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A high surface area Co30,4—SiO, nanocomposite catalyst has been prepared by use of activated carbon as template. The Co304—
SiO, composite, the surface of which is rich in silica and Co(II) species compared with normal Co;0,, exhibited very high activity for
CO oxidation even at a temperature as low as —76 °C. A rather unusual temperature-dependent activity curve, with the lowest
conversion at about 80 °C, was observed with a normal feed gas (H,O content ~3 ppm). The U-shape of the activity curve indicates
a negative apparent activation energy over a certain temperature range, which has rarely been observed for the heterogeneously
catalyzed oxidation of CO. Careful investigation of the catalytic behavior of Co;04—SiO, catalyst led to the conclusion that ad-
sorption of H,O molecules on the surface of the catalyst caused the unusual behavior. This conclusion was supported by in situ
diffuse reflectance Fourier transform infrared (DRIFT) spectroscopic experiments under both normal and dry conditions.

B INTRODUCTION

The heterogeneously catalyzed oxidation of carbon monoxide
(CO) has been most extensively studied due to its relevance in
practical applications, such as purification of air," gas sensors for
the detection of trace amounts of CO,” automotive exhaust gas
treatment,” and polymer electrolyte fuel cells.* Meanwhile, CO
oxidation is also used as a probe for the low-temperature activity
of possible catalytic materials and as a model reaction for mech-
anistic studies.

The potential of supported gold nanoparticles as efficient
catalysts for low-temperature reactions has aroused tremendous
interest since the pioneering work of Haruta et al.” demonstrated
high activity for CO oxidation of such particles deposited on
various metal oxides. However, gold-based catalysts are very
costly, and thus more cost-efficient alternatives with similar
activity would be highly desirable. Some metal oxides, especially
C0304,6710 are also known to be active for CO oxidation at ambi-
ent temperature but normally only in the absence of moisture.
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Low-temperature CO oxidation over Co;0, has been intensively
studied and different CO oxidation activities for Co30, in terms
of light-oft temperature, T'so, have been reported. Under dry
conditions with moisture content below 1 ppm, Cunningham
et al.® found a Tso of —54 °C for pure Co30, at a space velocity
(SV) 0f 10000 mL-h™'-g .. Thormihlen et al.'" reported a
T of —63 °C for Co30, su%)ported on Al, O3 with a normal feed
gas at SV = 60000 mL-h™ -gcat_l. Recently, Co30, nanorods
with predominantly exposed {110} faces'* have been found to
exhibit very high activity for CO oxidation at —77 °C at a SV of
15000 mL-h™'-g.,. " under normal conditions. This led to the
idea of preparing active catalyst through morphology-controlled
synthesis, which ensures that specifically active faces are pre-
dominantly exposed at the surface. In most cases, however, it is
difficult to prepare well-shaped solid catalysts that have such
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preferentially exposed active faces, and the morphologies ob-
tained are often not stable under reaction conditions, especially
at high temperature. On the other hand, very small particles with-
out specific morphology can also be very active catalysts because
a high absolute number of active sites are exposed, although the
catalytically active faces may not be dominant for the whole sur-
face. In previous work, we have used nanocast mesoporous Co30,
as catalyst for CO oxidation, but only moderate activity was ob-
served.”® However, due to the interest in highly active catalysts for
CO oxidation, the synthesis of small-sized Co;0, particles with
high activity for low-temperature reactions remained an interesting
challenge.

In this paper, we report a two-step method for the preparation
of a Co;04—Si0, nanocomposite catalyst that exhibits very high
activity for CO oxidation even at a temperature as low as —76 °C
with normal feed gas. Under normal conditions, a U-shape was
observed for the temperature-dependent activity curve, showing
the existence of negative apparent activation energies. This has
never been observed in CO oxidation catalyzed by metal oxides.
Investigations on the catalytic behavior of Co30,—SiO, catalyst
under normal and dry conditions showed that adsorption of
H,0 molecules on the surface of the catalyst is the origin of the
abnormal catalytic behavior. These studies on the CO oxidation
over small-sized Co304—SiO, material may open up new routes
in the search for highly active catalysts and increase the knowl-
edge on unusual temperature dependence of rates in hetero-
geneous catalysis.

B EXPERIMENTAL SECTION

Catalyst Synthesis. The Co0;0,—SiO, nanocomposite catalyst
was prepared by a two-step method. For the first step, 6 g of activated
carbon (Kugelkohle, Code R 1407, CarboTech GmbH) was impregnated
under magnetic stirring with 1.588 mL of tetraethoxysilane (TEOS, 7.13
mmol) diluted with 2.2 mL of 99% ethanol. The solution was completely
absorbed by the activated carbon in $ min under continuous stirring. Then
the composite material was transferred into a muffle oven and annealed
(heating rate 4.5 °C+-min ") at 350 °C for 30 min in air. During the heat-
ing process, the activated carbon was stable and no burn-off was observed.
Black solid powder (6.54 g, C—SiO,) was collected after the annealing
process.

