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A B S T R A C T

In the present work we have investigated the influence of the preparation method on the phy-

sicochemical and activity features of CoOx/g-Al2O3 catalysts used for the combustion of anode tail gas

produced in a proton-exchange membrane (PEM) fuel cell. The catalysts prepared contain 21% (w/w) Co

and have been calcined at 850 8C. Three different impregnation methodologies have been followed:

incipient wetness impregnation (IWI) using a cobalt nitrate aqueous solution, incipient wetness

impregnation using a mixed cobalt nitrate–nitrilotriacetic acid (IWI-nta) aqueous solution and

equilibrium deposition filtration (EDF) using a cobalt nitrate aqueous solution. The catalysts were

characterized using nitrogen adsorption for determining the specific surface area, the pore volume and

the mean pore diameter as well as using X-ray powder diffraction (XRD), diffuse reflectance spectroscopy

(DRS; UV–vis), LRS, X-ray photoelectron spectroscopy (XPS) and temperature-programmed reduction

(TPR). Catalytic activity measurements were performed in the temperature range 250–850 8C using a

continuous flow fixed-bed micro-reactor working under atmospheric pressure and fed with a reaction

mixture consisted of 15% H2/3% CO/1.1% CH4/20% O2 balanced in He.

The EDF methodology imposed interfacial deposition and resulted to the formation of an almost bi-

dimensional surface precipitate. Upon calcination, this surface precipitate provided a very well-dispersed

CoOx amorphous species strongly interacted with the support surface and thus hardly reducible as well as

relatively small Co3O4 supported nanocrystals (14.3 nm). The first phase is the predominant one. Therefore,

EDF resulted to a catalyst with the highest cobalt surface and specific surface area. The conventional IWI

imposed bulk (solution) precipitation and thus induced relatively large supported crystallites which upon

calcination provided relatively large supported Co3O4 nanocrystals (19.8 nm) and CoAl2O4 as well. The

formation of the relatively large nanocrystals and the insertion of cobalt inside the g-alumina lattice to form

CoAl2O4 may be responsible for the lowest cobalt surface obtained in this catalyst. The presence of the

nitrilotriacetic acid in the impregnating solution induced the exchange of the water ligands of the Co(II)

aqua complex present in the cobalt nitrate solution with organic ligands and thus the bulk precipitation of

an organometallic complex. The more bulky organic ligands decreased the cobalt-support interactions.

Thus, the insertion of cobalt inside the g-alumina lattice and the formation of CoAl2O4 are inhibited upon

calcination of the IWI-nta sample. This may be responsible for the relatively higher cobalt surface obtained

with respect to that achieved in the IWI sample though the size of the Co3O4 nanocrystals is larger in the IWI-

nta sample (25.8 nm). At relatively high reaction temperatures all catalysts exhibited almost the same

activity for oxidation reactions. In contrast, at low reaction temperatures the EDF catalyst proved to be more

active for the CH4 production as well as for the oxidation of H2 and CO. This behaviour may be attributed to

the favourable physicochemical characteristics of this catalyst.
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1. Introduction

The rapid development in recent years of the proton-exchange
membrane (PEM) fuel cell technology has stimulated research in
all areas of catalysts used for generation of pure hydrogen (fuel
reforming, water–gas shift and carbon monoxide preferential
oxidation) as well as of anode tail gas combustion catalysts [1,2].
The principal aim in the latter case is the efficient use of the fuel cell
effluents (CO, H2 and CH4) to produce via oxidation reactions the
energy necessary for the hydrogen generation reactors and to
minimize the CH4 and CO emissions. Catalytic or non-catalytic
burners are generally used for this purpose [2]. It should be noted
that CH4 is much more powerful greenhouse gas than CO2.

