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The present work tentatively investigated the effect of cobalt precursors (cobalt acetate and cobalt
nitrate) on the physicochemical properties of CoOx/c-Al2O3 catalysts calcined in N2. XRD, Raman, XPS,
FTIR, and UV–vis DRS results suggested that CoO/c-Al2O3 was obtained from cobalt acetate precursors
and CoO was dispersed on c-Al2O3 below its dispersion capacity of 1.50 mmol/(100 m2 c-Al2O3), whereas
Co3O4/c-Al2O3 was obtained from cobalt nitrate precursors and Co3O4 preferred to agglomerate above the
dispersion capacity of 0.15 mmol/(100 m2 c-Al2O3). Compared with Co3O4/c-Al2O3, CoO/c-Al2O3 catalysts
were difficult to be reduced and easy to desorb oxygen species at low temperatures and presented high
activities for CO oxidation as proved by H2-TPR, O2-TPD, and CO oxidation model reaction results. A sur-
face incorporation model was proposed to explain the dispersion and reduction properties of CoO/c-
Al2O3 catalysts.

Crown Copyright � 2010 Published by Elsevier Inc. All rights reserved.
1. Introduction

Cobalt oxide supported on c-Al2O3 (CoOx/c-Al2O3) catalysts are
of great importance for their extensive applications in Fischer–
Tropsch (FT) synthesis [1–3], NOx reduction [4–8], CO oxidation
[9–12], VOC removal [13–15], etc. It is suggested that the catalytic
performances of CoOx/c-Al2O3 catalysts in these reactions are
mainly related to the dispersion, valence and interaction of surface
cobalt species with c-Al2O3, which are dependent on the prepara-
tion conditions including cobalt precursors, calcination tempera-
ture and atmosphere, etc. [16–21]. Among these factors, cobalt
precursors could greatly influence the type and dispersion of cobalt
species. As a result, some research groups have comparatively
studied the influence of cobalt acetate and cobalt nitrate on the
dispersion and interaction of cobalt oxide with the support
[18,22,23]. As Okamoto et al. [18] concluded, CoOx/c-Al2O3 cata-
lysts prepared from cobalt acetate showed the bigger Co2+/Co3+

proportion and higher cobalt dispersion than from cobalt nitrate.
Chae et al. [22] pointed out that the size of alumina increased for
CoOx/Al2O3 prepared from cobalt nitrate, but was almost change-
less from cobalt acetate. Girardon et al. [23] found that cobalt ni-
trate decomposed into Co3O4 crystallites, whereas cobalt acetate
010 Published by Elsevier Inc. All r
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decomposed into barely reducible cobalt silicate in Co/SiO2 cata-
lysts. However, these studies focused on the structure and proper-
ties of supported cobalt oxide catalysts calcined in air. Therefore,
one question that should be answered is the dispersion capacity
and surface state of cobalt species from different precursors on
the surface of Al2O3.

As reported elsewhere, calcination atmosphere also signifi-
cantly influences the decomposition products of cobalt acetate
[19,23,24]. In the absence of the support, the decomposition prod-
ucts of cobalt acetate are mainly CoO in N2 and Co3O4 in air [24].
Although cobalt nitrate decomposes into Co3O4 both in air and in
inert gas [23,25], Sietsma and co-workers [26] have shown that
changing the calcination atmosphere could improve the dispersion
of cobalt oxide from cobalt nitrate on SBA-15. However, to our
knowledge, little attention has been paid to comparing the effect
of cobalt precursors on the components, dispersion capacity, redox
properties, and CO oxidation activities of CoOx/c-Al2O3 catalysts
calcined in N2. Another aspect, the surface structure of CoOx/c-
Al2O3 catalysts is still not very clear. We believe that more detailed
experimental research will be helpful for further understanding
the dispersion and surface structure of cobalt oxide on c-Al2O3

and their related redox and catalytic properties.
In this work, a series of CoOx/c-Al2O3 catalysts were prepared

by impregnating cobalt acetate or cobalt nitrate on c-Al2O3 and
calcining them in N2. They were characterized by XRD, LRS, XPS,
FTIR, UV–vis DRS, H2-TPR, O2-TPD, and CO oxidation model
ights reserved.

