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CuO/ZnO Nanoparticles in a Matrix of Amorphous Silica as High-Surface
Precursors for Methanol Synthesis
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An intimate mixture of CuO/ZnO nanocrystals was prepared
by an easy sol-gel synthesis (precipitation in methanol by hy-
droxide in the presence of a silane). The organic substituents
of the silane were almost completely removed by a subse-
quent photochemical oxidation. The resulting amorphous
SiO, prevented the growth of the catalytically active particles
to larger crystals. The coating layer of silica can easily be
penetrated by gaseous reactants, as shown by the high spe-

cific surface area of about 110-130 m2g~! (probably due to
both silica and nanocrystalline CuO/Zn0O) and the good cata-
lytic activity in methanol synthesis from CO/CO,/H, synthe-
sis gas (7 to 37 %, compared to an industrial standard meth-
anol catalyst). The ratio of CuO to ZnO can be easily varied
by the used preparation method.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Cu/ZnO is a widely used model catalyst system for in-
vestigations in heterogeneous catalysis.['l In most cases, the
methanol synthesis and the steam reforming reaction are
studied. The industrial catalyst is based on Cu/ZnO/
Al,05,1121 but often Cu/ZnO is examined as simplified bi-
nary model system.’-'3] Although copper is the more im-
portant catalytically active component,[!®!71 pure ZnO is
itself active in methanol synthesist'®2%1 The most common
preparation methods for the catalyst precursor CuO/ZnO
are based on the co-precipitation of carbonates or oxalates,
followed by thermolysis to the corresponding ox-
ides.[0:8:11.14.21-23] We have recently shown that active cata-
lysts can also be prepared by thermolysis of bimetallic coor-
dination compounds,?¥ xerogels and aerogels,”*! and tar-
trate mixed crystals.?®) Copper nanoparticles in liquid dis-
persion were recently shown to be active as methanol cata-
lysts,?7 as well as metal-loaded mesoporous silicates?® and
metal-oxide frameworks (MOFs).[?]

Here we report on the preparation, characterization and
catalytic activity of ZnO and CuO/ZnO nanocomposites
which were obtained by a combination of sol-gel synthesis
and photochemical oxidation which was applied earlier to
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prepare nanoscale ZnO.% By precipitating the oxides in
the presence of a silane in alcohol, a highly dispersed mix-
ture of the oxides with a high specific surface areal®!l is
obtained because the silane prevents the growth and ag-
glomeration of the oxide crystals.[3?] Subsequently, the or-
ganic substituents of the silane are photochemically oxid-
ized and almost completely removed.[*” The ratio of copper
to zinc can be easily varied by this method, opening a way
to nanocrystalline systems of CuO/ZnO in amorphous sil-
ica with a high overall specific surface area. Copper oxide
can then be reduced to Cu, resulting in Cu/ZnO/SiO,, i.e.
the active methanol catalyst, preserving a high specific sur-
face area which is advantageous for a high catalytic activity.
This approach to co-precipitate the nanoparticles with a
porous inorganic matrix is different from the often applied
approach to fill an already existing porous template.

Result and Discussion

Four samples with different ratios of CuO/ZnO (A: 0.76
wt.-% Cu; B: 4.37 wt.-% Cu; C: 15.6 wt.-% Cu; D: 34.4 wt.-
% Cu) were prepared by a combination of sol-gel synthesis
and photochemical oxidation and compared to a sample of
pure ZnO (Z), prepared by the same method.[*% The coat-
ing with silane prevented crystal growth and agglomeration
of the primary oxides. The subsequent photochemical treat-
ment almost completely destroyed the organic fragments of
the silane and led to the formation of X-ray amorphous
silica (“SiO,”).

Scanning electron microscopy (SEM) showed an agglom-
erated material with particle sizes of a few hundred nano-
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metres (Figure 1). The “coating layer” probably results
from amorphous silica which remains after the photochemi-
cal oxidation. The high specific surface area from BET ex-
periments (Table 1) indicates a high internal porosity that
we tentatively attribute to the silica. X-ray powder diffrac-
tion shows broad diffraction peaks for ZnO and CuO, con-
firming the nanocrystallinity of the primary particles (Fig-
ure 2). A semi-quantitative determination of the crystallite
size for ZnO by the Scherrer equation!® results in 6-7 nm.
It was not possible to determine the size of the CuO par-
ticles due to peak overlap, but a visual examination of the
peak in Figure 2 suggests a crystallite size of the same or-
der. Temperature-programmed reduction (TPR) gave the
amount of CuO (Figure 3), followed by the quantitative de-
termination of the specific copper surface area with reactive
frontal chromatography (RFC). All analytical results are
comprised in Table 1. It should be noted that the content
of zinc is in all cases lower than expected from the synthesis
(Table 1). This means that copper preferentially precipitates
during the synthesis.