Among the components of the effluent of a fuel cell, hydrogen
is the most easily combusted. The opposite is true for the
complete oxidation of any CH4 present. Methane is, in effect, the
least reactive of the hydrocarbons and therefore the most difficult
to oxidise. It has been found that conventional three-way cata-
lysts (containing Pd–Pt–Rh), currently used for gasoline-vehicle
emissions control, show relatively poor methane conversion,
when operating in stoichiometric air/fuel ratio [3]. In contrast,
Pd–Pt catalysts are quite effective for methane oxidation [4]. On
this basis, new catalysts containing Pd or Pd–Pt have to be
designed in order to replace the conventional Pd–Pt–Rh catalysts
[5]. Thus, a lot of research effort is addressed to this subject [6–
13]. On the other hand, current commercial catalysts for clean-
ing exhausts from natural gas vehicles have three times higher
noble metals (Pd–Pt) content (up to 300 g/ft3) than the stand-
ard gasoline three-way catalysts in order to oxidise methane
efficiently [14].

Considering the relevant cost of precious metals the design of
alternative and cheaper systems would be highly desirable [5].
Non-precious metal catalysts supported on various carriers seem
to be a good alternative, especially for feeds without sulfur, as in
the case of PEM fuel cell [15–22]. Cobalt oxide supported, mainly,
on alumina as well as on other oxide supports is one of the most
popular candidates studied for methane combustion [21–24]. The
supported species formed on the surface of these catalysts, their
dispersion and the strength of their interaction with the support as
well as the nature of the latter influence drastically the activity of
the above-mentioned catalysts.

We have recently studied cobalt oxide catalysts supported
on g-alumina [25–28]. It has been found that the preparation
method followed has remarkable influence on the structural and
activity features of these catalysts. A relatively large size of the
supported ‘‘cobalt oxide’’ nanocrystallites is imposed by bulk

precipitation. This is mainly realized by incipient wetness
impregnation (IWI). In contrast, a quite small size of the supported
‘‘cobalt oxide’’ nanocrystallites, not strongly interacted with the
support surface, is imposed by interfacial precipitation. This is
realized by equilibrium deposition filtration (EDF) [29,30]. This
phase has been found to be the optimum supported phase for
complete oxidation reactions (e.g. benzene oxidation) [30].

In the above-mentioned studies [25–30] the calcination
temperature did not exceed 650 8C. On the other hand in an
‘‘afterburner’’ the temperature reaches, and in some cases exceeds,
800 8C. For this reason in the present work we have investigated
the influence of preparation method on activity features of CoOx/g-
Al2O3 catalysts calcined at 850 8C. Specifically, we have compared
the catalytic activity of three ‘‘cobalt oxide’’/g-alumina catalysts
prepared by three different preparation methodologies: conven-
tional IWI using a cobalt nitrate aqueous solution, incipient
wetness impregnation using a mixed cobalt nitrate–nitrilotriacetic
acid aqueous solution (IWI-nta) [31] and EDF using a cobalt nitrate
aqueous solution [32–36].
The second, also principal, goal of the present work is to
examine whether the change in the impregnation method could
influence the final physicochemical characteristics of cobalt-
supported g-alumina catalysts calcined at relatively high tem-
perature (850 8C). This will allow interpreting eventual differ-
ences in the catalytic activity by taking into account the changes in
the physicochemical characteristics of the supported catalysts
brought about by replacing the conventional IWI technique with
the aforementioned impregnation methods. Thus, the catalysts
prepared have been characterized using, jointly, various physi-
cochemical techniques (BET, XRD, UV–vis DRS, XPS, Raman
and TPR).

2. Experimental

2.1. Preparation of the catalysts

2.1.1. Materials

Cobalt nitrate hexahydrate [Co(NO3)�6H2O, 99% of purity]
purchased from Merck has been used for the preparation of the
solutions used in the preparation of the catalysts. Ammonium
nitrate stock solutions, used for regulating the ionic strength, were
prepared from the respective solid (Merck, 99% of purity).
Nitrilotriacetic acid 2 M solution was used in the preparation of
the IWI-nta catalyst. g-Alumina powder, 90–150 mm, was used as
support. This is obtained by crushing AKZO g-alumina extrudates
(HDS-000-1.5mm E).

