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Abstract

A nanocrystalline cobalt oxide (Co3O4)-based catalyst formed by heating a basic cobalt(II) carbonate precursor in air at 250–300 ◦C has been
shown to exhibit much greater catalytic activity than Co3O4 calcined at higher temperatures. In a highly exothermic reaction, the properly calcined
catalyst rapidly oxidizes carbon monoxide to carbon dioxide at room temperature. X-ray diffraction, X-ray photoelectron spectrometry, Brunauer–
Emmett–Teller surface area measurements, and two FT-IR techniques were used to investigate the mechanism of the CO oxidation reaction. Diffuse
reflection (DR) infrared spectrometry of the catalyst was used to monitor the gases adsorbed on the catalyst surface. The observation of a CO band
at 2006 cm−1 indicates that CO is adsorbed onto cobalt atoms in a low oxidation state. The highest catalytic activity appears to be achieved when
a specific ratio of Co(II) to Co(III) is found on the surface and the particle size is small (i.e., the surface area is large). Poisoning of the catalyst is
evidenced in the DR spectra by the geminal adsorption of two CO molecules onto a cobalt atom in a high oxidation state, giving rise to a doublet at
∼2180 cm−1. A strong band at 2343 cm−1 indicates that CO2 is physisorbed onto the catalyst when it is poisoned. A unique ultra-rapid scanning
FT-IR spectrometer was used to measure the concentration of the CO2 formed, as well as that of the unreacted CO within 5 ms after the gas was
passed through the catalyst. The spectra indicate that CO2 is formed in a vibrationally excited state.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

The exothermic oxidation of carbon monoxide to carbon
dioxide over metal oxide catalysts such as Co3O4 has been
known since the 1920s [1,2]; over the last decade, several stud-
ies have revealed details of the reaction. For example, it has
been shown that calcination in the presence of oxygen (also de-
scribed as preoxidation in the literature) yields a highly reactive
catalyst for the room-temperature oxidation of carbon monox-
ide with observed light-off temperatures as low as 210 K [3,4].
These catalytic species are very sensitive to the presence of wa-
ter that appears to block reactive sites [4,5]. Reaction of CO
alone with these catalysts initially yields CO2, but the rate of
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this reaction drops quickly, indicating that active surface sites
are being depleted. In contrast, mixtures of CO and O2 maintain
good rates of CO oxidation, suggesting that O2 can replenish
the catalytic sites. Furthermore, Jansson showed that when 18O2
is used in the calcination step, C16O18O is formed along with
negligibly small amounts of C18O2 [6]. It is assumed that 18O
either exchanges with surface 16O sites or oxidizes the Co(II)
sites that remain after synthesis of the catalyst. Infrared (IR)
bands characteristic of carbonate species have been observed
on reaction of the cobalt catalysts with CO2, and CO2 has been
shown to have an inhibitory effect on catalysis. Reaction of
C16O2 with an 18O2 calcined catalyst gives rise to C16O18O,
indicating that exchange of surface oxygen with CO2 can take
place [6].

