(), contact with the ZnO nanoparticles will further decrease
the accessible surface. We believe, however, that aggregation of
small Cu crystallites into polycrystalline particles was a major
contributor to the discrepancies observed. This effect should be
most dramatic in narrow pores; when 2 or 3 particles grow from
near points in a 2.5- to 3-nm pore system, the result may be an
aggregate in which most of the surface of the individual par-
ticles ends up in boundaries with other particles and with the
matrix walls.

In om-CuZn-M(), all complications seen with the other
type of preparation (i.e., interaction of zinc with the silica wall,
structural damage in the pore system, blocking of the Cu sur-
face by overly small pores, probably enhanced by piling up of
metal particles) obviously were circumvented; there was acces-
sible copper surface area, and the active copper sites were well
promoted by the zinc oxide component. This new catalyst is re-
markable in two aspects: Its catalytic activity is on the same
order of magnitude as that of a commercial catalyst (particu-
larly when related to the accessible surface area), and it opens
up new opportunities for characterization of the Cu-ZnO inter-
face.

Fig. 4 illustrates these opportunities for the study of Cu—
ZnOy interactions. Fig. 4a shows some ZnK -XAFS spectra ob-
tained in preliminary studies on the reduction of such catalysts
in CO-containing hydrogen. It can be seen that on treatment in
10% CO/Hy at 695 K for 15 min, a new neighbor emerged be-
tween the first (Zn—O) and the second (Zn—Zn) scattering peaks.
With om-CuZn-M(I), it is obvious that the neighboring (Zn-0O,
Zn—7Zn) shells decreased at the same time. This is less clear for
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Table 3
Examples for fits of ZnK EXAFS spectra measured after the reduction of om-
CuZn-M samples (cf. Figs. 4a and 4c)

Tred» gas Atom r CN o2 Ey
A (10A72) (V)
om-CuZn-M(I)

540 K, Hp? o] 1974001 40+£02 48+15 103+24
Zn 3204002 59+1.6 10028 —08+23

695 K, CO/H,® O 1.97+0.02 3.6+0.6 50+2.0 9.4+1.8
Cu  256+002 1.8+1.0 93+57 —1.0+£3.0
Zn 3204002 37+15 64+32 —1.0+£3.0
o] 1.974£0.02 3.5+04 47423 9.7+£22
Zn  2.55+003 21+1.6 105+73 —1.0+39
Zn  3.20+£0.03 37+18 62+40 —1.0£39

om-CuZn-M(II)

485K, COH,? O 1.974£0.02 3.1£04 5.0£26 8.5+ 1.8
Zn  3.16+0.09 32+39 173+15 -95+78

695 K, CO/H,® O 1974002 28403 48422 103+24
Cu  251+005 09+09 68+85 —6.0+7.1
Zn 3194006 14+17 93+130 —6.0+7.1
0 1.96+£0.04 2.6+£08 4.1£32 9.8+3.8
Zn 2494008 1.1+£20 85+141 -93£13.2
Zn  3.17+0.08 09+09 60+83 —9.3+132

4 5% Hy, He.
b 10% COM,.

om-CuZn-M(II), but a comparison of structural models for the
samples after reduction in CO/H; at 485 and 695 K (Table 3)
gives the same result.

Based on current concepts of the metal-support interaction
in Cu/ZnO catalysts, the new shell could arise from copper (Cu
surface seen by ZnO, migrating on the Cu surface or surface
alloy). Alternatively, full reduction of defective ZnO nanopar-
ticles, with or without assistance from adjacent Cu, might have
resulted in Zn(0) nanoparticles, with the new neighbor being
a (metallic) Zn shell. The models given in Table 3 and ex-
emplified in Fig. 4c have been evaluated to address this ques-
tion.

As to the states reduced at lower temperatures, a nanopar-
ticulate ZnO phase can be clearly identified in om-CuZn—-M(I)
after 540 K, Hy. The Zn—Zn shell was where it was found in
ZnO (3.21 A [23]), but its CN was 6 instead of 12. In om-CuZn—
M(I) after 485 K, CO/H,, the Zn—Zn CN was further decreased
to 3.2, and the Zn—Zn distance decreased. Indeed, the Zn-Zn
signal was not at all pronounced in this case (Fig. 4a), due to
a very large Debye—Waller factor reflecting mainly structural
disorder at the low measurement temperature.

