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In situ FTIR study of cobalt oxides for the oxidation of
carbon monoxide
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A high-valance cobalt oxide, CoO,, was prepared from cobalt nitrate aqueous solution through precipitation with sodium hydroxide and
oxidation by hydrogen peroxide. Further, other pure cobalt oxide species were refined from the CoO, by temperature-programmed reduction
(TPR) to 170, 230 and 300 °C. They were characterized by TPR and X-ray diffraction (XRD). Adsorption of CO and the co-adsorption of
CO/O, over the cobalt oxides were further tested by in situ FTIR. It was shown that Co;0, is quite active for the oxidation of CO at room
temperature in the presence of oxygen, leading to the formation of CO,. The variation in the oxidation of CO was interpreted with a
mechanism involving two kinds of oxygen species, i.e., *~O, on the CoO, surface and *+—Oy on the surface of Co30, spinel structure.
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1. Introduction

Cobalt oxide, as an important catalyst for complete
oxidation [1], is one of the most versatile materials
among the transition metal oxides. Unsupported cobalt
oxide is a very active species in the field of air pollution
control of CO [2-6] and NO, [7-9] and for the control
of organic pollutants from effluent streams [10,11].
Also, cobalt oxide is important for the development of
rechargeable batteries [12-14] and CO sensors [4,15-17].

It is known that Co;0,4 and CoO are stable oxides
among the cobalt oxide systems [18,19]. However, a
valence of cobalt higher than +3 is thermally unstable.
Some reports [20-23] have described special methods to
obtain the higher cobalt oxides Co,03; and CoO,. Zee
et al. [20] used a laser technique to vaporize cobalt
metal under oxygen that obtained CoQO,. Based on
the electrochemical deposition method, Co,03; was
obtained by Elemongy et al. [21] and Yih-Wen and
Rommel [22]. The higher cobalt oxide was obtained by
Christoskova et al. [23] using the precipitation—oxidation
process in a sodium hypochlorite aqueous solution,
although chloride ion contamination could not be
avoided.

In an attempt to improve the control of the prep-
aration of high-valence cobalt oxide and to avoid
possible contamination, we apply the precipitation—
oxidation method and use hydrogen peroxide as oxidant.
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A series of pure cobalt oxide species are further refined
from the high-valence cobalt oxide by the temperature-
programmed reduction (TPR) technique. This work
aims to characterize these oxides and to investigate,
using in situ FTIR, the cobalt oxides in CO and CO/
0O,, in an attempt to elucidate the nature of the catalytic
active sites for CO oxidation.

2. Experimental
2.1. Sample preparation

The crude cobalt oxide (CoO,) with high-valence
cobalt was synthesized by the precipitation—oxidation
method in an aqueous solution. The precipitation
process was carried out at 50°C by adding 50ml of
0.6 M Co(NO3),"H,O solution dropwise to 100ml of
3.2M NaOH solution under constant stirring. Then,
100ml of H,O, (50wt%) was added to the solution
drop by drop under constant stirring. The precipitate
solution was then filtered, washed with deionized water
and dried at 110°C for 20h. The dried product was
ground and stored in a desiccator as fresh sample.

2.2. Characterization techniques

TPR studies were performed in a fixed-bed reactor. A
25mlmin~" flow of 10% H, in Ar was used to reduce the
oxidized samples in the TPR experiments. The rate of
hydrogen consumption in the experiment was monitored
by a thermal conductivity detector (TCD) in the case of
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raising the sample temperature from room temperature
(RT) to 500 °C at a constant rate of 10°Cmin~".

X-ray diffraction (XRD) analyses of the samples were
carried out using a Siemens D500 diffractometer. The
patterns were obtained with CuKal radiation
(A=1.5405 A) at a scanning speed of 26 =2°min"".

2.3. In situ FTIR study

A self-supporting wafer (1.3cm in diameter) was
prepared by compressing an 80mg sample that was
mounted in a self-designed high-temperature IR quartz
cell with a KBr window. A set of stainless steel gas
lines was built and connected to the cell to allow in situ
measurement of spectra of CO and CO/O, probe gases.
Prior to adsorption of the probe gases, the wafer was
first pretreated in vacuum (<10~*torr) at 500°C for
30min and then cooled to the desired temperature. At
each temperature, the background spectrum was
recorded and was subtracted from the sample spectrum
obtained at the same temperature.

3. Results and discussion
3.1. Characterization of cobalt oxides

In order to prepare and characterize cobalt oxides,
three oxide derivatives—CoO(OH), Co3;0,4 and CoO—
from CoO, were prepared by controlled hydrogen reduc-
tion in TPR to 170, 230 and 300 °C (designated as R-170,
R-230 and R-300), respectively.