http://dx.doi.org/10.1016/j.jcis.2010.11.076
mailto:dengyu@nju.edu.cn
mailto:donglin@nju.edu.cn
http://dx.doi.org/10.1016/j.jcis.2010.11.076
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis


L. Zhang et al. / Journal of Colloid and Interface Science 355 (2011) 464–471 465
reactions. The studies have mainly focused on (1) exploring the
influence of precursors on the components, dispersion, redox prop-
erties, and CO oxidation activities of CoOx/c-Al2O3 catalysts cal-
cined in N2; (2) trying to understand the surface structures of
CoOx/c-Al2O3 catalysts and establish the structure–property rela-
tionship. Based on our previous work [27], a surface incorporation
model has been proposed to explain the dispersion and properties
of CoOx/c-Al2O3 catalysts.

2. Materials and methods

2.1. Catalysts preparation

c-Al2O3 was purchased from Fushun Petrochemical Institute in
China and calcined at 750 �C for 5 h in air before being used for cat-
alyst preparation. Its BET surface area is 158.2 m2 g�1. CoOx/c-
Al2O3 catalysts were prepared by wet impregnation of c-Al2O3

with an aqueous solution containing required amounts of Co(Ac)2

(0.1 mol L�1) or Co(NO3)2 (0.1 mol L�1). The mixture was vigor-
ously stirred for 1 h. After that, it was heated to 100 �C to vaporize
the water in the oil bath. The resulting materials were dried at
110 �C overnight in the oven, and then calcined at 450 �C in N2

for 5 h. The cobalt loading amounts were varied from 0.1 to 3.0
and 0.1 to 1.2 mmol/(100 m2 c-Al2O3) for Co(Ac)2 or Co(NO3)2,
respectively. For simplicity, the resultant catalysts were denoted
as xCo(A)/Al or xCo(N)/Al, where x referred to the amount of
Cox+/(100 m2 c-Al2O3), and A or N referred to Co(Ac)2 or Co(NO3)2

precursor, respectively; e.g., 06Co(N)/Al corresponded to the cata-
lyst prepared by impregnation of Co(NO3)2 with cobalt loading
amount of 0.6 mmol/(100 m2 c-Al2O3).

2.2. Catalysts characterization

XRD patterns were recorded on a Philips X’pert Pro diffractom-
eter using Ni-filtered Cu Ka radiation (0.15418 nm). The X-ray tube
was operated at 40 kV and 40 mA.

Laser Raman spectra (LRS) were recorded using a Renishaw in-
via spectrometer. Raman excitation at 514.5 nm was provided by
Ar+ laser. A laser power of 20 mW at the sample was applied.

FTIR spectra were collected on a Nicolet 5700 FTIR spectrome-
ter, working in the range of wavenumbers 400–4000 cm�1 at a res-
olution of 4 cm�1 (number of scans, 32). The samples were mixed
with KBr and pressed into self-supporting disks for IR characteriza-
tion at room temperature. The IR spectra were obtained by sub-
tracting the KBr spectrum from each specific spectrum.

XPS measurements were performed on a Thermo ESCALAB 250
high performance electron spectrometer using monochromatized
Al Ka (hm = 1486.6 eV) as the excitation source. A binding energy
(BE) of 284.6 eV for the C1s level was used as an internal reference.

UV–vis diffuse reflectance spectra (UV–vis DRS) were recorded
in the range of 200–800 nm by a Shimadzu UV-2401 spectropho-
tometer with BaSO4 as reference.

H2-TPR was carried out in a quartz U-tube reactor connected to
a thermal conduction detector (TCD) with H2–Ar mixture (7.3% H2

by volume) as the reductant. A 50 mg sample was used for each
measurement. Before switching to the H2–Ar stream, the sample
was pretreated in a N2 stream at 100 �C for 1 h and then cooled
to room temperature. TPR started at 100 �C at a rate of 10 �C min�1.