Of particular relevance to the present paper is the fact that
several workers have carried out infrared (IR) spectroscopic
studies of the catalysts after exposure to CO, CO2, and mixtures
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of CO and O2. For example, Lokhov et al. [7], Goodsel [8],
Busca et al. [9], and Lin et al. [10] used Co3O4 catalyst mate-
rials that had been exposed to high vacuum in the final steps
of catalyst preparation. Lokhov et al. [7] also examined the
absorption of CO onto Co3O4 surfaces at 80 K and observed
bands in the infrared spectrum at 2137–2141 and 2125 cm−1.
These bands were assigned to metal carbonyl complexes in-
volving Co(III) centers, but we note that free CO trapped in
photochemical matrices at the same temperature is known to
have stretching frequencies of 2140–2130 cm−1, depending on
the matrix environment. Goodsel [8], Busca et al. [9], and Lin
et al. [10] have reported carbonyl bands at ca. 2180, 2120,
and 2070 cm−1 on Co3O4 surfaces. At 150 K, the band at
2180 cm−1 appeared first, with the other bands appearing as
the temperature of the sample was raised to 300 K. Evacuation
of the samples led to loss of the two higher-frequency bands.
At room temperature and above, bands assigned to carbonate
accompanied the appearance of the metal carbonyl bands. Car-
bonate bands were reported at 1545 and 1324 cm−1 by Busca
et al. and Goodsel and at 1570 and 1333–1302 cm−1 regions
by Lin et al. These bands did not exactly match the expected
positions for free carbonate (1440 cm−1), unidentate carbon-
ate (1470–1450, 1380–1350, 1070–1050 cm−1), or bidentate
carbonate (1640–1590, 1290–1260, 1040–1020 cm−1) and are
presumably caused by breaking of the trigonal symmetry of free
carbonate ions. The bands reported by Busca et al., Goodsel,
and Lin et al. stand in sharp contrast to bands at ca. 1605, 1420,
and 1220 cm−1 on preoxidized Co3O4 reported by Jansson et
al. [11,12]. A pair of bands at 2155 and 2178 cm−1 that were as-
signed to cobalt carbonyl groups also was observed by Jansson
et al.

A group of bands at 1300–990 cm−1 was assigned by Jans-
son to a surface On−

2 species involving O2 reactions with iron
surfaces by analogy to earlier work of Al Mashta et al. [13].
These low-frequency bands, which were assigned to harmonics
of skeletal bands, also were reported in the spectra of evacuated
samples by Busca et al. Because these bands were observed in
samples that had been heated to remove a nonstoichiometric
excess of oxygen, Jansson’s assignment of the bands at 1640–
1200 cm−1 to cobalt carbonyl groups appears to be incorrect.

Finally, we note the work of Todorova et al. [14], who pre-
pared cobalt oxide catalysts on alumina by the thermal decom-
position of Co(NO3)3. Heating these materials to 573 K in a
stream of hydrogen followed by exposure of the catalyst to CO
resulted in the appearance of a band at 2170 cm−1 similar to the
high-frequency bands noted above. When these catalysts were
reduced by heating to 723 K in a stream of hydrogen and then
exposed to CO, a new band at 2005 cm−1 was observed.

In this paper, we report the results of our investigation of the
reaction mechanism of the room-temperature oxidation of car-
bon monoxide to carbon dioxide over a cobalt catalyst prepared
by the calcination of basic cobalt(II) carbonate at temperatures
significantly below 500 ◦C. When basic CoCO3 is calcined in
air at ∼250 ◦C, it is largely decomposed to the oxide, and the
Co(II) is partially oxidized to Co(III), to form what is nomi-
nally “Co3O4” but which shows signs of retaining some of its
original carbonate content (see below), compared with samples
prepared by calcination at much higher temperatures.

2. Experimental

2.1. Catalyst preparation

Basic CoCO3 was synthesized by dissolving cobalt(II) ni-
trate hexahydrate (Co(NO3)2·6H2O) in water and subsequent
acidification with concentrated nitric acid (Ref. [15], Exam-
ple 15). This solution was then added dropwise over several
hours to a stirred solution of excess sodium carbonate. The re-
sulting precipitate was vacuum-filtered and thoroughly washed
with distilled water. The washed precipitate was dried at 110 ◦C
in ambient air for 12 h to produce the basic CoCO3 catalyst
precursor. This catalyst precursor was crushed and sieved to
form a fine powder, which was then heated in a tube furnace
at ca. 250 ◦C with flowing nitrogen and 21% oxygen at a rate of
200 mL/min to form the cobalt oxide catalyst.