For the second step, the above C—SiO, composite material was
added to 3.80 mL of aqueous Co(NO3), solution (3.75 M) under mag-
netic stirring. The Co(NO3), solution was completely absorbed by the
C—SiO, composite material during intensive stirring for 15 min. The
resulting solid was transferred into a muffle oven and calcined at 550 °C
(heating rate 4.5 °C-min ") for 90 min in air. This calcination led to
combustion of the activated carbon matrix, and 1.46 g of Co304—SiO,
composite (molar ratio of Co:Si s 2:1) material was obtained. Before use
in catalytic experiments, the Co30,—SiO, powder was pressed, crushed,
and sieved to 20—40 mesh.

Characterization. The powder X-ray diffraction (XRD) patterns
were recorded on a Stoe STADI P diffractometer operating in reflection
mode with Cu Kot radiation that was monochromatized with a second-
ary graphite monochromator. The nitrogen sorption measurements
were performed on an ASAP 2010 unit (Micromeritics) at 77 K after
activation at 200 °C for 4 h under vacuum. High-resolution scanning
electron microscope (HR-SEM) images, scanning transmission electron
microscope (STEM) images, and element mapping images, based on the
energy-dispersive X-ray analysis (EDS) of the catalyst, were taken on a
Hitachi S-5500 ultrahigh-resolution cold field emission scanning micro-
scope at an acceleration voltage of 30 kV. Morphological and structural
characterization of the catalysts was performed with a Hitachi HF2000

microscope equipped with a cold field emission gun at an acceleration
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a Kratos HSi spectrometer with a hemi-
spherical analyzer. The monochromatized Al X-ray source (E = 1486.6
eV) was operated at 15 kV and 15 mA. For narrow scans, an analyzer pass
energy of 40 eV was applied. Hybrid mode was used as lens mode. The
base pressure in the analysis chamber was 4 x 10~ ° Torr. The binding
energy scale was corrected for surface charging by use of the C 1s peak of
contaminant carbon as reference at 285.0 eV.

In situ Raman measurements were carried out with a 785 nm laser and
a power of 10—35 mW with a Kaiser Optical Systems Inc. Raman spec-
trometer. The sample was place in an in situ cell (Linkam 600) that could
be heated to 500 °C and cooled to —100 °C. The sample was activated
by heating to 360 °C with synthetic air (20 vol %/80 vol % mixture of
0,/N,) at a gas flow rate of 100 mL/min. After dwelling for 30 min at
that temperature, the sample was first cooled to room temperature, after
which it was further cooled to —50 °C. Raman spectra were measured
prior to activation, during heat treatment, after heat treatment, and at
—50 °C under synthetic air. At —50 °C the sample was also exposed to
CO (10% CO/He, 100 mL/min).

Fourier transform infrared (FTIR) spectra were measured in a diffuse
reflectance cell (Harrick system) equipped with CaF, windows on a
Nicolet Magna 560 FTIR spectrometer using a mercury—cadmium—
telluride (MCT)/A detector with a spectral resolution of 4 cm™ . After
pretreatment of the catalysts (15 mg) in a gas flow of synthetic air
(30 mL-min~ ") at 360 °C for 1 h, the reaction cell was cooled down to
the desired temperature. Then a background spectrum was collected
from the sample via 256 scans at 4 cm ™" resolution. The catalyst was ex-
posed to reaction gas (1 vol % CO, 20 vol % O,, 79 vol % N,) with a flow
rate of 30 mL-min "', and diffuse reflectance Fourier transform infrared
(DRIFT) spectra were obtained by subtracting the background spec-
trum from subsequent spectra. These difference spectra are reported
herein. For measurements under dry conditions, the feed gas was passed
through a molecular sieve trap cooled to —78 °C (2-propanol/dry ice
bath) before going into the reactor.

Catalytic Testing. The activities of catalysts for CO oxidation were
measured in a plug flow reactor by use of defined amounts of catalyst
(50 mg of catalyst, SV = 60 000 mL-h™*. gcafl; or 200 mg of catalyst,
SV = 15000 mL-hfl-gcafl) in a gas mixture of 1 vol % CO in air
(1 vol % CO, 20 vol % O,, and 79 vol % N,, from Air Liquide, 99.997%
purity, H,O content ~3 ppm) at a flow rate of 50 mL-min '. The
operation temperature was controlled with a thermocouple and could be
adjusted in the range of —100 to 400 °C. Temperatures measured during
the catalytic tests are always referred to the value measured with a second
thermocouple placed in the catalyst bed. Before measurement, the cata-
lysts were first activated in situ in the synthetic air (20 vol % O,/80 vol %
N, mixture, from Air Liquide, 99.999% purity, H,O content ~3 ppm) or
N, (from Air Liquide, 99.999% purity, H,O content ~3 ppm) at 360 °C
for 60 min or activated in a gas mixture consisting of 5 vol % H, in N,
(from Air Liquide, 99.999% purity, H,O content 3 ppm) at 135 °C for
60 min with a flow rate of 50 mL-min .