O2-TPD was performed in a conventional temperature program-
ming system equipped with a TCD for analysis. The catalyst sample
(50 mg) was pretreated in helium (99.995%) at 100 �C for 1 h. Then
the oxygen adsorption proceeded with pure oxygen at 200 �C for
1 h. After cooling to room temperature, the system was purged in
helium for 1 h. Then the O2-TPD measurement was performed using
helium (30 mL min�1) as carrier gas. The temperature was in-
creased at a rate of 10 �C min�1 from room temperature to 600 �C.
2.3. Catalytic activity tests

The activities of the CoOx/c-Al2O3 catalysts in the CO + O2 reac-
tion were measured in a flow microreactor with a gas composition
of 1.6% CO, 20.8% O2, and 77.6% N2 by volume at a space velocity of
72,000 mL g�1 h�1 and 50 mg catalyst was used for each measure-
ment. The catalysts were pretreated in a N2 stream at 100 �C for 1 h
before being switched to the reaction gas stream. Tail gas was ana-
lyzed using a gas chromatograph with a TCD. Two columns for gas
separation were used: the one packed with 13X molecular sieve
(30–60 M) for separating O2, N2, and CO and the other packed with
Porapak Q for separating CO2.

3. Results and discussion

3.1. Structural characterization

3.1.1. XRD and LRS results
Fig. 1 shows XRD patterns of Co(A)/Al and Co(N)/Al samples

with different cobalt loading amounts and the pattern of c-Al2O3

support for comparison. As shown in Fig. 1A, no typical diffraction
peak of crystalline cobalt oxide can be observed for Co(A)/Al sam-
ples when the cobalt loading amount is below 1.6 mmol/(100 m2

c-Al2O3). It suggests that the cobalt oxide species have been highly
dispersed on c-Al2O3. As the cobalt loading amounts increase from
1.6 to 3.0 mmol/(100 m2 c-Al2O3), the XRD peaks of crystalline CoO
(2h = 36.5�, 42.4�, and 61.5�) [JCPDS (Card No. 78-0431)] appear
and their intensities increase with the cobalt loading amounts,
implying the formation of crystalline CoO besides the dispersed
one. In Fig. 1B, when the cobalt loading amount is below
0.2 mmol/(100 m2 c-Al2O3), only the diffraction peaks of c-Al2O3

support can be observed for Co(N)/Al samples. As the cobalt load-
ing amount reaches 0.4 mmol/(100 m2 c-Al2O3), the characteristic
peaks of crystalline Co3O4 (2h = 31.3� and 36.8�) [JCPDS (Card No.
80-1541)] appear and their intensities increase with the cobalt
loading amounts. Accordingly, XRD quantitative analysis is em-
ployed to determine their dispersion capacities [28,29]. The results
indicate that the dispersion capacities of cobalt oxide from cobalt
acetate and cobalt nitrate are 1.50 and 0.15 mmol/(100 m2 c-
Al2O3), respectively, as recorded in Figs. 2A and B. As similar sys-
tems, they are found to be comparable to the dispersion capacities
of MO (NiO, MgO, ZnO) and MO2 (ThO2, CeO2) supported on c-
Al2O3, respectively [27,30–32].

LRS characterization has been used to further confirm the dis-
persion performance of cobalt oxides supported on c-Al2O3. As
shown in Fig. 3A, no apparent Raman band of cobalt oxide can be
observed for 01 and 02Co(A)/Al samples, indicating that the cobalt
oxide species are highly dispersed on c-Al2O3. The spectra of 06
and 12Co(A)/Al samples are predominated by three broad bands
at 469, 600, and 674 cm�1, respectively. These bands are assigned
to characteristic vibrations of dispersed surface cobalt oxide spe-
cies [33,34]. But in the case of 16 and 20Co(A)/Al samples, several
new bands appear at 188, 469, 507, 600, and 674 cm�1, respec-
tively. Combined with the above XRD results, they should be as-
signed to the crystalline CoO, which are supported by previous
reports [34,35]. In Fig. 3B, no apparent Raman band appears for
01Co(N)/Al sample, indicating that the cobalt oxide species are
highly dispersed on c-Al2O3. When the cobalt loading amount in-
creases to 0.2 mmol/(100 m2 c-Al2O3), several strong Raman bands
are observed at about 186, 464, 512, 600, and 663 cm�1 for 02, 06,
and 12Co(N)/Al samples, which should be attributed to crystalline
Co3O4 [34,36].