2.2. Catalyst characterization

The catalyst formation was investigated using thermogravi-
metric analysis (TGA) (Netzsch STA49PC). Approximately
5 mg of 20- to 40-mesh basic cobalt carbonate was placed in
an aluminum sample pan. The catalyst was then calcined in situ
by heating it to 250 ◦C at 20 ◦C/min, holding at this tempera-
ture for 1 h, and then cooling it to 30 ◦C, under a flow of 21%
oxygen in helium (BOC Gases) at 200 mL/min. The weight
loss of the sample was recorded during calcination. After calci-
nation, the gas was switched to a carbon monoxide and oxygen
mixture in helium (3.4% CO, 10% O2 and 86.6% He; BOC
Gases), again at 200 mL/min. This mixture was flowed over
the catalyst for 2 h, during which time the heat generated by
the exothermic reaction was recorded by differential scanning
calorimetry (DSC). Values of the exotherm were recorded after
10 min of exposure and again after 2 h.

Elemental ratios of carbon, oxygen, and cobalt and the ratio
of Co(II) to Co(III) in the catalyst were determined using X-ray
photoelectron spectrometry (XPS). In this procedure, 50-mg
samples of 20- to 40-mesh basic cobalt carbonate were calcined
for 1 h at 200, 250, 300, or 400 ◦C. Subsamples of the calcined
catalyst and the basic cobalt carbonate were pressed into in-
dium and then loaded into a 10−9 Torr vacuum chamber for
examination with a Kratos Axis 165 XPS (15 mA, 13,500 kV,
MgKα radiation source, 3-mm2 focal point area, 0.8-eV reso-
lution). Survey scans (0–1000 eV) were performed for determi-
nation of purity and elemental ratios, and detailed scans in the
770–815 eV region were run to determine the Co(II):Co(III)
ratio using the cobalt 2p3/2 and 2p1/2 electron emission peaks.
Gaussian peak fitting was performed using Shirley baseline cor-
rection.

The catalyst surface area was measured with a 5-point
BET analysis with nitrogen at 77.4 K using a Quantachrome
AUTOSORB-1 analyzer. Powder X-ray diffraction (XRD) pat-
terns were obtained with a Philips X’Pert system (45 kV,
40 mA, CuKα radiation source).
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2.3. Diffuse reflectance FT-IR measurements of the catalyst

The calcination process, adsorption of CO and poisoning
of the catalyst were all monitored in situ using a custom-
built diffuse reflectance accessory that allowed higher optical
throughput than any commercially available apparatus [16].
The collimated infrared beam from the interferometer of an
ABB Bomem MB-100 FT-IR spectrometer was passed through
the external beam port of the spectrometer and translated
through 2-plane periscope mirrors onto a 45-degree off-axis
paraboloidal mirror that focused the collimated IR beam from
the interferometer onto the sample. A portion of the diffusely
reflected beam from the sample was then collected by one half
of a large paraboloidal mirror and focused onto a downward-
looking mercury cadmium telluride (MCT) detector by the
other half of this mirror. The data acquisition time for the spec-
tra shown herein was about 6 min. The sample holder was
both heatable and evacuable, with the gas in the body of the
cell being drawn through the powdered sample by a vacuum
pump. The sample cup held approximately 0.17 mL of sam-
ple on a 50-µm screen. The window of the sample cell was
a 50-mm-diameter CaF2 disk. The temperature of the catalyst
was monitored throughout the calcination, CO adsorption, CO2
evolution, and deactivation process.

Neat basic CoCO3 was heated in situ in the presence of air
for 1 h at 250 ◦C. DR spectra of the sample were measured
during this calcination process. After 1 h, the sample was evac-
uated and cooled rapidly to 15 ◦C. At this point, the sample was
considered activated and suitable as a catalyst for CO oxida-
tion. CO gas (Matheson, 99.9%) was introduced to the system
by flowing it slowly through the catalyst.

