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Ordered mesoporous Coz04 as highly active catalyst for low temperature
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Cubic ordered mesoporous CozQy, prepared via the nanocasting
pathway using KIT-6 as hard template, was found to be an
excellent catalyst for low temperature CO oxidation, with the
activity clearly depending on surface area and pore systems of
the catalysts.

Since the introduction of the nanocasting' (hard templating)
pathway, increasing efforts have been devoted to the prepara-
tion of ordered mesoporous metal oxides such as Co304,>*
Cr,0;,%¢ Ce0,,’ MgO,x Fe3049 and ferrihydrite.10 These
materials have high surface area compared to bulk materials,
and therefore can be used as efficient catalyst supports and as
catalysts themselves. Low temperature CO oxidation is very
important in many applications including air purification and
pollution control devices, automotive emission control, gas
purification of the hydrogen to feed PEM fuel cells, closed-
cycle CO, lasers and CO gas sensors.'! Although the most
often studied materials for low temperature CO oxidation are
gold based catalysts'? '* several studies have also used Co304
(bulk or supported) which shows a very high activity for this
reaction as well.'>!® Depending on the preparation method
for the materials and the reaction conditions, Co304 shows
different activity in CO oxidation. Recently Wang er al.
reported catalytic activity of a series of Co;04 samples,?
and they showed that CO conversion of the samples can reach
100% at ambient temperature and even below, using a gas
mixture consisting of 0.5 vol% CO, 14.4 vol% O,, and
85.1 vol% N, with a total flow rate of 20 mL min ',
corresponding to a space velocity of 4000 mL gg, ' h™'.
Deactivation was observed to be severe, and reliable activities
of the catalysts could not be extracted from the data, since the
experiments were carried out at full conversion, and the
deactivation patterns did not show consistent trends. Haruta’s
group has reported light-off temperatures (temperature of
50% conversion, T'sg) as low as —54 °C under conditions close
to the ones used in our study, but only if the reaction gas was
meticulously dried. At normal operation, the T’sy was around
40 °C.*!

Since the nanocasting pathway allows the synthesis of
highly defined pore systems and the generation of high surface
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+ Electronic supplementary information (ESI) available: Fig. SI.
Deactivation plot for Co304-40 catalyst. Fig. S2, XPS spectrum for
Co0304-100 before and after catalytic test. See DOI: 10.1039/b808815b

areas, we studied the catalytic activity of nanocast CozOy4 in
CO-oxidation and the dependence of the catalytic activity on
the porosity of the samples. Ordered mesoporous Co;04 with
different textural parameters was prepared via the nanocasting
pathway. The catalytic performance of these materials was in
the same range as that of the best reported materials with
respect to conversion at room temperature, but a more precise
comparison is difficult due to the different conditions used in
previous publications.

Cubic ordered mesoporous silica (KIT-6) was synthesized
according to the literature.”® The pore size of the KIT-6 was
varied by changing the aging temperature (40, 100 and
135 °C). With increasing aging temperature during the hydro-
thermal process, pore size and pore volume of the synthesized
KIT-6 increase while silica wall thickness decreases. KIT-6
was used as a hard template to fabricate ordered mesoporous
Co030y. Briefly, 0.5 g of KIT-6 was dispersed in 5 ml of 0.8 M
Co(NO;),-6H,O in ethanol and stirred for 1 h at room
temperature, followed by evaporation of the ethanol at
50 °C. The composite was calcined at 200 °C for 6 h. The
material was re-impregnated again, followed by calcination at
450 °C for 6 h. The silica template was then removed by
leaching with 2 M NaOH aqueous solution. Finally, the
resulting Co304 was washed several times with water and then
dried at 50 °C. All samples were characterized by nitrogen-
sorption, X-ray diffraction, (XRD), transmission electron
microscopy (TEM) and high resolution scanning electron
microscopy (HR-SEM). The activities of the catalysts for
CO oxidation were measured in a plug flow reactor using
200 mg of catalyst (250-500 pm size fraction) in a gas mixture
of 1 vol% CO in air (Air Liquide, 99.997% purity) at a flow
rate of 60 mL min~!, corresponding to a space velocity of
18000 mL ge, ' h™'. Temperatures during these tests were
ramped at 2 °C min~' while CO conversion was recorded.
Control experiments proved that this transient operation gives
the same activity as a steady state measurement of activity.
For clarification, the samples were labelled as Co304-T, with T
representing the aging temperature of the hard template.

The structure and porosity of nanocast Co;O4 strongly
depend on the parameters of the nanocasting process, and
the results of a detailed study will be reported elsewhere,?
since this would exceed the scope of this contribution. In
summary, Co304-40 which had been fabricated from KIT-6
aged at low temperature has uncoupled sub-frameworks while
C0304-100 and Co0304-135 have a coupled framework. The
parent material aged at higher temperature contains a high
fraction of micropores connecting the two mesopore systems.
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Fig. 1 HR-SEM images of Co;04 which was nanocast from KIT-6
with 40 (a), 100 (b) and 135 (c) °C aging temperature. Fig. 1d shows a
TEM image of Co304-100 after catalytic testing.