Figure 1 shows the TPR profiles of a series of cobalt
oxide derivatives. Slight variations show the reductive
property of these species. The reductive signals (labeled
as Ry, Ry, Ry and Ry) of CoO, in TPR proceed in four
consecutive steps at 150, 225, 260 and 425°C, respec-
tively. The three latter peaks are merged together. How-
ever, the relative area of the four peaks can be
determined by means of deconvolution, and the relative
area (dashed lines) of R, R,, R3 and R4 are 0.20, 1.0, 1.8
and 6.4, respectively. Based on the following equations,
the result of comparing the calculated values with the
theoretical values (3, 1, 2 and 6, respectively) proves
that CoO, consists of a small amount of CoO,:

2Co00,'H,0 + H, — 2CoO(OH) + 2H,O (1)
6CoO(OH) + H, — 2C0304 + 4H,0 (2)

CO304 + H2 — 3COO + Hzo (3)

CoO -+ H2 — Co + HQO (4)

Except for the Ry peak at 150 °C, the TPR profile of the
R-170 sample is very similar to that of the CoO, sample.
The disappearance of the R; peak for the R-170 sample
proves that a pure CoO(OH) species exists at 170 °C

reduction. Also, the disappearance of the R; and R,
peaks for the R-230 sample proves that a pure CozOy4

R-300
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Figure 1. TPR characterization for a series of cobalt oxide derivatives.

species exists at 230 °C reduction. The R-300 sample
shows only a single peak at 425 °C. This peak therefore
is assigned to the reduction of CoO.

Figure 2 shows the XRD patterns of the cobalt oxide
derivatives. The results show that the CoO, and R-170
samples are similar to each other. Both CoO, and R-
170 (CoO(OH)) have a hexagonal structure. The XRD
pattern clearly implies that CoO, undergoes changes in
its composition and structure at a reduction temperature
above 230 °C. The R-230 sample has a spinel structure,
Co30y,, and the R-300 sample has a face-centered cubic
(f.c.c.) structure, CoO.

3.2. In situ FTIR study

Infrared spectroscopy coupled with probe molecule
adsorption is a sensitive technique for investigations of
the properties of solid surfaces. We have carried out
in situ measurements of infrared spectra of CO and
CO/O, adsorption on the surface of the cobalt oxides.
Figures 3 and 4 show the FTIR spectra of the CoO,
and R-230 samples for CO adsorbed under a CO pres-
sure of 30 torr and at different temperatures. (The spectra
of R-170 are identical to CoO, and the spectra of R-300
are identical to R-230, and so only the spectra of CoO,
and R-230 are shown.) The spectra (figure 3) of CoO,
contain bands at 2118, 2172 and 2355cm™' between
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Figure 2. XRD characterization for a series of cobalt oxide derivatives.
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Figure 3. In situ FTIR spectra of CoO, for 30 torr CO adsorbed at various
temperatures.
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Figure 4. In situ FTIR spectra of R-230 (Co;0,) for 30 torr CO adsorbed at
various temperatures.

RT and 200 °C. The bands at 2118 and 2172 cm ™" might
be caused by gaseous CO, which suggests a weak adsorp-
tion of CO on the surface of CoO,:

CO +*x & x—CO (5)

where * denotes an adsorption site on the CoO, surface.
The band at 2355cm ™' has been attributed to the 14
asymmetric stretch of physisorbed CO,, being linearly
bound to the cation by ion—induced dipole interaction
[24,25]. The effect of the temperature up to 200 °C on
CO adsorption for the CoO, sample has been studied.
It is noticed that the intensity of the v; band increases
in proportion to the temperature. This observation
may therefore result from a partial reduction of CoO,
by CO. The weakly bound active oxygen (*—O,) on the
CoO, surface can easily be “swept out” simultaneously
by the weakly adsorbed CO to produce CO, through
the following reaction:

£—0, + 2%—CO —= 2CO, + 3* (6)

The thermal treatment clearly affects the mobility of the
active oxygen. The higher the temperature the more
mobile the active oxygen becomes. And of course, the
oxidation of CO also becomes easier.