After reduction in CO/H; at 695 K, the new neighbor could
be modeled as a Zn atom or a Cu atom, because these elements
are difficult to distinguish in XAFS due to their slight difference
in atomic number. With a Zn neighbor assumed, the Zn—Zn dis-
tance in what would be Zn metal nanoparticles became rather
small in om-CuZn-M(II) (2.49 vs. 2.66 A in the bulk metal).
If ZnO were reduced, then a change in the XANES also might
be expected, which was not the case. However, taken as ZnO
reduction, the reduction degree achieved might be too small to
cause measurable effects in the near-edge region. With a Cu
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neighbor assumed, one may wonder about a rather high Cu—
Zn CN of 1.8 in om-CuZn-M(I) and an unexpected trend: The
sample om-CuZn—-M(II) was prepared with low Zn content to
force a higher percentage of ZnO, into the Cu/ZnO interaction,
which was not achieved. However, CNs are always subject to
rather large uncertainties, particularly in multishell fits, and the
smaller effect at low Zn content may indicate that part of the
7Zn0O,. was still deactivated by interactions with the walls as in
the aqueous preparations. This possibility is also supported by
the EXAFS spectrum in Fig. 4a. Hence, although there are in-
dications that the metal shell emerging on severe reduction is
copper, an unambiguous interpretation requires further work.
However, to our knowledge, Fig. 4 is the first XAFS demon-
stration of Zn redox properties in a catalyst with competitive
methanol synthesis activity.

Because very high treatment temperatures were used for
methanol synthesis catalysts, it is of particular importance to
examine the Cu spectra of these samples, because significant
sintering might be expected even with the short duration of
thermal stress. Fig. 4b compares these spectra for treatments
at 485-540 K (in Hy or CO/Hj) and 695 K. With om-CuZn—
M(D), the EXAFS remained virtually unchanged after the high-
temperature treatment; that is, there was no growth of the
primary particles. In om-CuZn-M(II), however, the intensity
of the scattering events actually became smaller after high-
temperature reduction. Because particle splitting is unlikely,
this effect may be attributed to morphology changes (as dis-
cussed previously [1-3]) or to disorder effects. More work is
needed to elaborate on these beginnings.

The measurements with CO;-free syngas were made based
on reports indicating that pretreatment of methanol synthesis
catalysts in such a feed causes transient excess activity on ex-
posure to the full (CO;-containing) mixture, with subsequent
decay to a stationary activity [8]. On the other hand, overre-
duction may lead to the formation of a (inactive) brass alloy
on the surface [2]. The activity properties related to the spec-
tra shown in Fig. 4 remain unknown, however. Work currently
underway includes catalytic characterization of the catalysts far
from equilibrium, optimization of the new catalyst type in terms
of activity and suitability for studies of the Cu—ZnO interaction
(also with IR spectroscopy), collection of a database for reliable
interpretation of the XAFS spectra, and the attempt to correlate
structural studies as presented in Fig. 4 with activity measure-
ments.

4. Conclusion

A model methanol synthesis catalyst containing Cu and
nanoparticulate ZnO in a mesoporous silica (average pore
diameter, 5 nm) has been developed. In activity measure-
ments at normal pressure, the methanol formation rate achieved
by this catalyst was of the same order of magnitude as that
provided by a reference catalyst of commercial significance,
which had a fourfold-higher Cu surface area and a fivefold-
higher Cu content. Thus, the methanol formation rates per
m? of Cu were comparable for the commercial and model
catalysts. The new catalyst was obtained by a sequence of

thermal decomposition of a liquid heterocubane of ZnsOg4
type [CH3ZnOCH;CH,OCH3]4 in a mesoporous silica with
wormbhole-type pore system, followed by wet impregnation
with copper nitrate. This method apparently avoids the prob-
lems encountered with various attempts to load MCM-48 with
Cu and Zn using acetate solutions (i.e., interaction of zinc with
the silica wall, leading to structural damage in the pore sys-
tem, blocking of the Cu surface by overly small pores, probably
enhanced by the piling up of small metal particles into polycrys-
talline aggregates), resulting in poorly accessible Cu surface ar-
eas and disappointing activities. The new model catalyst holds
promise for use in investigation of the Cu—ZnO interaction. This
has been demonstrated by ZnK EXAFS studies during the re-
duction in CO/H;, which indicate significant changes in the
zinc phase.
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