2.1.2. Preparation of the IWI sample

The IWI sample was prepared using successive dry impregna-
tions of the support with suitable Co(NO3)2 aqueous solutions in
order to obtain a final catalyst containing 21% (w/w) Co. After each
impregnation step the sample was dried at 120 8C for 2.5 h and the
final sample was calcined at 850 8C for 3 h.

2.1.3. Preparation of the IWI-nta sample

The IWI-nta sample, containing also 21% (w/w) Co, was
prepared using successive dry impregnations. The solutions used
in the impregnations were prepared by dissolving a given amount
of the Co(NO3)2�6H2O in an aqueous solution of nitrilotriacetic
acid 2 M. The pH of this solution was regulated to be equal to seven.
The impregnated material had a gel-like appearance and after
drying at 120 8C for 2.5 h was transformed into a hard solid. The
latter was crushed before the next impregnation. The final sample
was calcined at 850 8C for 3 h.

2.1.4. Preparation of the EDF sample

The EDF sample was prepared at 25.0 � 0.1 8C and pH 7.0
under N2 atmosphere. A thermostated vessel (10 L) equipped with a
pH control system involving a glass/saturated calomel electrode
(Metrhom) and a dosimat has been used. A volume of 5.0 L of cobalt
nitrate solution (25 � 10�3 M) was purred in this vessel and its ionic
strength was adjusted at 0.1 M by using NH4NO3. The pH was
adjusted by adding NH4OH 0.1 M aqueous solution under stirring. Ten
grams of g-alumina powder was added into the stirred solution. As
the deposition of the Co(H2O)6

2+ ions onto the alumina surface caused
a decrease in the pH of the suspension, the pH control system fed a
suitable amount of the NH4OH solution to keep pH 7. When the pH
control system stopped to feed NH4OH solution, the suspension was
filtered. The solid sample was dried in air at 120 8C for 2.5 h and
calcined at 850 8C for 3 h. The Co(II) concentration in the solid was
21% (w/w). This was determined by measuring photometrically its
concentration in the corresponding impregnating solution before and
after deposition using a Cary 3 Varian spectrophotometer. The above
measurements were based on the Nitroso R-Salz procedure [37].



Fig. 1. Methane conversion over the CoOx/Al2O3 catalysts and the Al2O3 used as

support.
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2.2. Characterization of the catalysts

2.2.1. Specific surface area (SSA)

The physical adsorption–desorption isotherms of N2 at�196 8C
were obtained on a Micromeritics TriStar 3000 instrument. Around
100–200 mg of sample was used, previously degassed at 250 8C for
1 h. The data were processed using software from Micromeritics
Corporation. The SSAs were calculated from data acquired in the
relative pressure (P/P0) range of 0.01–0.30.

2.2.2. X-ray powder diffraction

XRD patterns of the catalysts were obtained with a Bruker D8—
advanced diffractometer by using Ni-filtered Cu Ka radiation
(l = 0.15418 nm). The generator is equipped with a sensitive
detector PSD Lynxey operated at 40 kV and 40 mA. The samples in
powder form were analyzed without a previous treatment after
deposition on a stainless steel sample holder. The XRD data were
collected in 2u range 25–708, the scan speed and step size being
0.38 min�1 and 0.028, respectively. Mean crystallite size (dcryst.) of
the Co-phase was calculated from the line broadening using the
well-known Scherrer equation [21].

2.2.3. Diffuse reflectance spectroscopy

The diffuse reflectance spectra of the samples studied were
recorded in the range 200–800 nm at room temperature after
calcination, using a UV–vis spectrophotometer (Varian Cary 3)
equipped with an integration sphere. The g-Al2O3 carrier was
used as a reference in all cases and for diluting the calcined
samples which exhibited extremely high absorbance. The powder
samples were mounted in a quartz cell which provided a sample
thickness greater than 3 mm and thus guaranteed ‘‘infinite’’
sample thickness.