Figure 1. Scanning electron micrographs of the CuO/ZnO samples
A to D (see Table 1). The samples consist of agglomerated particles
with sizes of a few hundred nanometers (A: 0.76 wt.-% Cu; B: 4.37
wt.-% Cu; C: 15.6 wt.-% Cu; D: 34.4 wt.-% Cu). CuO and ZnO
cannot be distinguished, i.e. they form an intimate mixture, to-
gether with X-ray amorphous SiO,.
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Figure 2. X-ray powder diffraction patterns of samples A, B, C and
D. All reflections of the samples A and B belong to ZnO (zincite),
except for the reflection at 38.9 °2@ which belongs to CuO (teno-
rite). All patterns show strong peak broadening due to the small
size of the primary nanoparticles (A: 0.76 wt.-% Cu; B: 4.37 wt.-%
Cu; C: 15.6 wt.-% Cu; D: 34.4 wt.-% Cu).
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Figure 3. Reduction profiles of CuO to Cu obtained by heating
under diluted hydrogen (TPR: temperature-programmed reduction;
A: 0.76 wt.-% Cu; B: 4.37 wt.-% Cu; C: 15.6 wt.-% Cu; D: 344
wt.-% Cu).

The total specific surface area was determined by BET
after drying for 2 h at 110 °C under air (Table 1). The BET
surface areas were very high (higher than those of CuO/
ZnO from co-precipitated carbonate precursors which are
typically 40 m>g! or lessP*!). In addition, they are almost

Table 1. Chemical and morphological parameters and catalytic activity of all samples.

Sample wt.-%E wt-%E wt.-% wt.-%P wt.-%P wt.-%®  ZnO crystal-  Specific surface  Specific Cu  Catalytic
Zn Cu Cu(by C H Sio, lite sizeldl / areal®<l / surfacel® 11 activity (%)l
TPR) nm m?g! area /m> g!

Z (pure ZnO) 67.0 0.0 - 2.6 0.8 16.6 6 127.8 0.0 -

A (CuO/ZnO) 66.4 0.76 0.3 2.2 0.7 13.5 6 110.0 0.1 7

B (CuO/ZnO) 61.2 4.37 3.7 2.6 0.5 15.3 6 134.8 0.3 16

C (CuO/ZnO) 533 15.6 13.6 2.9 0.6 10.6 7 132.0 0.3 35

D (CuO/Zn0O) 35.7 344 26.8 32 0.6 8.7 7 113.3 5.5 37

[a] By ICP. [b] By combustion elemental analysis. [c] The contents of zinc and copper were used to compute the amount of ZnO and
CuO in the sample (stoichiometric factors 1.245 and 1.252, respectively). The sum of ZnO, ZnO, C and H was computed, and the
difference to 100% was tentatively ascribed to SiO,. [d] By application of the Scherrer equation;>3 the full-width at half maximum
(FWHM) was typically 1.2-1.6° 26 for the (102), (110), and (103) peaks of ZnO with no differences among these peaks. [e] By BET. [f]
By reactive frontal chromatography (RFC). [g] Compared to the activity of an ICI reference methanol catalyst, consisting of 64 wt.-%
CuO, 24 wt.-% ZnO and 10 wt.-% Al,O5 (data from the manufacturer).
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independent from the composition of the samples, suggest-
ing that silica is mostly responsible for this high surface
area. We conclude that the nature of the metal cation does
not play a significant role for the micromorphology of the
precatalyst, and we also conclude that most of the surface
must be ascribed to internal pores, given the fact that the
samples appear agglomerated and not nanoparticulate in
SEM. The amorphous silicon dioxide which is left after
photooxidation%-3?1 is probably responsible for this effect,
preventing the fusion of the oxide nanoparticles by forma-
tion of a porous coating layer. Note that the UV-photooxi-
dation is not complete, as indicated by the residual content
of carbon and hydrogen (Table 1) and also by weak charac-
teristic C-H vibrations in IR spectroscopy (data not
shown). In total, about 10-15 wt.-% of silica and carbon-
containing residues together are present in the samples (see
Table 1), both being X-ray amorphous (Figure 2).