2.4. Ultra-rapid scanning FT-IR spectrometry of the gaseous
products

In a separate series of measurements, a unique ultra-rapid
scanning FT-IR spectrometer that can measure spectra between
4000 and 900 cm−1 at a resolution of 6 cm−1 at 5-ms intervals
[17–21] was used to monitor the gaseous CO2 formed by oxi-
dation of the carbon monoxide that flows through the catalyst
along with any unreacted CO. The apparatus has been described
previously [19–21], and only significant aspects of it are dis-
cussed here. The gas mixture produced in a 12-L glass bulb
was passed through the sample for up to 5 s through a solenoid
valve that could be opened or closed in ∼1 ms. The catalyst
sample was held on a 20-µm mesh stainless steel screen epoxied
into a 1

4 -inch (∼6 mm)-i.d. Swagelok elbow union. The gas that
passed through the catalyst and screen entered a 20-reflection,
2.4-m path-length cell with a volume of ∼125 mL (Infrared
Analysis, Anaheim, CA).

Then 0.050 g of neat basic CoCO3 was heated for 1 h at
250 ◦C in an unsealed oven. While still hot, the catalyst was
quickly transferred to the sample holder. Before injection of the
CO, the sample was evacuated to a pressure <1 mTorr.

Various gas mixtures of CO with N2, O2, ambient air, or
H2O-free, CO2-free air were prepared to a total pressure of
200.0 Torr in the 12-L bulb. A portion of the gas mixture was
then injected by the solenoid valve through the activated cata-
lyst and into the multipass IR gas cell. The solenoid valve was
opened for 1.5–5.0 s; spectra were measured every 5 ms for the
first 1.5 s of the injection using the ultra-rapid scanning FT-IR
spectrometer. Further spectra were obtained at 1, 2, 5, 10, 20,
and 30 min after the injection.

The reference spectrum of CO2 in the ground vibrational
state was obtained by calculating the ratio of the single-beam
spectrum measured with ambient air in the cell to that of the
evacuated IR multipass cell.

3. Results and discussion

3.1. Catalyst characterization

3.1.1. Powder X-ray diffraction
XRD traces of the calcined cobalt basic carbonate contained

peaks belonging to the Co3O4 spinel phase, although the peaks
were low in intensity and broad compared with commercially
prepared Co3O4. For the cobalt oxide calcined at 175 ◦C, only
the peak at 2θ = 37◦ could be distinguished, as shown in Fig. 1.
As the calcination temperature was increased to 500 ◦C, the in-
tensity of the weaker peaks increased and the width of the peak
at 2θ = 37◦ decreased. The increasing definition of many of the
peaks was due to an increase in crystallite size, which accounts
for the decrease in surface area at higher temperatures. Addi-
tional contributions to the change in surface area were made by
the increasing development of the Co3O4 spinel crystal struc-
ture at the expense of the amorphous structure of the basic
carbonate, and by the initially formed amorphous oxides.

3.1.2. X-ray photoelectron spectrometry
XPS survey scans and detailed scans of the cobalt 2p3/2 and

2p1/2 electron emission peaks showed no variance in the ele-
mental composition and oxidation state of the catalyst calcined

Fig. 1. Powder XRD traces of cobalt oxide formed during a 21% O2 in N2
calcination cycle. The assigned peaks are from the Co3O4 spinel structure.
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Fig. 2. BET surface area of the cobalt oxide formed during a 21% O2 in N2
calcination as a function of calcination temperature.

at 200–400 ◦C. Spectra of the basic cobalt catalyst precursor
show that it was thermally dehydrated under high vacuum and
composed of the stoichiometric ratio CoCO3 with all of the
cobalt atoms in the Co(II) state. The calcined samples retained
a considerable amount of CoCO3 (occupying about a quarter
of the surface cobalt sites), with the remainder of the sample
consisting of a mixed-valent cobalt oxide. The 2p3/2 electron
emission peak showed a shift characteristic of an entirely Co(II)
surface composition for the basic cobalt carbonate to a mixed
valence composition with a ratio of approximately one Co(II)
to four Co(III) sites for the calcined catalyst samples. The XPS
finding of a Co(II):Co(III) ratio of 1:4 on the catalyst surface
(well beyond the 1:2 ratio of Co3O4) may reflect the high sur-
face area of this material relative to that of crystalline Co3O4.