3.1.2. XPS results
To further reveal the chemical states and dispersion properties

of cobalt oxide on c-Al2O3, XPS measurements are carried out.
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Fig. 1. XRD patterns of various Co(A)/Al (A) and Co(N)/Al (B) samples.
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Figs. 4A and B shows the Co 2p XPS results of some Co(A)/Al and
Co(N)/Al samples, respectively. Their analytical results are listed
in Table 1. It has been well established that the binding energies
(BE), the S/M ratio (satellite intensity/main peak intensity), and
the spin–orbit coupling DE (Co 2p1/2–Co 2p3/2) are important
parameters to identify the valence and interaction of cobalt oxide
with the support [12,37,38]. As shown in Fig. 4A, Co(A)/Al samples
exhibit strong satellite peaks, and the intensity ratios of the satel-
lite peak to the main peak (S/M) are 0.42, 0.43, and 0.41 for 02, 06,
and 20Co(A)/Al samples, respectively. The spin–orbit coupling
energies (DE) are 15.8 eV and the Co 2p3/2 binding energies (BE)
are 780.4 eV for all the three samples. These results are



Table 1
XPS analytical results of various Co(A)/Al and Co(N)/Al samples.

Samples 02Co(A)/Al 06Co(A)/Al 20Co(A)/Al 01Co(N)/Al 02Co(N)/Al 06Co(N)/Al

Co 2p3/2BE (eV) 780.4 780.4 780.4 780.7 780.7 780.0
DE (eV) 15.8 15.8 15.8 15.7 15.7 15.2
S/M 0.42 0.43 0.41 0.42 0.36 0.28
Surface Co/Al ratio 0.06 0.23 0.49 0.03 0.047 0.058
Bulk Co/Al ratio 0.016 0.048 0.16 0.008 0.016 0.048
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characteristic of CoO [12,35,37,38], which confirm that supported
cobalt acetate on c-Al2O3 also decomposes into CoO in N2.

As shown in Fig. 4B and Table 1, for 01 and 02Co(N)/Al samples,
the spin–orbit coupling DE and S/M ratio are similar to Co2+ ions,
but their binding energies are between those of CoO and CoAl2O4,
indicating the formation of a cobalt surface phase that interacts
strongly with c-Al2O3 [12]. For 06Co(N)/Al sample, the Co 2p3/2

BE, DE, and S/M all decrease compared with 01 and 02Co(N)/Al
samples, which is characteristic of Co3O4 spinel [37,38]. It can be
concluded that supported cobalt oxide changes from a highly dis-
persed cobalt surface phase to agglomerated Co3O4 with the in-
crease of cobalt loading amounts for Co(N)/Al samples.

Since all the spectra are collected under the same experimen-
tal conditions, the intensity ratios of the metal-to-support signals
can provide important information about the degree of cobalt
oxide dispersion [31,38,39]. As listed in Table 1, it can be seen
that: (1) with the increase of cobalt loading amounts, the surface
Co/Al ratios increase, but their increase rates decrease; (2) the
surface Co/Al ratios of Co(N)/Al samples are lower than those of
Co(A)/Al samples at a cobalt loading amount of 0.2 and
0.6 mmol/(100 m2 c-Al2O3). These results further suggest that
the cobalt oxide presents as agglomerated particles on c-Al2O3

for 02, 06Co(N)/Al, and 20Co(A)/Al samples, which correlates with
the appearance of crystalline Co3O4 and CoO as detected by XRD
and LRS.

3.1.3. FTIR results
As shown in Fig. 5A, no vibration band can be observed for the

Co(A)/Al samples, except those of c-Al2O3 between 500 and
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900 cm�1, with the cobalt loading amounts increasing from 0.1
to 2.0 mmol/(100 m2 c-Al2O3). It was reported that it was difficult
to identify crystalline CoO with FTIR spectra, but they could pro-
vide useful information for CoAl2O4 and Co3O4 [13,40,41]. All the
facts, together with the XPS results, indicate that no CoAl2O4 or
Co3O4 is formed for Co(A)/Al samples. Fig. 5B shows the FTIR spec-
tra of the Co(N)/Al samples with different cobalt loading amounts.
For 01Co(N)/Al sample, only the vibration bands of c-Al2O3 can be
observed, indicating that no crystalline Co3O4 is formed. While for
02, 06, and 12Co(N)/Al samples, double bands are observed at 568
and 667 cm�1, assigned to Co–O bond vibrations of Co3O4 spinel
[5,13,40,41]. These results are consistent with the above
characterizations.