This coating effect may explain the comparatively small
specific copper surface area obtained by reactive frontal
chromatography (RFC). Except for a very high content of
copper, the copper surface area is small compared to the
BET surface areas, unlike oxide mixtures from carbonate
precursors.?!1 We assume sintering of the copper particles
due to the high reduction temperature (>200 °C) which
caused a small specific surface area. Nevertheless, the cata-
Iytic activity of the samples is much higher than it would
have been predicted from this small specific copper surface
area.l'”l The catalytic activity was compared to a ternary
CuO/ZnO/Al,05; benchmark catalyst (ICI Katalco 51-8)
whose activity was set to 100%. This proves that the silica-
embedded copper and zinc oxide particles are still well ac-
cessible by the synthesis gas. We speculate that the silica
layer itself has a high internal pore surface which can be
penetrated by the gaseous molecules, so it also serves as a
kind of membrane on the catalytically active particles (ZnO
and Cu).

We explain the mismatch between the low specific copper
surface area and the good catalytic activity as follows: the
specific copper surface area after TPR does not correspond
to the copper surface area which is present in the active
catalyst because of different reduction conditions. In TPR
which is followed by RFC, CuO is reduced with diluted
hydrogen (4.1% H, in Ar) at atmospheric pressure at
223 °C. Figure 3 shows that the reduction temperature is
comparatively high, i.e. the copper oxide is not easily re-
duced (possibly not even fully, but mostly; see Table 1). In
the catalytic test, the catalyst is reduced by a prescribed
procedure for the commercial catalyst involving several
steps, e.g. heating to 170 °C in 5% H,/N,, keeping it at that
temperature for a certain period of time, then increasing the
temperature and the concentration of H, and finally reach-
ing 245 °C in pure H, under 25 bar pressure. Subsequently
and prior to the measurement of the catalytic activity, the
catalysts are equilibrated at the final operating pressure and
gas composition mixture (H,/CO/CO,). Therefore, it is
likely that there is a difference between the copper surface
area measured by RFC and the copper surface area of the
materials during catalytic testing (it is well known that dy-
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namic effects are controlling the size and shape of the Cu
crystals during reduction!®”)). The fact that the content of
copper found by TPR is about 20% smaller than the con-
tent of copper by elemental analysis may indicate an incom-
plete reduction due to a surface layer of impenetrable silica.
However, this also indicates that most of the copper (about
80%) was reduced. The small specific copper surface area
may be due to sintering of the crystals under the TPR con-
ditions which does not occur upon reduction under higher
pressure in the parallel reactor.

Conclusions

CuO/Zn0O/SiO, composites with high specific surface
area and good catalytic activity in heterogeneous methanol
synthesis can be prepared by a combination of sol-gel
chemistry and photochemistry. The ratio of copper to zinc
can be easily varied in the precipitation process. The pri-
mary nanoparticles of ZnO and CuO are covered by silica,
but still accessible for gases as demonstrated by the high
BET surface area (indicating pores in the silica) and the
good catalytic activity. The catalytic activity increases with
the content of copper oxide in the precatalyst. The X-ray
amorphous silica prevents the fusion of the catalytically
active CuO/ZnO nanoparticles and also serves as a mem-
brane which can be penetrated by the gaseous reactants
(CO, CO,, H,, CH;0H).

Experimental Section

Sol-Gel Synthesis and Photochemical Oxidation: In the first step,
silane-coated CuO/ZnO was synthesized according to refs.[30-32],
11.12 g (45 mmol) (3-methacryloxypropyl)trimethoxysilane was
added to 333 g methanol at 55 °C in a 1-L round-bottomed flask.
At 60 °C, zinc acetate dihydrate and copper acetate monohydrate
were added (Table 2) and a solution of 50.3 g (0.89 mol) potassium
hydroxide in 167 g methanol was added dropwise. The precipitate
was filtered off and washed four times with methanol. After centri-
fugation of the gelatineous precipitate, the product was dried at
130 °C. In the second step, 1.5 g of the synthesized silane-coated
CuO/ZnO were dispersed in 450 mL water and transferred into a
water-cooled UV-lamp reactor. The suspension was irradiated with
a 125-W mercury high-pressure lamp (HPK 125 W, Philips) for
60 min whilst stirring to destroy the organic parts of the silane
while bubbling air through the dispersion. The material was then
centrifuged (10 min, 2000 rpm) and dried at 150 °C for 24 h.

Table 2. Preparation conditions of all samples.