3.1.3. BET surface area analysis
The BET surface area of the dried cobalt basic carbon-

ate before calcination was ∼175 m2/g. The surface area of
the cobalt oxide catalyst was dependent on the temperature
of calcination. As shown in Fig. 2, as the calcination temper-
ature was increased up to 200 ◦C, the surface area increased
to ∼200 m2/g, and at temperatures above 225 ◦C, the surface
area decreased steadily with increasing temperature, reaching
111 m2/g at 300 ◦C and 32 m2/g by 500 ◦C. These results,
along with the DSC, TGA, and XRD data, suggest that the
surface area decreased as the calcination temperature was in-
creased above 300 ◦C, consistent with the growth of crystallites
of the spinel phase of Co3O4. It should be noted that Busca et
al. [9] and Goodsel [8] reported surface area values for their
catalytic samples of 15 and 25–30 m2/g, respectively.

3.1.4. Differential scanning calorimetry
Because the reaction was so highly exothermic, obtaining

highly reproducible results by DSC was difficult. (In one of
the diffuse reflection FT-IR measurements, so much heat was
generated that the stainless steel mesh on which the catalyst
was mounted melted when a mixture of air and CO2 was
passed slowly through it.) The most active catalysts were ob-
tained when the basic CoCO3 was calcined at 175–250 ◦C.
Catalytic activity remained fairly constant when the calcination
temperature was further increased to 300 ◦C. At higher calcina-
tion temperatures (∼500 ◦C), the catalytic activity decreased.
DR/IR spectrometry demonstrated that the weight loss of 17–
25% found at calcination temperatures of 175–250 ◦C is due
largely to dehydration and decarboxylation of the hydroxide
and carbonate groups of the basic CoCO3. The activity of the
catalyst decreased slightly when it was exposed to a mixture of
CO and O2 (3.3% CO and 21% O2 in helium) for longer than a
few minutes. The temperature of the catalyst can increase by as
much as 50 ◦C during CO exposure and subsequent CO2 evolu-
tion.

When the catalyst was heated in an inert rather than an
oxygen-rich atmosphere, very little catalytic activity was seen,
and the sharp peak in the DSC trace caused by CO oxidation
was strongly reduced in magnitude.

3.1.5. Diffuse reflection infrared spectroscopy
Before the catalyst precursor was heated, its DR spectrum

was dominated by the antisymmetric C–O stretching band of
CO2−

3 (1600–1300 cm−1) and the very broad O–H stretching
band of OH− or adsorbed water (3700–3300 cm−1). After cal-
cination of the precursor at 250 ◦C for 5 min, these bands were
considerably weaker, although the carbonate bands did not dis-
appear completely, as can be seen in Fig. 3. The strongest band
in the spectrum of free CO2−

3 ions is usually seen at 1440 cm−1.
With a loss of CO2 from the precursor, two bands at 1510 and
1340 cm−1 appeared, at frequencies similar to those reported
by Goodsel [8] and Busca et al. [9], indicating a reduction in
the trigonal symmetry of free carbonate ions. (Free carbonates
also have another, sharper and weaker, band that absorbs at
∼850 cm−1, but this is below the cutoff of the CaF2 window
of our cell.)

The XRD analysis also suggests that whereas the cata-
lysts used in this work contained characteristic peaks of spinel
Co3O4, those bands were relatively broad, suggesting that this
phase composed only a portion of the sample. Thus, it is rea-
sonable to assume that the catalyst formed by the calcination
of basic CoCO3 under our conditions was not the same as the
pure Co3O4 catalyst investigated by previous workers, but in-
stead was an ill-defined mixture of Co3O4 (not necessarily all
crystalline), CoO, and “CoCO3,” or related carbonate.

In addition to the carbonate bands described above, expo-
sure of the Co3O4 catalyst to CO resulted in the appearance of
bands at 2200–2000 cm−1 region characterized as metal car-
bonyl or weakly physisorbed CO. In the present work, bands
were observed centered at 2006 cm−1 and as a doublet at 2172
and 2189 cm−1.