For a typical light-off run, in which the temperature was ramped, the
reactor was cooled to —75 or —50 °C prior to each experiment under a
flow of N, gas, which was then replaced by the reaction gas, after the base
temperature had been reached. Then, the temperature was ramped with
arate of 2 °C+-min” ' to the final temperature. The concentrations of CO,
and CO were analyzed at the outlet of the reactor with nondispersive IR
spectroscopy on two URAS 3E analyzers (Hartmann and Braun).

In a typical steady-state experiment, the system was adjusted to the
desired temperature under N, flow, which was then replaced by the
reaction mixture. The activity was recorded during the whole deactiva-
tion process.

The titration experiments were carried out in the same reactor in
which the CO oxidation activities were tested, with 40 mg of catalyst.
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Figure 1. (a—c) SEM images, (d) dark-field STEM image (which
corresponds to panel ¢), and (e, f) selected area element mapping images
based on the EDS result (which also correspond to panel c) for the
C0304—Si0, composite. The big particle shown in panels ¢ and d is
marked with white dotted circles. The Si mapping image in panel f shows
that there is almost no Si signal for the upper half of this big particle, and
the Si signal in the lower half comes from the small Co30,—SiO,
particles on the surface of the big particle, which is clearly shown in the
STEM image of panel d. Based on the EDS result, the ratio of Co to Siis
1.9:1, which is almost the same as the ratio used for the synthesis.

The catalysts that had been pretreated in situ were cooled down to the
desired temperature and kept in N, flow (67 mL+min "), and then they
were further treated in a synthetic air flow (67 mL+min~") for 10 min.
The catalysts were flushed with a N, flow to remove the O, gas from the
reactor. After 10 min, the catalysts were exposed to a stream of 1% CO in
N, (from Air Liquide, 99.997% purity, H,O content ~3 ppm) at a flow
rate of 67 mL-min " at the desired temperature. Online analysis was
performed with a nondispersive IR analyzer (URAS 3E), that allowed
detection of CO and CO, in a nitrogen matrix without interference
problems.

For the experiments under dry conditions, the entire feed gases passed
through a molecular sieve trap cooled to —78 °C (2-propanol/dry ice
bath) before going into the reactor.

B RESULTS AND DISCUSSION

The Co3;04—SiO, nanocomposite catalyst was synthesized
by a two-step method using activated carbon spheres as exotem-
plate."* XRD investigation showed that only Co30, spinel is
present as crystalline phase in the resulting composite (see Figure
S1, Supporting Information). No shift of diffraction peaks was
observed with respect to conventional Co;0, spinel (PDF-2
entry 42-1467), indicating that no silicon-containing solid solu-
tion was formed. Silicon is most probably present as amorphous
SiO, next to the spinel phase. Nitrogen sorption isotherms (Figure
S2, Supporting Information) revealed that the Co;0,—SiO,
composite is mesoporous with a Brunauer—Emmett—Teller
(BET) surface area of about 210 m*-g~ " and a pore volume of
0.20 cm®-g~ ', From SEM images (Figure 1), it is seen that the
product consists mainly of small uniform nanoparticles with sizes
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Figure 2. Co 2p photo peaks for fresh Co30,—SiO, catalyst. The
obvious shakeup satellite at ca. 786.7 eV indicates a high abundance of
Co(I1) species on the surface of the catalyst.

ranging from 5 to 10 nm. Aggregation of the small primary
particles causes textural porosity as shown in Figure 1b, which
corresponds well to the sorption data. It is noteworthy that,
besides small particles, trace amounts of particles bigger than
50 nm were also observed. This can be clearly seen in the SEM
and STEM images (Figure 1lc,d). The selected area element
(Co and Si) mapping images (Figure le,f) demonstrate that Co and
Si are more or less uniformly dispersed for the small Co;04—SiO,
composite particles; no obvious Co-rich or Si-rich region was
observed. However, the bigger particle marked with a circle in
Figure 1¢,d is basically a pure cobalt oxide particle without traces
of silica. The difference in distribution of Co and Si in smaller and
bigger particles indicates that the presence of Si directly influ-
enced the particle size of the Co30, spinel; that is, the composite
of Co;0,4—Si0O, is small-sized, whereas pure Co30, tends to
form bigger particles. Particle size and porosity of Co;0,—SiO,
strongly depend on the ratio of Co to Si. The results of a detailed
study on this issue will be reported elsewhere.