The spectra (figure 4) of R-230 (Co30,) contain bands
at 1040, 1300-1330, 1540-1570, 2064, 2120, 2166 and
2355cm ™. However, no IR absorption is observed at a
frequency near the asymmetric stretch of physisorbed
CO; up to 100°C. When the system was evacuated
after RT exposure to 30torr CO, the bands at 2120
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Figure 5. In situ FTIR spectra of R-230 (Co30,) for 30 torr CO adsorbed at
room temperature for 10 min, and after the system was evacuated.

and 2166cm~! disappeared (figure 5). This means
that the desorbed bands might be caused by weakly
bound species. According to the literature [26,27], the
bands at 1040, 1300-1330 and 1540-1570cm™! are the
characteristic vibrations of surface bidentate carbonate
species (v,COO, r,,COO and vC=0, respectively) that
are formed through the interaction of lattice oxygen
(*—0r,) of Co30,4 with adsorbed CO:

*—O0p + *—CO —= x—carbonate (7)

The band near 2064cm™' may be affected by the
linearly adsorbed CO. When the temperature increased,
the band at 2064 cm ™! also increased gradually, reaching
its strongest intensity at 150 °C. On heating to 200 °C,
this band became weaker due to the desorption of
adsorbed CO. The bands at 2120 and 2166cm™" are
assigned to dicarbonyl (v,CO and v,,CO) species [28].
After the CO-adsorbed material was heated, the intensi-
ties decreased gradually and almost disappeared at
150°C due to the reaction with the weakly bound
active oxygen on Co3;0y, but the formation of CO, (the
band near 2355cm™') appeared gradually. Comparing
the formation of CO, with the CoO, sample, it can be
seen that CoO, has a higher active oxygen content
than does Co;0,4. When the temperature increased, the
V,sCOO and vC=0O bands shifted respectively from
1300 to 1333cm ™" and from 1568 to 1538 cm™'. Appar-
ently, the slight change of the band positions indicates
the influence of the reaction of CO with the active
oxygen on Co30y.
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Figure 6. In situ FTIR spectra of 30 torr CO and 30 torr O, co-adsorption
on CoO, at various temperatures.

The influence of CO/O, co-adsorption was studied by
testing the CoO, and R-230 (Co3;0,) samples. In the CO/
O, adsorption experiments (figures 6 and 7), 30 torr CO
was first introduced into the chamber at room tempera-
ture giving rise to absorption bands (figures 3 and 4),
and then 30torr O, was introduced. The spectrum of
CO/0O; co-adsorption (figure 6) is similar to CO adsorp-
tion on CoO, (figure 3). As O, was introduced and the
temperature was increased, no obvious changes occurred
to the bands. This means that the CO oxidation on the
CoO, sample comes from the weakly bound active
oxygen rather than from adsorbed oxygen or lattice
oxygen.

A significant band near 2355 cm ™! appeared as O, was
introduced to the R-230 (Co3;0,) sample (figure 7) at RT,
which was different from CO/O, co-adsorption on
CoO,. This indicated that physisorbed CO, was
formed as soon as O, was introduced over the CO pre-
adsorbed on Co;0, and the intensity was significant at
RT. After 15min at RT the adsorbed CO disappeared
due to the complete oxidation of CO by O,. It should
be noted that the intensity of the bands near 1300 and
1568 cm ™! decreased quickly upon formation of physi-
sorbed CO, but still remained at the same intensity
under various conditions. This behavior indicates that
most of the CO, was formed during CO adsorption
probably due to the interaction of bidentate carbonate
with oxygen. The consumed lattice oxygen (+—Oj ) may
be restored through adsorption of oxygen molecules on
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Figure 7. In situ FTIR spectra of 30 torr CO and 30 torr O, co-adsorption
on R-230 (Co304) at various temperatures.
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Figure 8. Proposed reaction models suggested for CO/O, co-adsorption on
cobalt oxides: (a) CoO, and (b) R-230 (C030y4).

the resulting vacancy (xp):

x—carbonate + x—O —= CO, + * + (8)
2% +0, — 2x—0, (9)

Figure 8 summarizes the two sets of reaction
mechanisms proposed for CO/O, co-adsorption over
CoO, and Co30,4. The major difference between these
two mechanisms lies in the types of surface oxygen
involved. In the absence of lattice oxygen, the weakly
adsorbed CO on CoO, has to be oxidized by the
weakly bound active oxygen (x—0,). The *-O; on
Co30, is more active than *—0O, and may form an
intermediate, that is, bidentate carbonate, which could
oxidize CO to produce CO,.

4. Conclusion

A mixed cobalt oxide, CoO,, was prepared by the
precipitation—oxidation method and further refined to
other pure cobalt oxides with a controlled hydrogen
reduction. Based on the characterizations of the cobalt
oxides using TPR and XRD in this study, and the CO
and CO/O, co-adsorption in situ FTIR study, we pro-
pose that: (i) the reduction of CoO, in TPR proceeds
in consecutive steps; and (ii) the variation in oxidation
of CO is interpreted with a mechanism of two kinds of
oxygen species, i.e., *—0, on the CoO, surface and
x—Qp, on the surface of Co;0, spinel structure.
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