2.2.4. Raman spectroscopy

The kinds of the Co species formed on the surface of the g-
alumina support for the catalyst samples prepared following the
three different preparation methods were studied by in situ Raman
spectroscopy. Approximately 90 mg of each catalyst in powder
form were pressed into a wafer and mounted on a holder that could
be adjusted in the vertical core of the in situ Raman cell, which is
described elsewhere [38]. The 514.5 nm line of a Spectra Physics
Stabilite 2017 Ar+ laser operated at 30 mW on the sample was used
for recording the Raman spectra. The laser beam was focused on
the sample with a cylindrical lens in order to reduce sample
irradiance. The scattered light was collected at 908, analyzed with a
0.85 m Spex 1403 double monochromator and detected by a
�20 8C cooled RCA PMT equipped with EG&G photon counting
electronics. Recording of spectra started at 300 8C under flowing O2

after the sample was exposed for 1 h at 300 8C in flowing O2.
Subsequently, spectra were recorded after cooling the furnace to
25 8C under O2 and at 300 8C under a flowing 4.5% H2/N2 mixture.
Finally, the sample was re-oxidised at 300 8C and the reinstate-
ment of the surface composition was confirmed by reproducing the
Raman spectra under oxidised conditions.

2.2.5. X-ray photoelectron spectroscopy

The XPS analysis of the calcined samples was performed
at room temperature in an UHV chamber (base pressure
8 � 10�10 mbar) which consists of a fast specimen entry assembly,
a preparation and an analysis chamber. The residual pressure in the
analysis chamber was below 10�8 mbar. The latter was equipped
with a hemispherical electron energy analyzer (SPECS, LH 10) and a
twin-anode X-ray gun for XPS. The unmonochromatized Mg Ka
line at 1253.6 eV and a constant pass energy mode for the analyzer
were used in the experiments. Pass energies of 36 and 97 eV
resulted at a full width at half-maximum (fwhm) of 0.9 and 1.6 eV,
respectively, for the Ag 3d5/2 peak of a reference foil. The binding
energies were calculated with respect to the C 1 s peak (C–C and C–
H) set at 284.6 eV. The normalized intensities ICo2p, IA12p and IO1s of
the corresponding XPS peaks, corrected using the sensitivity
factors published by Wagner et al. [39], were used to determine the
atomic surface composition of the catalysts studied.

2.2.6. Temperature-programmed reduction

The TPR experiments were performed in laboratory-con-
structed equipment described elsewhere [40] in which the ideas
of the Rogers–Amenomiya–Robertson arrangement have been
followed [41]. An amount of sample (0.1 g) was placed in a quartz
reactor and the reducing gas mixture (H2/Ar:5/95, v/v) was passed
through it for 2 h with a flow rate of 40 mL min�1 at room
temperature. Then the temperature was increased to 900 8C with a
constant rate of 10 8C min�1. Reduction leads to a decrease of the
hydrogen concentration in the gas mixture, which was detected by
a thermal conductivity detector (TCD). The reducing gas mixture
was dried in a cold trap (�95 8C) before reaching the TCD.

2.2.7. Catalytic activity measurements

Catalytic activity measurements were performed in a contin-
uous flow fixed-bed micro-reactor working under atmospheric
pressure. The reaction mixture consisted of 15% H2/3% CO/1.1%
CH4/20% O2 balanced in He. Specimens of 100 mg of non-diluted
catalyst (catalytic bed 1 cm in height and 0.35 cm in diameter)
were used in these measurements. The reaction mixture was fed in
the reactor with a flow rate of 200 mL min�1 (STP) and the catalytic
tests were carried out in the temperature range 250–850 8C.
Reagents and products were analyzed by a gas chromatograph
(Shimadzu, GC-14B) equipped with a TCD and a capillary column
(Carboxen 1000).