To provide further insight into the microstructure of the
C030,4—Si0, catalyst, TEM investigations were also performed.
Typical TEM images are shown in Figure S3 (Supporting In-
formation). For the small particles with sizes of S—10 nm, each
individual comprises a single crystalline domain. Lattice fringes,
as shown in Figure S3c (Supporting Information), indicate d
values of 0.33 and 0.59 nm, which correspond to the (—112) and
(110) lattice planes of Co30,. The corresponding HRTEM
images of larger 100 nm particles show that they also comprise
single crystalline domains of Co30, spinel. It is noteworthy that
no amorphous particles or surface layers of SiO, on the Co;0,
particles were observed on TEM images. XPS characterization
was performed to investigate the surface composition and chem-
ical state of the catalyst. The Co 2p3/, and 2p, /, peak positions
(Figure 2) are in accord with the presence of Co30,."> However,
the obvious shakeup satellite at about 786.7 eV, which is an inter-
mediate value compared with that for CoO (at 785 eV) and
Co30, (at 789 eV), indicates a high abundance of Co(II) species
on the surface of the catalyst compared with normal Co;0, (see
Figure S4a, Supporting Information). Based on the quantitative
XPS result, the molar ratio of Si to Co is roughly 1, which is much
higher than that observed from bulk EDX analysis (1:1.9),
confirming that most of the SiO, is on the surface of the catalyst.
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Figure 3. Catalytic performance of the Co;04—SiO, catalyst for CO
oxidation at a constant temperature of —76 °C for 40 h under both

normal and dry conditions. Catalyst, 200 mg; reaction gas flow rate,
50 mL-min~; SV = 15000 mL-h ™"+ g,

The Co30,—SiO, nanocomposite was tested for CO oxidation

—76 °C under constant conditions (SV 15000 mL-h ™"+ g~ ").
Under these conditions, it showed full conversion of CO to
CO, during the initial 10 h; the CO conversion then decreased
slightly but was still higher than 92% after 40 h (Figure 3, black
curve). This catalyst thus performs at least as well as the specially
designed catalyst with the rod morphology described in ref 12.
The spent catalyst can be fully regenerated after that deactivation
process through calcination in synthetic air at 360 °C for 1 h. The
particle sizes and chemical state of the used catalyst were identical
to those of the fresh one (see Figures S4—S6, Supporting In-
formation). This indicates that the Co304—SiO, catalyst is very
stable during the CO oxidation process. It is known that Co30, is
sensitive to moisture in the feed gas.*'® For comparison, we
therefore also measured the catalytic activity of the catalyst under
dry conditions. Surprisingly, the catalytic performance was al-
most identical under normal and dry conditions.

Generally, Co(III) on the catalyst surface is thought to provide
the active sites for CO oxidation and Co(II) is considered as in-
active.'® However, the Co;0,—SiO, nanocomposite, the surface
of which is rich in silica and Co(II) species compared with normal
Co30,, also shows exceedingly high activity, which may suggest
that Co(III) is not the only active species for CO oxidation. How-
ever, this needs to be studied more closely in the future. In any case,
this catalyst appears to be highly attractive for low-temperature
CO oxidation and outperforms other metal oxides reported so
far®'>'7'® and even gold catalysts."’

For most catalysts for CO oxidation, based on supported gold
or metal oxides, the activity increases with increasing reaction
temperature. However, a very different temperature-dependent
activity behavior was observed for the Co30,4—SiO, catalyst in
the temperature range of —75 to 300 °C as shown in Figure 4a.
Before the catalytic activity test with SV =60 000 mL-h™ ! *Geat -
the catalyst was pretreated in situ in synthetic air. At temperatures
from —75 to —50 °C, the activity for CO oxidation increases with
increasing temperature; then the activity curve shows a U shape.
The catalyst shows full conversion at the given space velocity at
temperatures from —50 to 35 °C and above 160 °C, but in the
temperature range of 35—160 °C the conversion rapidly decreases
to a minimum at a temperature of about 80 °C and then succes-
sively increases again to full conversion. Such a complex U-shaped
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Figure 4. (a) Temperature dependence of the activity for CO oxidation
for variously pretreated Co304—SiO, catalysts, and (b) catalytic per-
formance of the catalyst pretreated in synthetic air at constant tempera-
tures of —45, —S5, 20, and 80 °C. All the above experiments were carried
out under normal conditions. Catalyst, S0 mg; reaction gas flow rate,
50 mL-min; SV = 60000 mL-h™'-g., "

curve indicates the existence of negative apparent activation
energy. Negative apparent activation energies have occasionally
been observed in heterogeneous catalysis. The apparent activa-
tion energy is a composite of the activation energy of the surface
reaction and adsorption enthalpies, which can result in nega-
tive apparent energies over certain temperature ranges. Such a
phenomenon has been observed before in CO oxidation, for
example, for Au/ Mg(OH)220 ! and Au/MgO”! catalysts. Cun-
ningham et al.”® attributed the negative apparent activation
energy over Au/Mg(OH), to the direct interaction of CO with
hydroxyl radicals present at the interface between the gold and
Mg(OH),, but no additional evidence was provided. Recently,
we reported similar catalytic behavior usmg both Au/Mg(OH),
and Au/MgO as catalysts for CO oxidation.*' The experimental
results suggest that the reaction proceeds via two different
oxygen species, a highly active species at low temperature, the
coverage of which decreases strongly in the temperature range
over which the negative apparent activation energy is observed,
and a less active species, which is oxidizing the CO at higher
temperature and which shows the normal Arrhenius-type beha-
vior. In order to explore whether the unusual conversion versus
temperature curves observed in the present study are due to a
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similar mechanism as over Au/MgO or Au/Mg(OH),, this effect
was studied in more detail.