The assignment of carbonyl bands to specific metal oxi-
dation state/carbonyl interactions is complicated by the lack
of well-defined high-oxidation state reference compounds.
A relatively small number of organometallic compounds fea-
ture Co in the +3 formal oxidation state; examples of such
compounds include CpCo(CO)I2 (νCO = 2045 cm−1) [22],
Cp*Co(CO)(Cl(CH2Cl) (νCO = 2030 cm−1) [23], and
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Fig. 3. Diffuse reflection spectra measured during calcination of basic CoCO3 vs a spectrum of powdered KBr. The lowest spectrum is that of basic CoCO3 prior to
calcination with the upper spectra measured after calcination for 5 and 70 min.
CpCo(CO)(CF3)2 (νCO = 2083 cm−1) [24]. Some porphyrin
cobalt carbonyl complexes are known that come closer to
the hard ligand environment of a metal oxide. Cobalt(II) por-
phyrin derivatives have been studied in frozen gas matrices,
Co(TPP))CO (νCO = 2077 cm−1) and Co(TPP)(CO)2 (νCO =
2073 cm−1) [25], and cobalt(III) derivatives, [Co(OEP)(CO)]-
ClO4 (νCO = 2110 cm−1) and [Co(OEP)(CO)2]ClO4 (νCO =
2137 cm−1), have been examined by both solution IR and
Raman spectroscopy [26]. It is very reasonable to expect CO
bound to a Co(II) or Co(III) in an oxide matrix to have car-
bonyl stretching bands at higher frequency than the porphyrin
compounds. Thus, it appears reasonable to assign the bands
with frequencies above that of gas-phase CO (i.e., with νCO >

2145 cm−1) to CO bonded to Co(III).
The cobalt oxide catalyst examined in this study was shown

to bind carbon monoxide in two very different environments,
indicated by a pair of bands ca. 2180 cm−1 and a broad sin-
glet centered at 2006 cm−1. High-frequency carbonyl bands
have been reported by several groups and are consistent with
carbonyl binding to Co(III) in the spinel Co3O4 phase; for ex-
ample, based on earlier assignments by Merbler et al. [27], Jans-
son et al. [6,11,12] assigned high-frequency carbonyl bands to
CO groups bound to Co(III) sites in the catalyst. The carbonyl
band at 2006 cm−1 has precedence in the work of Todorova
et al. [14], who found similar bands in cobalt oxide catalysts
that had been reduced with H2. In the present work, the band
at 2006-cm−1 arose during the oxidation cycle and may cor-
respond to carbon monoxide bound to cobalt atoms that have
undergone one oxidation cycle and been reduced from Co(III)
to a lower oxidation state.

The observed IR behavior of the sample in the presence of
CO is consistent with some of the mechanistic hypotheses pre-
sented above. The relatively weak band at 2006 cm−1 almost
certainly should be assigned to CO linearly adsorbed on Co(II).
The intensity of this band increased slowly with the amount
of time that gaseous CO was passed through the catalyst; see
Fig. 4. We did not observe this band when mixtures of oxy-
gen and CO were passed through the catalyst, demonstrating
the short lifetime of the adsorbed CO when conditions are ap-
propriate for its rapid oxidation.

After 20 min, the flow of CO was terminated and the system
evacuated. After a second calcination cycle (in air), the catalyst
was exposed to CO just as was done in the initial process. Even
though the intensity of the CO2−

3 bands was somewhat reduced
during this second calcination step, the second CO oxidation
cycle usually yielded similar spectra to the first one, with the
intensity of the bands due to adsorbed CO being approximately
the same as in the initial cycle.