3. Results and discussion

3.1. Catalytic activity

Fig. 1 shows the CH4 conversion obtained at various reaction
temperatures over the three prepared catalysts as well as over the
g-alumina used as catalytic support. This figure indicates the
function of two antagonistic reactions: methanation (1) which
provides negative values for conversion and oxidation of methane



Fig. 3. Carbon monoxide conversion over the CoOx/Al2O3 catalysts and g-alumina

used as support.
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(2) providing positive conversion values:

CO þ 3H2 ! CH4þH2O (1)

CH4þ2O2 ! CO2þH2O (2)

The first reaction predominates in the temperature range 250–
700 8C whereas the second at temperatures higher than 750 8C. It
may be seen that pure alumina exhibited relatively low activity for
the CH4 combustion under our experimental conditions. In contrast,
the supported CoOx species proved to be quite active for this
reaction. It may be, moreover, seen that CH4 formation was also
higher over the CoOx/Al2O3 catalysts than that over g-alumina. The
studied CoOx/Al2O3 catalysts exhibited the same catalytic behaviour
at reaction temperatures higher than 450 8C. Below this temperature
the EDF catalyst was proved to be the most active for methanation
reaction. In fact, a significant amount of CH4 was formed over this
sample even at the lowest reaction temperature studied.

Fig. 2 illustrates the hydrogen conversion achieved over the
catalysts prepared and the support at reaction temperatures in the
range 250–850 8C. Hydrogen is consumed in both oxidation (3) and
methanation (1) reactions:

H2þ1=2O2 ! H2O (3)

This is the reason for which we observe a monotonous increase
of the hydrogen conversion with temperature (Fig. 2). From Figs. 1
and 2, it may be inferred that at relatively low (high) temperatures
hydrogen is mainly consumed in methanation (oxidation) reaction.
The most important observation concerning Fig. 2 is the complete
hydrogen consumption over the EDF catalyst even at the lowest
reaction temperature. This should be related to the aforemen-
tioned very high methanation activity of this catalyst. At relatively
low reaction temperatures (T < 450 8C) the activity of the rest
catalytic samples is lower than that of the EDF sample and almost
the same to that of the support. However, alumina proved to be
very active for H2 consuming reactions at high reaction tempera-
tures (T � 450 8C).

Fig. 3 illustrates the CO conversion as a function of temperature
over the CoOx/Al2O3 catalysts and the support. Carbon monoxide is
also consumed in both oxidation (4) and methanation (1)
reactions:

CO þ 1=2O2 ! CO2 (4)

Therefore, a monotonous increase of the CO conversion with
temperature is expectable. From Fig. 3, it emerges that the EDF
Fig. 2. Hydrogen conversion over the CoOx/Al2O3 catalysts and the g-alumina used

as support.
sample exhibits the highest activity for the CO consuming
reactions as complete CO conversion is achieved only over this

sample at reaction temperatures lower than 450 8C. The correspond-
ing catalytic behaviour of the rest CoOx/Al2O3 catalysts seems to be
similar to that of the support.

Let us now examine whether the reactions taking place in
the temperature range 250–450 8C involve exclusively methana-
tion or both methanation and oxidation. The highest CH4

production has been observed over the EDF catalyst at 250 8C.
This production corresponds to H2 and CO conversions equal to 10
and 17%, respectively. However, as it may be seen from Figs. 2
and 3, the corresponding experimental conversions obtained
over this catalyst at the same temperature were in both of
cases equal to 100%. This means that reactions (3) and (4), and
probably (2) are also accelerated over this catalyst. The same
conclusion can be also drawn concerning the catalytic behaviour
of all catalysts and the support in the temperature range 250–
450 8C. The above deductive reasoning was inevitable in our case,
since the direct measurement of the catalytic activity towards H2

and CO oxidation was inaccurate due to incomplete resolution
of the chromatographic peaks corresponding to H2O and CO2

produced.

3.2. Catalysts characterization

In Table 1 are compiled the textural characteristics of the
catalysts prepared (BET surface area: SBET, pore volume: PV, and
mean pore diameter: dp). As it can be seen from the corresponding
values, the EDF sample exhibited relatively high SBET and PV as well
as relatively low dp. This finding indicates indirectly that the
relatively high dispersion of the supported cobalt phase achieved
following the EDF methodology for the deposition of the Co(II)
species on the alumina surface [25–30] is rather conserved even
Table 1
BET surface area (SBET), pore volume (PV), mean pore diameter (dp), mean crystal

diameter of Co-phase (dcryst.) and Co atomic surface concentration (% Cosurf. atoms) of

the catalysts studied.