Light-oft curves measured under transient conditions, as used
here, may give misleading information, so activity tests under
stationary conditions were performed at different temperatures,
also with the aim to detect possible deactivation of the catalysts.
The stability of the Co;0,—SiO, catalyst was tested at —45, —S5,
20, and 80 °C. It was highly active and showed very stable CO
oxidation at low temperatures (see Figure 4b). At —45 °C, the
catalyst deactivated slightly and the CO conversion decreased by
only 16% over more than 10 h. At —5 °C, full conversion of CO
to CO, was observed up to 135 min, and then the conversion of
CO decreased gradually to zero within 215 min. At 20 and 80 °C,
full CO conversion was observed for even shorter times on stream
and the succeeding deactivation of the catalyst was even faster. The
CO conversion decreased from 100% to zero within 182 and
88 min at 20 and 80 °C, respectively. Overall, the results of the
steady-state experiments are consistent with those of the light-
off activity tests.

In addition to performing experiments in oxidative atmo-
sphere, we also investigated the effect of inert (N, ) and reductive
(5 vol % H, in N,) pretreatment atmospheres on the activity of
the Co304—SiO, catalyst. The catalyst pretreated with N, ex-
hibited very similar behavior to that of the catalyst pretreated
under oxidative atmosphere (see Figure 4a and Figure S7, Sup-
porting Information). This was different for the catalyst pretreated
under reductive atmosphere (S vol % H, in N,). A more or less
normal temperature-dependent activity curve was observed; that
is, no conversion was observed at temperatures below 50 °C and
then, at temperatures above 50 °C, noticeable conversion was
observed, which successively increased with increasing reaction
temperature. Thus, the pretreatment significantly affects the cata-
Iytic performance of the catalyst. Oxidative and inert gas pretreat-
ments are favorable, whereas reductive atmosphere leads to very
low activity at lower temperature. While it is clear that inert or
oxidative pretreatment leads to the formation of active catalysts at
low reaction temperature, this does not reveal the reason for the
unusual temperature dependence of the reaction rate.

It is known that the adsorption and activation of molecular
oxygen are crucial for gold catalysts for CO oxidation.””” % The
formation of adsorbed reactive oxygen species, such as super-
oxide ions (O, ), can be correlated to the presence of surface
oxygen vacancies on the metal oxide support™ or at the metal—
support interfaces.”> > Different kinds of superoxide species
have been reported to exist between —196 and 25 °C on the sur-
faces of CoO—MgO solid solutions,”” and it was thus hypothe-
sized that such superoxide species may play an important role in
CO oxidation also over the system investigated here at low
temperatures.”®* Therefore, CO titration experiments in the
absence of oxygen (1 vol % CO in N,) were also performed. This
allows assessing the extent of the supply of oxygen stored on the
catalyst. Figure 5 shows the transient response of CO, and CO
evolution over differently pretreated Co;04—SiO, catalysts at
different temperatures. For the Co;04—SiO, catalyst pretreated
in synthetic air, the ability to provide reactive oxygen is rather
high at low temperature (—4S °C). Strong CO, evolution with a
maximum (CO, concentration 0.77%) at 100 s after exposure to
CO was observed. The initial sharp CO, response is indicative of
a fast reaction proceeding via rapid adsorption of CO, followed
by reaction of the CO with reactive oxygen at the catalyst surface.
It is noticed that, even after 1000 s, substantial amounts of CO,,
were still produced (CO, concentration 0.18%). At 20 °C,a CO,
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Figure 5. CO, response in CO titration experiments of the
Co0304—Si0, catalysts pretreated with (a) synthetic air and (b) N, at
temperatures of —4S5, 20, and 80 °C. All the above experiments were
carried out under normal conditions. Catalyst, 40 mg; reaction gas, 1 vol %
CO in Ny; flow rate, 67 mL-min .

response maximum was observed after 95 s, however, it was a
lower concentration (0.34%) than that observed at —45 °C. The
CO, evolution decreased gradually to 0.04% at TOS of 1000 s. At
80 °C, the CO, concentration peaked after 85 s (0.21%), and
then it decreased to zero after 510 s. From the above results, it can
be seen that the ability of the Co;04—SiO, catalyst to supply
reactive oxygen is substantially higher at —45 °C than at 20 and
80 °C, which corresponds well to the temperature dependence of
the CO oxidation activity. Similar results for CO titration experi-
ments were also obtained for Co;04—SiO, pretreated in N.,.
However, the corresponding maxima of the CO, responses of the
catalyst pretreated in N, were weaker compared to those ob-
served for catalysts pretreated in oxygen-containing atmosphere.
For the catalyst pretreated in H,, the ability to provide reactive
oxygen is negligible at low temperature (—4S °C). However, it
increases with increasing temperature (see Figure S8, Supporting
Information), which is also consistent with the temperature
dependence of the activity of catalysts pretreated in H,.