Sample n(zinc acetate dihydrate)  n(copper(Il) acetate
/(mmol) monohydrate) /(mmol)

Z 448 -

A 448 5

B 448 23

C 405 45

D 336 123

Solid-State Characterization Methods: BET measurements were
conducted with a Micromeritics instrument Flow Sorb II 2300. Ele-
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mental analysis of copper and zinc were carried out with an induc-
tively coupled plasma-optical emission spectrometer (ICP-OES)
Varian VISTA MPX with a radial plasma. X-ray powder diffrac-
tion (XRD) was performed on a Siemens D 500 instrument with
Cu-K, radiation. Scanning electron microscopy was performed
with a FEI ESEM Quanta 400 FEG instrument on gold-sputtered
samples.

Catalytic Performance: Measurements were performed in a high-
throughput 49-parallel channel reactor.[''] The samples (100 mg di-
luted with 200 mg quartz per well) were placed in a sample holder
consisting of a stainless steel cartridge closed at the bottom by a
stainless-steel sinter metal frit. Prior to the catalytic measurements
the catalysts were reduced with a H,/N, mixture at 518 K following
the prescribed procedure for the commercial benchmark catalyst
ICI Katalco 51-8 (see above). Before measuring the catalytic ac-
tivity, all samples were equilibrated for 3 h (reaction pressure
4.5 MPa, reaction temperature 518 K, analytic flow 20 mLmin ™).
The reaction gas consisted of 70% H,, 24% CO, and 6% CO,. A
double GC system (HP GC 6890) equipped with a methanizer FID
was used for online gas analysis. Oxo-product separation (H;COH,
HCOOCH;, H;CCOOCH;, H;CCH,OH) was carried out on a
SuppelcoWAX 0.53 mm column and CO, CO, and CH,4 were sepa-
rated on a Carboxen 1006 column. Methanol productivities for all
measured samples were compared to the productivity of the indus-
trial benchmark catalyst ICI Katalco 51-8 (Pic; = 40 mol MeOH/
(kgeach) at 518 K and 4.5 MPa).

Temperature-Programmed Reduction (TPR) and Reactive Frontal
Chromatography (RFC): The set-up used for TPR and N,O RFC
consisted of a gas supply unit, a specially designed reactor and
furnace, and a gas analysis section. The gas supply unit was
equipped with mass flow controllers and included gas lines for pure
Ar, a 4.2% H,/Ar gas mixture, and a 1.0% N,O/Ar gas mixture.
The reactor was made of two concentric quartz tubes of an opti-
mized geometry with respect to back-mixing of gas and the axial
temperature profile. The design of the reactor and the furnace fol-
lowed the work of Monti and Baiker.?*! The temperature of the
furnace was controlled by a programmable PID controller (Euro-
therm 2416). The gas analysis section included a cooling trap (filled
with isopropyl alcohol and dry ice) for water removal, a thermal
conductivity detector (Hydros) to monitor the uptake of H,, and
an dispersive IR detector (Uras) to monitor the uptake of N,O.
The set-up was operated by a personal computer via a program
based on the software package LabView.

The TPR experiments were carried out to determine the specific
Cu content of samples and to reduce samples prior to N,O RFC.
A 100 mg sample was heated from 303 K to 513 K (furnace tem-
perature; sample temperature 500 K) with a heating rate of
2K min ' and the final temperature was held for 1h. The inlet
concentration of H, was fixed to 4.2% and the total flow rate of
the Ho/Ar gas mixture was set to 84 mLmin!. The low values of
the heating rate, the final temperature, and the inlet concentration
of H, were chosen to minimize sintering of the copper particles due
to heat released by the reduction process or too high temperature.

The determination of the specific Cu surface area by N,O RFC
was carried out consecutively to the TPR experiment. After cooling
to room temperature in the flowing H,/Ar gas mixture, the reactor
was flushed for 15 min with pure Ar (50 mLmin!). After by-
passing the reactor and the cooling trap the Uras IR detector was
calibrated, first in pure Ar and then in a 1.0% N,O/Ar gas mixture
(10 mLmin"). When the calibration was finished the reactor was
set on-line and the uptake of N,O from the N,O/Ar gas mixture
(10 mLmin') was measured. The measurement was finished when
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no further uptake of N,O was detectable. This method is based on
the decomposition of N,O on exposed Cu atoms accompanied by
the formation of adsorbed atomic oxygen O, and gas-phase N,.
For calculation of the exposed Cu surface area an average surface
atom density of 1.47 X 10" Cu atoms m 2 was used. The specific
Cu surface area was obtained by dividing the exposed Cu surface
area by the initial sample mass 31,

All gas volumes correspond to standard conditions at 0 °C and
1013 mbar.
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