Catalyst SBET (m2 g�1) PV (cm3 g�1) dp (Å) dcryst.(Å)a % Cosurf. atoms
b

IWI 111 0.42 136 198 5.4

IWI-nta 111 0.42 144 258 9.1

EDF 122 0.44 131 143 11.9

a Calculated from XRD patterns using the Scherrer equation.
b Calculated using the XPS spectra.



Fig. 5. UV–vis diffuse reflectance spectra of the CoOx/Al2O3 catalysts.

I. Zacharaki et al. / Catalysis Today 143 (2009) 38–4442
after the high temperature (850 8C) calcination applied on the cata-

lysts studied in this work.
The XRD patterns for the catalysts studied are illustrated in

Fig. 4. In these patterns relatively intensive diffraction peaks at
about 31.58, 378, 458, 568, 598 and 658 which could be assigned to
spinel structures of the Co3O4 and/or CoAl2O4 phases [23,42,43] are
present in addition to several weak peaks (at about 37.58, 468 and
678) attributed to the support [43]. It is difficult to discriminate
these cobalt phases because their diffraction patterns are very
similar. On the other hand, the presence of a very well-dispersed
CoO phase could not be excluded due to the absence of the
corresponding peaks in the XRD patterns (see laser Raman results
below).

As the most intensive XRD peak of the Co-phases (at 2u: 378) is
overlapped with one peak assigned to the g-alumina, we used the
peak at 2u = 31.58 to calculate the mean diameter (dcryst.) of the
spinel structure Co-phases. The calculated values (Table 1)
show that the highest dispersion (lowest crystal size) of these
phases has been achieved in the EDF sample. This finding confirms
the conclusion drawn previously on the base of the textural
characteristics of the catalysts studied.

In order to investigate further the structural characteristics of
the catalysts prepared we have recorded their UV–vis diffuse
reflectance spectra in the region 200–800 nm (Fig. 5). All spectra
exhibit an intense and not well-resolved triple absorption band,
centered at around 600 nm. Two shoulders also appear: one at the
low (�430 nm) and another one at the high (�720 nm) wavelength
side.

The triple band is attributed to CoAl2O4 which contains Co(II) in
tetrahedral symmetry [44,45]. It consists of two bands at 580 and
630 nm, and one shoulder at 545 nm. This multiple absorption can
safely be assigned to the ligand-field 4A2! 4T1(P) transition [46–
48]. The two shoulders decorating the triple band are attributed to
Co3O4 phase and they are assigned to 1A1g! 1T1g (720 nm) and
1A1g! 1T2g (430 nm) transitions [48]. Thus, the aforementioned
DRS results confirm the existence of both spinel structure phases
(Co3O4 and CoAl2O4) detected by the XRD analysis in all the
catalysts studied. However, even by applying this technique it is
not possible to detect any significant structural difference among
the studied catalysts explaining their activity differences observed
at low reaction temperatures.

Thus, in order to obtain a more clear picture about the structural
characteristics of the catalysts prepared we recorded the laser
Raman spectra of the samples under various atmospheres. More
precisely, the Raman spectrum was recorded for each catalyst
Fig. 4. XRD patterns of the CoOx/Al2O3 catalysts: (*) Co3O4 and/or CoAl2O4; (*)

Al2O3.
sample at 300 8C under oxygen atmosphere. The sample was then
cooled in the Raman furnace under flowing O2 and the spectrum
was recorded at room temperature. Afterwards, the Raman
spectrum was recorded at 300 8C under 4.5% H2/N2. Finally, the
sample was re-oxidised and the Raman spectrum was again
recorded. The same procedure was followed for all three samples.