All the results discussed above indicate that the dispersion
capacity of CoO from cobalt acetate is larger than that of Co3O4

from cobalt nitrate. Based on our previous study [42], we tenta-
tively attributed this to the shielding effect of the accompanying
anions. Along this line, the dispersion capacity of CoO from cobalt
acetate should be lower than that of Co3O4 from cobalt nitrate as
the steric hindrance of CH3COO� ions is larger than that of NO�3
ions [39]. Therefore, this assumption may not fit for CoOx/c-Al2O3

samples in this work. Additionally, probably the diffusion energy
of CoO to c-Al2O3 is different from that of Co3O4 due to their differ-
ent crystal textures. Tamman temperature has been used to denote
the temperature that the ion pairs of solid substance start to dif-
fuse [43]. The Tamman temperature of CoO is 347 �C for surface
mobility and 761 �C for bulk mobility (melting point = 1795 �C).
So it is easy for CoO to diffuse into the surface instead of the bulk
of c-Al2O3 at 450 �C. But there is no report about the melting point
of Co3O4 as it decomposes into CoO above 700 �C [13]. On the basis
of the lattice energy theory, the lattice energy and melting point of
Co3O4 should be higher than those of CoO because the valence of
Cox+ ions is higher and the ion radius is smaller in Co3O4 than in
CoO. Thus, Co3O4 should be more stable and would rather agglom-
erate than disperse on c-Al2O3, which is also supported by a previ-
ous report that Co2+ ions tend to disperse on c-Al2O3, and the
presence of Co3+ ions induce them to agglomerate to Co3O4 crystal-
lites [44].
3.1.4. UV–vis DRS results
UV–vis DRS have been performed to approach the coordinate

state of cobalt oxide supported on c-Al2O3. As shown in Fig. 6A,
three well-defined absorption bands are observed at 540, 582,
and 635 nm (4A2(F) ? 4T1(P) transitions) for the Co(A)/Al samples
with different cobalt loading amounts, indicating the presence of
Co2+ ions in tetrahedral coordination [5,8,13]. The shoulder peak
cannot be observed at 480 nm (4T1g(F) ? 4T1g(P) transition) attrib-
uted to octahedral Co2+ ions [5,8]. Herein, it is suggested that the
dispersed Co2+ ions mainly enter the tetrahedral vacancies of c-
Al2O3, which is supported by the previous DFT calculation [45].
Fig. 6B shows that the triple bands appear at 535, 579, and
635 nm for 01Co(N)/Al sample, assigned to the tetrahedral Co2+

ions of the highly dispersed cobalt surface phase. In the case of
02, 06, and 12Co(N)/Al catalysts, only two broad bands appear at
about 430 and 700 nm, attributed to Co3O4 spinel [8,46].
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Based on all the above results, it seems reasonable to tentatively
approach the surface structures of the cobalt oxide species on
c-Al2O3. For c-Al2O3 support, the (1 1 0) plane is the preferentially
exposed plane with the octahedral and tetrahedral vacancies, and
this plane consists of C and D layers, which have equal exposure
probabilities [30,45]. According to the incorporation model [27],
for Co(A)/Al samples, the dispersed CoO species could be described
as a Co2+ ion incorporated into the surface tetrahedral vacancy, and
one O2� anion associated with the Co2+ stays at the top of the occu-
pied site forming capping oxygen for charge compensation, which
is shown in Fig. 7. The average densities of the tetrahedral vacant
site are about 6 and 8 sites/mesh of the C and D layers, respec-
tively. Because of the shielding effect of capping oxygen, the den-
sity of valid tetrahedral vacant sites is about 4 sites/mesh for
each layer (noting that the area of each mesh is 0.4435 nm2, con-
sidering 0.14 nm for the radius of O2� ion), corresponding to the
dispersion capacity of 1.50 mmol/(100 m2 c-Al2O3). This calculated
value is in agreement with the above experimental result. How-
ever, for the Co(N)/Al samples, the dispersion of cobalt oxide from
cobalt nitrate does not fit for the incorporation model because only
a little amount of cobalt oxide disperses as Co2+ ions and the rest
exists as crystalline Co3O4 on c-Al2O3.
Lattice O2- Al3+ (tet) Al3+ (oct) Co2+ Capping O2-