The integral under the curves reported in Figure S allows
calculation of the total amount of active oxygen on the surface of
the catalyst. In order to estimate whether bulk oxygen contri-
butes to the CO oxidation in the titration experiments, the
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Table 1. Amount of Oxygen Consumed from Co30,4—SiO,
Nanocomposite Catalysts in CO Titration Experiments“’b

temp, °C pretreatment atmosphere O consumption, mmol
Normal Feed Gas

—4S synthetic air 0.15

—45 N, 0.092
20 synthetic air 0.061
20 N, 0.018
80 synthetic air 0.021
80 N, 0.0018

Dry Feed Gas

—45 synthetic air 0.20

—45 N, 0.12
20 synthetic air 0.21
20 N, 0.11
80 synthetic air 0.22
80 N, 0.14

* Maximum surface oxygen (O”") capacity of the catalyst is 0.22 mmol.
This capacity is calculated with the assumption that the surface of the
catalyst is composed only of (111) ¢o304; the detailed calculation pro-
cess is shown in Figure S9, Supporting Information. ®CO titration
experiments are shown in Figures S and 7¢,d.

maximum amount of oxygen that could be present just on the
surface was calculated. This was done under the assumption
that the surface does not contain SiO, and is only composed of
the close-packed (111) plane of Co30,. This corresponds to the
highest amount of oxygen imaginable on the surface of the cata-
lyst. For all the catalysts used in the CO titration experiments, the
amounts of consumed oxygen are lower than this maximum
amount (Table 1). However, considering that the surface of the
catalyst most probably does not consist only of pure (111)co304
plane but also could expose (110)cq304 0r (100)co304, in which
the oxygen density is lower than that of (111) o304, ot could also
expose amorphous SiO,, the true amount of surface oxygen is
probably lower than the ideally calculated value. Therefore, it is
still possible that some framework oxygen from the bulk is in-
volved during the CO titration process. For example, in the ex-
periments with the catalyst pretreated with synthetic air for the
CO titration at —45 °C, the calculated oxygen consumption in
1000 s is 0.15 mmol, which is only slightly smaller than the ideal
maximum value (0.22 mmol), indicating the possibility of oxygen
supply from the bulk of the catalyst.

On the basis of the above results, a depletion of active oxygen
from the catalyst pretreated in synthetic air or N, with increasing
temperature could be responsible for the negative apparent acti-
vation energy at intermediate temperatures. A high ability of the
catalyst to supply reactive oxygen would be responsible for the
remarkable activity in CO oxidation at low temperatures. Pre-
treatment of the catalyst in H, may, on the one hand, remove a
substantial amount of surface oxygen. This would lead to low
activity at low temperature, since no reactive oxygen could be
provided for the CO oxidation. Alternatively, or in addition to
this, the surface structure of the catalyst might be reconstructed
by the treatment in H,, which would diminish the ability of the
catalyst for activation of the oxygen from the reaction gas.

In order to prove the validity of that hypothesis, complemen-
tary experiments were performed in order to detect certain reac-
tive oxygen species on the catalyst surfaces. We used in situ
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Figure 6. In situ Raman spectra of the Co;04—SiO, catalyst under
different conditions.

Raman szpectroscopy, which has been reported by Corma and co-
workers”#*® as an effective technique to detect reactive oxygen
species on surfaces of metal oxides. Figure 6 shows Raman
spectra of samples measured under different conditions. No indi-
cation of reactive oxygen species of the peroxide or superoxide
type could be found in these spectra. At room temperature, prior
to heat treatment, only bands at 683, 618, 519, and 476 cm™!
were observed, which were assigned to C030,.%° No features of
peroxide or superoxide species, which are expected at about 1128
and 883 cm™'*"*? were observed during the heat treatment,
cooling to —50 °C, or upon CO addition. Thus, peroxide and/or
superoxide species are most likely not the origin of the un-
expectedly high activity at low temperature or the unusual tem-
perature dependence of the CO oxidation activity. Recently,
Haruta and co-workers’ proposed weakly bound oxygen species,
such as bridged Co**—0, —Co”" (adsorbed molecular oxygen
anion) and Co®>*—O~ —Co”" (adsorbed atomic oxygen anion),
as reactive oxygen species for a Co;Oy catalyst that exhibits high
reactivity toward adsorbed CO species to form CO, even at
—80 °C. However, no spectroscopic evidence of these reactive
oxygen species (Co>*—0, —Co’" and Co**—0O~ —Co’") was
provided, and no in situ characterization techniques were used to
detect the formation of these possible species. For the catalyst
system studied in this work, we cannot explain, how the low-
temperature reactive oxygen species is formed and also have no
indication of its nature, beyond the exclusion of some types of
oxygen, as discussed above. The precise identification of reac-
tive oxygen species involved in the oxidation of CO over the
Co0304—Si0, catalyst is still an open task.