Fig. 6 shows the Raman spectra obtained for the catalyst
samples at 25 8C. The spectra obtained at 300 8C under flowing O2

were qualitatively the same with the respective spectra shown in
Fig. 6 but the observed bands are sharper and better resolved at
room temperature. Treatment with hydrogen at 300 8C did not
Fig. 6. Raman spectra of the CoOx/Al2O3 catalysts obtained at room temperature

after treatment with flowing O2 at 300 8C. Resolution: 7 cm�1.



Fig. 7. X-ray photoelectron spectra of the Co2p core level for the CoOx/

Al2O3catalysts.

Fig. 8. TPR curves of the CoOx/Al2O3 catalysts.

I. Zacharaki et al. / Catalysis Today 143 (2009) 38–44 43
affect the vibrational properties of the surface species, indicating
that the samples are not reduced by H2 containing gas (4.5% H2/N2)
at this temperature, in agreement with the H2-TPR curves,
discussed below. Therefore, the discussion on surface composition
and structural properties of the dispersed species will be based, for
brevity, on the spectral features exhibited in Fig. 6.

The g-Al2O3 is a poor Raman scatterer, therefore all bands
observed in Fig. 6 are due to surface cobalt oxide species. The five
characteristic bands due to the crystalline Co3O4 spinel with Co2+

and Co3+ located at tetrahedral and octahedral sites, respectively,
dominate the spectrum of the IWI-nta sample and are identified
as 694 cm�1 (A1g), 622 cm�1 (F2g), 527 cm�1 (F2g), 487 cm�1 (Eg)
and 198 cm�1 (F2g). The observed band positions and relative
intensities are in agreement with the Raman spectra of Co3O4

single crystals [49]. The possible occurrence of CoO phase cannot
be excluded because the 484 and 691 cm�1 CoO bands [50]
coincide with respective Co3O4 bands and furthermore due to a
possible laser-induced conversion of CoO to Co3O4 [50]. The
spectrum of the EDF sample exhibits also the five Co3O4 bands
(although slightly broadened) plus at least three features at 635,
713 and 737 cm�1 that are not due to any of the possibly expected
Co containing crystalline species (Co3O4, CoO and CoAl2O4) and are
assigned to dispersed amorphous CoOx species. Formation of
anchoring Co–O–Al bridges can result in weakening of Co–O bonds
within CoO6 and CoO4 units and in a corresponding strengthening
(and blue shift) of non-bridging Co–O bonds protruding from the
surface, thereby explaining the appearance of bands at 713 and
737 cm�1. The band at 635 cm�1 can be due to Co–O–Co stretches
of the dispersed CoOx phase, in analogy with the relative band
positions due to M–O and M–O–M modes of dispersed surface
metal oxides. The broad nature of the Co3O4 spinel bands in
spectrum of the EDF sample is indicative of a much smaller Co3O4

crystal size on the surface of this sample. Furthermore, since the
scattering cross-section is generally much lower in dispersed
metal oxides than in the corresponding crystalline oxides, it

appears that a significant part of the surface is composed of dispersed

CoOx. Now, a closer inspection of the spectrum of IWI-nta sample
reveals that the 713 and 635 cm�1 bands that we have assigned to
amorphous CoOx are also present in the spectrum of the latter
sample, indicating that the amorphous phase is present to some
extent also at the surface of this sample.

The Raman spectrum of the IWI sample possesses bands due to
Co3O4 exhibiting weak and broad characteristics that are indicative
of small crystal size. Additionally, bands due to CoAl2O4 at 205,
�410 and 517 cm�1 [42,51] are seen in the corresponding
spectrum. A feature at �610 cm�1 has also been ascribed to
CoAl2O4 [43]. A weak band at �715 cm�1 shows the existence of a
small amount of dispersed CoOx on the surface of the IWI sample.

In summary, a much better dispersion of cobalt oxide, in the
form of amorphous CoOx in good interaction with the surface
prevails over the crystalline phases in the case of the EDF sample
and the Co3O4 phase in this sample is consisted from relatively
small size crystallites. These findings are in very good agreement
with the aforementioned textural characteristics of the samples
and the results of their XRD analysis.