C-layer D-layer

Fig. 7. A tentative model for the dispersed CoO species on the (1 1 0) plane of c-
Al2O3.
3.2. H2-TPR and O2-TPD results

Fig. 8A and B shows the H2-TPR results of Co(A)/Al and Co(N)/Al
samples, respectively. No reduction peak is observed below 700 �C
for 01 and 02Co(A)/Al samples, while a broad reduction peak ap-
pears above 500 �C for 06 and 12Co(A)/Al samples. In the profiles
of 16 and 20Co(A)/Al samples, a new peak appears at about
450 �C and the reduction peak above 500 �C divides into two peaks.
Combined with the above results, it is reasonable to suggest that
the peaks at about 450 �C and above 500 �C correspond to the
reduction of crystalline and dispersed CoO species, respectively
[34,47], which is supported by the previous report that the polar-
ization of Al3+ ions to the covalent Co–O bonds makes the dis-
persed CoO more difficult to be reduced [44]. It is noted that a
small reduction peak appears at about 210 �C, especially for 12,
16, and 20Co(A)/Al catalysts, which is probably assigned to the
reduction of surface adsorbed oxygen species [48,49].

The reduction extent of cobalt oxide is also calculated for each
catalyst after calibration with CuO, as listed in Table 2. The results
indicate that the reduction extents of cobalt oxide increase with
the cobalt loading amounts, but are all below 60% for Co(A)/Al
samples. Probably the reduction process of dispersed CoO species
above 500 �C simultaneously promotes the bulk diffusion of Co2+

ions to c-Al2O3 lattices, which makes them more difficult to be re-
duced, especially at the lower cobalt loading amount. However, the
influence of the interaction between CoO and c-Al2O3 on the
reduction property of cobalt oxide is still not clearly understood.
According to the above incorporation model, at cobalt loading
amounts higher than the dispersion capacity (1.6 and 2.0 mmol/
(100 m2 c-Al2O3)), the dispersed Co2+ ions are surrounded by about
1.0 Al3+/Co2+ in C layer and 0.5 Al3+/Co2+ in D layer, respectively. So
it should be easier to be reduced for CoO species dispersed in D
layer than in C layer, which is the reason for the reduction peaks
above 500 �C dividing into two peaks. In addition, the hydrogen
spillover also promotes the reduction of dispersed CoO due to
the prior reduction of the crystalline CoO to Co [50]. So the reduc-
tion peaks above 500 �C increase with cobalt loading amount for 16
and 20Co(A)/Al samples. For 12Co(A)/Al sample, the wide reduc-
tion peak can be divided into two peaks, with one at about
530 �C and the other at a higher temperature of 650 �C. But one
peak appears at about 520 �C for 06Co(A)/Al sample. This is



Fig. 8. H2-TPR profiles of various Co(A)/Al (A) and Co(N)/Al (B) samples.

Table 2
The reduction extent of cobalt oxide during the TPR experiments calibrated with CuO for various Co(A)/Al and Co(N)/Al samples.

Samples 01Co(A)/Al 02Co(A)/Al 06Co(A)/Al 12Co(A)/Al 16Co(A)/Al 20Co(A)/Al 01Co(N)/Al 02Co(N)/Al 06Co(N)/Al 12Co(N)/Al

Area (<730 �C) 0 0 43.4 61.3 119.8 141.3 0 16.3 94.9 187.7
Reduction ratio 0 0 48% 36% 53% 50% 0 44% 85% 84%
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probably because the Co2+ ions preferentially incorporate into the
D-layer vacancies of c-Al2O3 below a half dispersion capacity
(0.75 mmol/(100 m2)) in order to reduce the repulsion between
Al3+ and Co2+ ions.