As mentioned above, Co30y, is intrinsically active for CO
oxidation under dry conditions (H,O concentration <1 ppm).
However, in normal feed gas, active sites of Co;04 can be
covered by adsorbed H,O, so that the adsorption of CO and
oxygen is substantially hindered. As shown in Figure 3, there is
almost no activity difference in CO oxidation at —76 °C under
normal and dry conditions. However, at such low temperature,
the partial pressure of water vapor is very low (about 0.0004 Torr
at —80 °C,”? corresponding to 0.5 ppm), since moisture present
in the feed may freeze out before the catalyst bed, which in turn
would reduce the extent of H,O adsorption on active sites on the
surface of the catalyst. However, at moderate temperatures the
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Figure 7. (a) Temperature dependence of activity for CO oxidation of Co;0,—SiO, catalysts. (b) Catalytic performance of catalyst pretreated with
synthetic air at constant temperatures of —45, 20, and 80 °C. (c, d) CO, response in CO titration experiments of Co;04—SiO, catalysts pretreated with
(c) synthetic air and (d) N, at constant temperatures of —45, 20, and 80 °C. All the above experiments were carried out under dry conditions. For CO
oxidation test, catalyst = 50 mg and reaction gas flow rate = 50 mL- min"~; for CO titration test, catalyst = 40 mg, reaction gas = 1 vol % CO in N, and

flow rate = 67 mL-min .

catalyst will experience the water vapor pressure of the feed gas.
Under these conditions, H,O could compete with the reaction
gases for active sites, resulting in reduced activity. Thus, water
adsorption could be the origin of the unusual activity versus tem-
perature curve. To check this hypothesis, we performed CO ox-
idation and CO titration tests with the Co304—SiO, catalyst
under dry conditions (gas passed through a molecular sieve trap
cooled to —78 °C via a 2-propanol/dry ice bath). Figure 7 panels
a and b show the activity for CO oxidation measured under
transient and steady-state conditions, respectively. The light-off
experiments show that full conversion of CO to CO, is now
maintained during the heating process in the temperature range
from —50 to 300 °C. The U-shaped temperature-dependent
activity discussed above was no longer observed. We further
investigated the long-term stability of the catalyst at different
temperatures under dry conditions, the results of which are
shown in Figure 7b. Irrespective of the temperature regime of the
experiments, the catalyst always gave full conversion of CO. For
CO titration experiments under dry conditions (see Figure 7c,d),
it was observed that the signal of the CO, response was much
higher than that recorded under normal conditions, indicating
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that the ability of the catalyst to provide reactive oxygen is greatly
enhanced in the absence of moisture. The total amount of oxygen
of the catalyst involved in the CO titration under dry conditions
was also calculated, the results of which are shown in Table 1. Itis
noticed that for the catalysts pretreated in synthetic air, the
amounts of oxygen consumed in the CO titration at 20 and 80 °C
are almost identical to the ideally calculated maximum values,
which indicates that framework oxygen from the bulk of the
catalyst most probably participates in the oxidation of CO during
the CO titration. Moreover, in contrast to the experiment with
the undried feed gas, stronger evolution of CO, was obtained at
higher temperatures. All the results of the experiments under
normal and dry conditions suggest that the moisture of the feed
gas plays a major role and that competitive water adsorption is
the origin of the U-shaped temperature-dependent activity.

To better understand the origin of the different catalytic
behavior under normal and dry conditions, we studied the ad-
sorbed species on the catalysts by in situ DRIFT spectroscopy,
which can provide valuable insight into the mechanism of hetero-
geneous catalytic reactions, especially under in situ conditions.****
Here, DRIFT spectra were collected to gain direct information
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Catalyst, 15 mg; reaction gas flow rate, 30 mL-min ™.