This leads to concerted accretion of the cobalt-material in the
same sample regions.”® This phenomenon can be seen clearly
from HR-SEM images of Co0304-40 (Fig. la—c). Both pore
systems of the mesoporous Co304-100 and Co304-135 are
interpenetrating, resulting in a rather dense structure. Textural
parameters of the Co;04 samples were determined before and
after CO oxidation by N,-sorption and the results are given in
Table 1. As one can see from Table 1, Brunauer—-Emmett—
Teller (BET) surface area, pore volume and pore size of the
nanocast Co304 decrease with increasing aging temperature of
the silica template. The textural parameters were not signifi-
cantly affected by the catalytic test.

Catalytic activities of the samples at different temperatures
are given in Fig. 2. As one can see, the light-off temperature of
the CO (T50) increases with decreasing surface area of the
ordered mesoporous Co30y. T’sy for Co304-40 is 4 °C while for
C0304-100 and Co304-135 it is 38 and 91 °C, respectively. The
shallower slope of the conversion curve especially for the
Co0304-135 sample may indicate the onset of pore diffusion
limitations in the very narrow pore system on the particle level
in the materials with interpenetrating Co3;0, frameworks. This
notion is also supported by the fact that the catalytic activity
normalized to surface area is not constant, but highest for
C0304-40. This catalyst with an uncoupled sub-framework
structure (high surface area) shows very high activity for CO
oxidation at low temperature, in the same range as observed
for very good gold based catalysts. Full conversion is reached
already at room temperature with this material, while the
lowest activity sample shows hardly any conversion at this
temperature, although the surface area is only a little bit more

Table 1 N,-Sorption results of Coz04 before and after (in brackets)
catalytic test

BET/m2 ¢! Pore volume/em® g~ ! Pore size/nm
C0304-40 153 (157) 0.479 (0.480) 6.0 (6.0)
Co0304-100 114 (111) 0.189 (0.189) 33(3.3)
Co0304-135 70 (68) 0.110 (0.106) 3.0 (3.0)
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Fig. 2 Conversion as a function of temperature for CO
oxidation over Co3;0, samples (200 mg catalyst, space velocity of
18000 mL gep ' h71).

than a factor of two lower.

Co304 is known to suffer from deactivation, and thus
deactivation profiles for these materials have also been deter-
mined at constant temperature. In agreement with literature
data, the materials described here are also deactivated with
time-on-stream. A quasilinear deactivation profile was
recorded, for instance, for Co304-40 which shows a reduction
of the conversion from about 85% to ca. 43% conversion at
15 °C over 4 h. (For the time profile of the deactivation, see
ESI Fig. S1.%)

Since the textural parameters of the materials do not change
during the catalytic test (Table 1), this loss of activity cannot
be attributed to reduction of the surface area. Also the
structures show pronounced changes during the catalytic test
neither on the mesoscale nor on the atomic scale, as revealed in
low and wide angle XRD patterns (Fig. 3). The low angle
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Fig. 3 Low angle (a) and wide angle (b) XRD patterns of Co3;04
before and after catalytic test (Co3;O4-100A).
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XRD pattern of the sample still indicates the presence of the
ordered mesostructure, while the wide angle XRD pattern
shows the pure Co3;04 spinel phases before and after CO
oxidation, with no significant changes of the peak width,
indicating unchanged domain sizes. The well preserved struc-
ture of the Co30, after the CO oxidation can also be seen from
the TEM image (Fig. 1d). From these analyses it can be
concluded that the deactivation phenomenon is not caused
by a structural or textural modification of the material when
exposed to reaction conditions. It is thus probably rather the
surface chemistry of the materials which is changed. This
could be a local change of oxidation state or surface structure,
which is not detected by the bulk techniques used for the
analysis of the samples. In order to check a possible change of
oxidation state or surface contamination, XPS studies of fresh
and used catalyst were carried out. The spectra did not reveal
any change in the XPS patterns (see ESI, Fig. S27). However,
since we could not remove the sample from the reactor without
exposure to air due to the construction of the reactor, the
spectrum after reaction may not be truly representative of the
aged catalyst under reaction conditions. Further studies will
thus be necessary to clarify the origin of the deactivation
process.

To summarize, we have synthesized a series of ordered
mesoporous Coz04 sample via the hard templating pathway
and tested them in the CO oxidation reaction. Co3;0O4 with high
surface area is sufficiently active to convert 100% CO to CO,
around room temperature even at a space velocity of
18000 mL g., ' s~'. The activity is clearly dependent on
the textural properties of the samples, with the best perfor-
mance achieved for the material with the highest surface area
and the most open pore system. The catalysts lose about 50%
of their activity over 4 h during the reaction. However, this is
not due to structural breakdown or loss of surface area. Since
the ordered structure of the Co30;, is stable under the reaction
conditions, this kind of ordered mesoporous materials can be
used as support and catalyst. Further work related to the
deposition of gold nanoparticles into Co3;04 and investigation
of the catalytic activity of these materials in CO oxidation is in
progress in our laboratory, since this may lead to catalysts
exploiting both the exceptional activity for CO oxidation of
the gold and the Co30,4 support material.
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of the DFG and DFG SFB 558. We thank C. Lehmann, B.
Spliethoff and H. Bongard for the TEM and HR-SEM images
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