In Fig. 8B, no obvious reduction is observed below 700 �C for
01Co(N)/Al sample, which is similar to 01 and 02Co(A)/Al samples.
But three groups of reduction peak appear for Co(N)/Al samples at
cobalt loading amounts above its dispersion capacity: the first
group at about 330 �C; the second group at about 365 �C for 02
and 06Co(N)/Al samples, but at higher temperature of 460 �C for
12Co(N)/Al sample; and the third group of wide peak at about
590 �C. The peak intensities increase with the cobalt loading
amount, and the reduction extents reach 44%, 85%, and 84% for
02, 06, and 12Co(N)/Al samples, respectively, as listed in Table 2.
According to the previous reports [1,13,34,51], we suggest that
the first and second groups are associated with the stepwise reduc-
tion of agglomerated Co3O4 to CoO and then to Co metal, and the
third group at 590 �C is attributed to the reduction of cobalt oxide
that interacts strongly with c-Al2O3. Probably the reduced CoO
redisperses on c-Al2O3 during the reduction process, so the third
peak at 590 �C increases with the cobalt loading at the expense
of the second peak. The above H2-TPR results indicate that the
Co(A)/Al catalysts are more difficult to be reduced than the
Co(N)/Al catalysts. For one thing, crystalline CoO is more difficult
to be reduced than Co3O4 [47]. For another, supported CoO species
interact more strongly with c-Al2O3 than Co3O4, which also results
in an increase of the reduction temperature.

O2-TPD experiments have been carried out to gain an insight
into the nature of surface oxygen species that may be involved in
CO oxidation. Generally, the desorption temperatures of the
adsorbed oxygen increase by the following procedures: O2(ad) ?
O�2 (ad) ? O�(ad) ? O2�(lattice). The desorption peaks at tempera-
tures lower than 400 �C are commonly ascribed to superficial
oxygen species weakly bound to the surface [36,52,53]. Such spe-
cies are known to participate in oxidation reactions by means of
a suprafacial mechanism [36,53]. As shown in Fig. 9A, besides the
desorption peaks of c-Al2O3, only one peak referring to a-oxygen
appears in the profile of 02, 06, and 12Co(A)/Al samples, which is
ascribed to O�2 (ad) species [36,49]. Another b-oxygen peak appears
at 300 �C associated with the desorption of O�(ad) species for 16
and 20Co(A)/Al catalysts [36,49]. The desorption temperature of
a-oxygen decreases from 290 to 240 �C with the cobalt loading
amounts, which is attributed to the increase of the repulsion be-
tween O�2 (ad) species. The desorption amounts of a-oxygen ini-
tially increase with the cobalt loading amounts from 0.2 to
1.6 mmol/(100 m2 c-Al2O3) and then decrease at 2.0 mmol/
(100 m2 c-Al2O3). Also the desorption amounts of b-oxygen in-
crease from 1.6 to 2.0 mmol/(100 m2 c-Al2O3) at the expense of
a-oxygen. These results indicate that O�2 (ad) species and O�(ad)
species correspond to the oxygen species adsorbed on dispersed
and crystalline CoO, respectively, and the crystalline CoO promotes
the O�2 (ad) species to transform into O�(ad) species. For Co(N)/Al
samples as shown in Fig. 9B, no desorption peak appears except
c-Al2O3 support below 400 �C. But a small shoulder peak begins
to appear above 450 �C, attributed to the surface lattice oxygen
of Co3O4 [49], especially for 06 and 12Co(N)/Al catalysts, which
are in agreement with the above H2-TPR results.

3.3. Catalytic activities of CO + O2

The CO oxidation activities of Co(A)/Al and Co(N)/Al catalysts
are shown in Fig. 10. Several significant conclusions can be
deduced from the figure: (1) At cobalt loading amounts
P0.2 mmol/(100 m2 c-Al2O3), the temperatures at 50% and 100%
conversion (T50 and T100) over all Co(N)/Al samples are higher than
the corresponding Co(A)/Al samples, indicating that Co(A)/Al cata-
lysts are more active than Co(N)/Al catalysts. The activities of CO
oxidation are almost the same and lower than 50% for 01Co(A)/Al
and 01Co(N)/Al catalysts below 350 �C (data not shown in
Fig. 10). (2) The cobalt loading amounts also significantly influence
the activities of the catalysts. For Co(A)/Al catalysts, the CO conver-
sion rates initially increase with the cobalt loading amounts from
0.2 to 1.6 mmol/(100 m2 c-Al2O3) and then slightly decrease at
2.0 mmol/(100 m2 c-Al2O3), which are consistent with the results
of a-oxygen desorption. These results indicate that dispersed
CoO is the dominant active species for Co(A)/Al catalysts, due to



Temperature / oC

240

290

300

1 βα

20Co(A)/Al

16Co(A)/Al

12Co(A)/Al

06Co(A)/Al

02Co(A)/Al

γ-Al2O3

In
te

ns
ity

 / 
a.

u.