During one experiment in which the calcination temperature
was believed to be higher than usual, some very unusual differ-
ences were observed. The spectra obtained in this experiment
are shown in Fig. 5. The large, rapid increase in the intensity
of the carbonate bands indicates that a significant proportion of
the CO2 formed when the surface was first exposed to CO re-
acted to form carbonate ions. The band at 2006 cm−1 assigned
to CO linearly bonded on Co(II) is missing from this spectrum,
but three new bands can be seen at 2172, 2189, and 2343 cm−1.
The 2343-cm−1 band can be readily assigned to physically ad-
sorbed CO2. The absence of the P and R branches in the typical
vibration-rotation contour of CO2 indicates that this band defi-
nitely was not due to CO2 in the gas phase. The finding that not
all of the CO2 formed was swept through the catalyst, but some
was adsorbed onto its surface, implies that the catalyst became
deactivated, as indicated by its relatively low temperature. This
type of adsorption is speculated to indicate catalyst poisoning.

The assignment of the 2172- and 2189-cm−1 bands is less
straightforward. We believe that they are probably best assigned
to the symmetric and antisymmetric stretching modes of CO
that is geminally disubstituted on a cobalt atom in a high oxi-
dation state. Most bands due to adsorbed CO absorb at a lower
wavenumber than gaseous CO (for which the fundamental vi-
brational frequency is 2145 cm−1), but several examples of CO
absorbing at a wavenumber greater than the fundamental fre-
quency of CO (∼2145 cm−1) have been reported. Janssen [6]
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Fig. 4. DR spectra measured while CO is flowing through the activated catalyst; spectra were ratioed against spectra of powdered KBr. The lowest spectrum is that
of the calcined CoCO3 prior to exposure to CO. The upper spectra were measured immediately after exposure to flowing pure CO gas and 10 and 20 min after
exposure.

Fig. 5. DR spectra measured while CO is flowing through the activated catalyst during two oxidation cycles (versus KBr). The lower spectrum is the calcined catalyst
after one oxidation cycle.
has reported frequencies of CO adsorbed onto cobalt atoms
in different oxidation states as 2023–2025 cm−1 for Co(0),
2070–2110 for Co(I), 2120–2170 cm−1 for Co(II), and 2178–
2180 cm−1 for Co(III). We have some doubts about the spectral
ranges for the stretching mode of CO adsorbed on low-valent
cobalt, because we found a band at 2006 cm−1 that is probably
best assigned to CO adsorbed on Co(II) and is below the low-
est frequency reported by Janssen. Nonetheless, the frequencies
of the doublet that we observed are in the correct range for CO
adsorbed on Co(III), because it is well known that if the fre-
quency of any metal carbonyl is greater than that of free CO
(2145 cm−1), then the oxidation state of the metal must be very
high.

Before performing the XPS study, we believed that the
changes in catalytic activity with increasing calcination tem-
perature were best explained by an increase in the number of
Co(III) atoms—along with a concomitant decrease in the num-
ber of Co(II) atoms—on the surface as the calcination tem-
perature is increased. It seemed logical that for the reaction to
occur at its highest efficiency, the number of Co(II) and Co(III)
atoms adjacent to each other should be at some optimal value
(e.g., 1:1). In fact, the XPS data revealed a Co(II):Co(III) ra-
tio of approximately 1:4 for catalysts produced by calcination
at all temperatures between 200 and 400 ◦C. The catalytic ac-
tivity decreased by about 20% as the calcination temperature
was increased from 200 to 300 ◦C. This result seems surpris-
ing; we expected the concentration of Co(III) sites to increase
continuously with increasing calcination temperature. As noted
above, however, XPS showed that the Co(III):Co(II) ratio was
approximately constant for calcination temperatures of 200–
400 ◦C. On the other hand, BET measurements showed that the
surface area decreased with calcination temperature, and XRD
demonstrated that the crystallite size increased with calcina-
tion temperature. Thus, it is logical to conclude that the highest
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Fig. 6. Spectra of CO2 and CO measured 1.00 second after injection of a mix-
ture of 10.0 Torr of CO and 189.6 Torr of N2 through ∼0.04 g of the catalyst
that had been activated at 250 ◦C for 1 h.