The above findings are also corroborated by the XPS results.
Fig. 7 shows the XP spectra of the Co2p core level for the catalysts
studied. In all spectra a major peak appears at ca. 781.4 eV
corresponding to the Co2p3/2 photoelectrons. The position of this
peak as well as the appearance of the satellite lines in the spectral
region is well related to Co being in Co3O4, CoAl2O4 and CoO surface
phases [52].

The XPS analysis of the samples allows calculating the
percentage cobalt atomic surface concentrations (% Cosurf. atoms).
The calculated values are summarized in Table 1. These values
show that the EDF sample exhibited the highest surface
concentration of Co. Taking into account that all the studied
catalysts have the same bulk concentration of cobalt (21%, w/w)
the above results clearly show that, in effect, the EDF catalyst
exhibits the highest Co dispersion among the prepared samples.

Temperature-programmed reduction curves of the catalysts
studied are presented in Fig. 8. An inspection of these curves
reveals that all the samples were irreducible at temperatures lower
than 400 8C. This explains why we have not observed any change in
the Raman spectra of the samples after H2 treatment at 300 8C.

The very low hydrogen consumption observed over the EDF
catalyst indicates a very strong interaction between the cobalt phase

and the support surface in this sample. The latter is in very good
agreement with the fact that this sample has the highest Co
dispersion. On the other hand, the very high hydrogen consump-
tion observed over the IWI-nta sample probably shows that the
addition of nitrilotriacetic acid as chelating ligand upon Co
deposition prohibits an extended formation of the almost
irreducible CoAl2O4 which is in agreement with the Raman results.

4. Closing remarks

The joint use of different characterization techniques allows
demonstrating the influence of the impregnation method on the
physicochemical characteristics of the ‘‘cobalt oxide/g-alumina
catalysts’’ calcined at a very high temperature.
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The EDF methodology, applied under the conditions of the
present work, imposes interfacial deposition and results to
the formation of an almost bi-dimensional surface precipitate
[26,27,29]. Upon calcination, this surface precipitate provides very
well-dispersed CoOx amorphous species strongly interacted with
the support surface and thus hardly reducible as well as relatively
small Co3O4 supported nanocrystals (14.3 nm). The first phase is
the predominant one. Therefore, EDF result to catalyst with the
highest cobalt surface and specific surface area.

On the other hand, the application of the conventional IWI
imposes bulk (solution) precipitation and thus induces relatively
large supported crystallites [26,29]. Upon calcination the sup-
ported phase provides mainly relatively large supported Co3O4

nanocrystals (19.8 nm) and CoAl2O4 as well. The formation of the
relatively large nanocrystals and the insertion of cobalt inside the
g-alumina lattice to form CoAl2O4 may be responsible for the
lowest cobalt surface obtained in this catalyst.

The presence of the nitrilotriacetic acid in the impregnating
solution induces the exchange of the water ligands of the Co(II)
aqua complex present in the cobalt nitrate solution with organic
ligands and thus the bulk precipitation of an organo-metallic
complex [26]. The more bulky organic ligands decrease the cobalt-
support interactions [26]. Thus, upon calcination of the IWI-nta
sample the insertion of cobalt inside the g-alumina lattice and the
formation of CoAl2O4 are inhibited. This may be responsible for the
relatively higher cobalt surface obtained with respect to that
achieved in the IWI sample though the size of the Co3O4

nanocrystals is larger in the IWI-nta sample (25.8 nm).
Two types of reactions take place over the catalysts studied and

the alumina support: methanation of CO and complete oxidation of
the CO, CH4 and H2. The first type predominates in the temperature
range 250–700 8C whereas the second at temperatures higher than
750 8C. At relatively high reaction temperatures all catalysts
exhibited almost the same activity for oxidation reactions. In
contrast, at low reaction temperatures the EDF catalyst proved to
be more active for the CH4 production as well as for the oxidation of
H2 and CO. This behaviour may be attributed to the favourable
physicochemical characteristics of this catalyst.
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