about the evolution of reaction intermediates along with side
products during CO oxidation at different temperatures. Figure 8
illustrates the evolution of the full spectra recorded with the
Co0304—Si0, catalyst during the reaction under normal condi-
tions at temperatures of 80, 20, and —25 °C. The spectra reveal
the characteristic gas-phase bands of CO at 2110 and 2170 cm ™'
and of CO, at 2336 and 2360 cm ™ *. A broad band at 3444 cm ™"
has been assigned to the stretching vibration of adsorbed mole-
cular H,O on the catalyst.>* * A set of bands in the range
1300—1700 cm ™! was also observed, among which the band at
1614 cm ™' corresponds to the bending mode of adsorbed
molecular HZO,367 % while other bands are assigned to various
vibrations of carbonates.®” These general spectral features
were similar for the catalyst at different temperatures, while the
intensities of some bands as well as their evolution during reac-
tion were appreciably different. This holds, for instance, for the
CO, gas-phase band and the band assigned to the OH bending
mode. The integrated intensity of the bands characteristic for
gaseous CO, and that of adsorbed H,O (bending mode at
1614 cm ™ ') are plotted as a function of time in Figure 9. The
band intensity of gaseous CO, is a measure for the catalyst
activity. It can be seen that the catalyst deactivated with increas-
ing temperature from —25 to 80 °C, which closely resembles the
deactivation curve measured in the catalytic plug-flow reactor, as
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reported above. The increasing intensity of the band at 1614
cm™ ! at the same time indicates increasing amounts of adsorbed
water. This behavior supports the notion that adsorption of
moisture from the feed gas is the origin of the fast deactivation of
the Co;0,4—SiO, composite catalyst in the intermediate-tem-
perature regime. At even higher temperatures of 150 and 200 °C,
the in situ DRIFT spectra during reaction (Figure S10, Support-
ing Information, ) show that at these temperatures the water
adsorption is largely suppressed; concurrently, no strong deac-
tivation is observed, which is consistent with the temperature
dependence of the activity as shown in Figure 4a.

For comparison, in situ DRIFT spectra were also measured
under dry conditions. Figure 8d and Figure S11a,b (Supporting
Information) show the spectra recorded under dry conditions.
Compared with the results obtained under normal conditions,
the accumulation of adsorbed H,O was strongly suppressed, due
to the much lower concentration of moisture in the feed gas. Cor-
respondingly, the catalyst showed stable and high activity even
after 360 min. However, some deactivation still occurred under
these dry conditions, as shown in Figure S11c,d (Supporting In-
formation), which became more severe with the increase in
temperature from —25 to 20 and 80 °C (see the enlarged details
of the CO, regions as insets), demonstrating that even very small
amounts of moisture can affect the activity of the Co;04—SiO,

dx.doi.org/10.1021/ja2028926 |J. Am. Chem. Soc. 2011, 133, 11279-11288
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Figure 9. Evolution of DRIFT signals characteristic for H,O adsorption (band of bending mode at 1614 cm™ ") and CO, as a function of time during
CO oxidation at temperatures of (a) 80, (b) 20, and (c) —25 °C under normal conditions and (d) —25 °C under dry conditions.

catalyst. This influence of moisture was not observed for the
Au/Mg(OH), and Au/MgO catalysts mentioned above. In that case,
the U-shaped conversion versus temperature profiles were observed
under dry conditions as well as in gas streams containing higher
concentrations of water. Thus, the unusual catalytic behavior indeed
has a different origin as in the case of the Co3;0,—SiO, composite.
The presence of SiO, in the catalyst clearly enhances the cata-
Iytic activity of the Co30,. The activity maximum is observed for a
Si/Co ratio of 0.5: pure Co30, is much less active, and pure SiO,
does not show any activity in the temperature range investigated
(Figure S12, Supporting Information). The mode by which the
SiO, increases the activity is still unclear. The XRD and XPS data
suggest that Co30, does not incorporate large fractions of SiO,.
However, the addition of SiO, can greatly influence the micro-
structure (including crystalline domain size of Co30,, surface area,
and dislocation density) of the Co30,—SiO, composite, which can
strongly affect the catalytic performance. Thus the increased activity
could be due to cobalt sites with Si atoms in their vicinity. However,
it could also be due to the strongly altered microstructure in the
presence of SiO,. The correlation between the structure/micro-
structure and the catalytic properties of these Co30,—SiO, com-
posite catalysts is currently under investigation in order to obtain
more insight into the mode of action of the silica additive. The
results of this study will be reported in a future publication.

B CONCLUSION

We have prepared a small-sized Co30,—SiO, nanocomposite
catalyst, the surface of which is rich in silica and Co(II) species

compared with normal Co3;0,4, and which exhibited very high
activity for CO oxidation even at —76 °C and for extended times on
stream. An unusual U-shaped curve of the temperature-dependent
activity was observed under normal conditions, indicating negative
apparent activation energies. However, under dry conditions, no such
negative apparent activation energies were observed, and the catalyst
showed much higher stability at both low and high temperatures. On
the basis of extensive catalytic tests under various conditions and
additional studies with in situ Raman and FTIR spectroscopy, we
identified the adsorption of H,O molecules on the surface of the
catalyst as the origin of the negative apparent activation energies at
intermediate temperatures under normal conditions.
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tional results on characterization and catalytic performance tests
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