Fig. 7. Reference spectrum of ambient CO2 measured on the same spectrometer
under identical conditions as seen in Fig. 6.

efficiency occurs when the particle size is as small as possi-
ble.

3.1.6. Ultra-rapid scanning FT-IR spectrometry
Time-resolved spectra of carbon dioxide produced by the

catalyst are shown in Fig. 6. For comparison, a spectrum of CO2

at ambient pressure and temperature is shown in Fig. 7. When
the infrared spectrum of CO2 in air at ambient temperature was
measured at a resolution of 6 cm−1 the rotational lines were not
resolved, but a dip between the P and R branches was still seen
at the fundamental vibrational frequency of the ν3 band of CO2

(∼2347 cm−1). Under ambient conditions, the integrated area
of the P branch was approximately the same as that of the R
branch.

Fig. 6 shows three spectra obtained at 100, 250, and 550 ms
into a 500-ms exposure of the catalyst to a mixture of 133 Torr
CO and 67 Torr O2. Because a small fraction of the catalyst was
blown through the frit into the IR gas cell, production of CO2

continued even after the solenoid valve was closed. The pro-
duction of CO2 in the ground vibrational state, identified by the
P and R branches centered around ∼2347 cm−1, and the ap-
pearance of excess CO, centered at ∼2145 cm−1, are apparent.
For comparison, Fig. 6 also shows a spectrum obtained 10 ms
before the exposure of CO and O2.

Of particular interest are the features seen below 2347 cm−1

(labeled X1 and X2), assigned to transitions between vibra-
tionally excited states of the antisymmetric stretching mode
(ν3) of CO2 (“hot bands”). These hot bands were centered be-
low the fundamental due to the effect of anharmonicity. The
integrated absorbance of the bands below 2347 cm−1 was sig-
nificantly greater than the integrated absorbance of the band
above 2347 cm−1. Similar effects were not seen in the spec-
trum of CO that passed through the catalyst unreacted, demon-
strating that only the CO2 in the gas cell was vibrationally
excited. Unfortunately, we could not detect similar effects in
the ν2 (bending) mode, because it absorbed below the cutoff
of our photoconductive MCT detector. A non-Boltzmann dis-
tribution of the vibrational states of catalytically produced gas
molecules has been studied by Molinari [28], leading us to con-
clude that we were in fact producing CO2 for which the ν3

band is vibrationally excited. The mechanism of production of
the vibrationally excited CO2 from the heterogeneous catalyst
is currently unknown; we propose a possible mechanism. The
highly exothermic nature of the catalytic reaction during the ox-
idation process almost certainly plays a role in the excitation.
It may be that involvement of peroxide oxygen or superoxide
oxygen in the mechanism provides a sufficient excess of en-
ergy to provide excited carbon dioxide as a product. Further
experiments should be performed in an attempt to fully match
Molinari’s theory and our observations.

4. Conclusion

Our findings provide some insight into the mechanism of the
oxidation of CO to CO2. Fig. 8 illustrates our proposed mech-
anism. CO is adsorbed on Co atoms in a low oxidation state,
presumably Co(II). The adsorbed CO interacts with an oxy-
gen atom bonded to a neighboring Co(III) atom in a strongly
exothermic reaction, forming vibrationally excited CO2. The
oxygen atom that was lost is then replaced by oxygen present
in the input gas, thereby reoxidizing this cobalt atom. CO can
be adsorbed on a neighboring Co(II) site, in which case the cat-
alytic cycle is maintained. If the Co(III) site is blocked by the
adsorption of one or more CO molecules or by CO2 formed in
the reaction, then the catalyst is poisoned.

In summary, therefore, the combination of DSC, TGA,
XRD, XPS, BET isotherms, DR/FT-IR spectrometry of the cat-
alyst, and very rapid FT-IR measurements of the gaseous prod-
ucts have provided significant information on the mechanism of
the catalytic oxidation of CO to CO2 on a mixed-valence cobalt
catalyst.
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Fig. 8. Proposed mechanism. See text for description.
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