A

100 200 300 400 500 100 200 300 400 500

Temperature / oC

0.
5B

12Co(N)/Al

06Co(N)/Al

02Co(N)/Al

γ-Al2O3

In
te

ns
ity

 / 
a.

u.

Fig. 9. O2-TPD profiles of various Co(A)/Al (A) and Co(N)/Al (B) samples.

75 100 125 150 175 200 225 250 275 300 325 350 375

0

20

40

60

80

100

Temperature / oC

C
O

 c
on

ve
rs

io
n 

/ %

02Co(A)/Al
06Co(A)/Al
12Co(A)/Al
16Co(A)/Al
20Co(A)/Al
02Co(N)/Al
06Co(N)/Al
12Co(N)/Al

Fig. 10. CO conversion rates for various CoOx/c-Al2O3 catalysts as a function of
temperature.

470 L. Zhang et al. / Journal of Colloid and Interface Science 355 (2011) 464–471
the formation of active O�2 (ad) species that participate in CO oxida-
tion. However, for Co(N)/Al catalysts, CO conversion rates increase
with the cobalt loading amounts from 0.2 to 1.2 mmol/(100 m2 c-
Al2O3), which are consistent with the H2-TPR results, indicating
that crystalline Co3O4 is the dominant active species.

For reasonably linking the activities of the catalysts with their
structures, it should be noted that both the valences and the dis-
persion states of supported cobalt oxide influence the activities
of CO oxidation. There are two different mechanisms of catalytic
oxidation: suprafacial process and intrafacial reactions [54]. In
the former mechanism, the oxygen vacancies on the catalyst sur-
face play an important role for the adsorption and activation of
the reactant molecules. In the latter mechanism, the metal oxide
has the capacity to change the oxidation state to participate in a re-
dox cycle. According to the H2-TPR and O2-TPD results, for Co(A)/Al
catalysts, the dispersed CoO species are difficult to be reduced and
easy to desorb active O�2 (ad) species for CO oxidation. It is con-
cluded that the suprafacial mechanism is dominant and the main
active species is dispersed CoO. For Co(N)/Al catalysts, the
crystalline Co3O4 is relatively easy to be reduced and cannot desorb
oxygen species at low temperature. Probably the intrafacial mech-
anism is dominant and the rate-determining step for CO oxidation
is the removal of the surface lattice oxygen of crystalline Co3O4 by
CO [10,48].
4. Conclusions

In this work, the effect of cobalt precursors (cobalt acetate and
cobalt nitrate) on the physicochemical properties of CoOx/c-Al2O3

catalysts calcined in N2 was investigated. It is found that CoO/c-
Al2O3 and Co3O4/c-Al2O3 catalysts are formed from the precursors
of cobalt acetate and cobalt nitrate, respectively. In addition, CoO
can be dispersed to form a tetrahedral-coordinated monolayer
with its dispersion capacity of 1.50 mmol/(100 m2 c-Al2O3), but
Co3O4 tends to agglomerate above its dispersion capacity of
0.15 mmol/(100 m2 c-Al2O3).

CoO/c-Al2O3 catalysts are more active than the corresponding
Co3O4/c-Al2O3 catalysts for CO oxidation model reaction at cobalt
loading amount61.2 mmol/(100 m2 c-Al2O3). The main active spe-
cies is dispersed CoO for CoO/c-Al2O3 catalysts, which is difficult to
be reduced and easy to desorb O�2 (ad) species that participates in
CO oxidation. But the main active species is crystalline Co3O4 for
Co3O4/c-Al2O3 catalysts, which is difficult to desorb oxygen species
and easy to be reduced at low temperature. A surface incorporation
model was proposed to explain the dispersion, redox properties of
CoO/c-Al2O3 catalysts.
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