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< Ceria-supported cobalt catalysts, with different cobalt contents, were prepared by the polymeric precursor method.
< The catalysts were evaluated for the steam reforming of ethanol for hydrogen production.
< The cobalt content of the catalyst influences the metal-support interaction which results in distinct catalyst performances.
< The catalyst with the highest cobalt content showed the best performance among the catalysts tested.
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In this paper, Co/CeO2 catalysts, with different cobalt contents were prepared by the polymeric precursor
method and were evaluated for the steam reforming of ethanol. The catalysts were characterized by N2

physisorption (BET method), X-ray diffraction (XRD), UVevisible diffuse reflectance, temperature pro-
grammed reduction analysis (TPR) and field emission scanning electron microscopy (FEG-SEM). It was
observed that the catalytic behavior could be influenced by the experimental conditions and the nature
of the catalyst employed. Physicalechemical characterizations revealed that the cobalt content of the
catalyst influences the metal-support interaction which results in distinct catalyst performances. The
catalyst with the highest cobalt content showed the best performance among the catalysts tested,
exhibiting complete ethanol conversion, hydrogen selectivity close to 66% and good stability at a reaction
temperature of 600 �C.

� 2012 Elsevier B.V. Open access under the Elsevier OA license.
1. Introduction

As investment continues to grow in a clean fuel economy,
hydrogen, one of the most abundant elements on earth, is an
attractive alternative to traditional fuel sources as a sustainable
energy for the near future. In combination with fuel cells, it has
been proposed as a major energy source which could contribute to
the reduction of atmospheric pollution and greenhouse gas emis-
sions and reduction of global dependency on fossil fuels. Nowadays,
themain process for hydrogen production is the steam reforming of
natural gas, which is based on a fossil resource and is always
associated with the emissions of local pollutants. Therefore, due to
x: þ55 31 35591660.
o).

evier OA license.
the expected increasing demand for energy together with envi-
ronmental concerns related to reducing atmospheric pollution, the
development of alternative methods for hydrogen production,
especially from renewable sources, has been attracting much
attention [1e5]. An alternative and promising way for producing
hydrogen, that has attracted attention of researchers worldwide, is
to use ethanol as a feedstock for the steam reforming process.
Ethanol has several advantages when compared to fossil fuels but
the most important is probably its renewable origin. Ethanol can be
easily obtained from several biomass sources such as the fermen-
tation of sugarcane (also called bioethanol) which is very inter-
esting for Latin American countries with extensive plantations of
this crop. In particular, Brazil has a very successful sugarcane
industry and leads the world in the production and use of ethanol
from sugarcane for fuel. The bioethanol-to-hydrogen system has
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the positive feature of being CO2 neutral, thus environmental
friendly, since the CO2 produced is consumed for biomass growth
and a nearly closed carbon cycle results. Moreover, ethanol has
relatively high hydrogen content, and its reactionwith water under
steam reforming conditions has been shown to be theoretically
feasible from a thermodynamic point of view [6e10]. Several
publications report experimental catalytic studies for the above-
mentioned reaction, discussing the utilization of different oxides
and noble- and non-noble metal-based catalysts. From the data
reported, catalytic performance appears to be influenced not only
by the operational conditions employed, but also the nature of the
metal phase and support used. Nobel metal-based catalysts
frequently exhibit better activity when compared to non-noble
metal catalysts, however, these catalysts are very expensive. As
a less expensive alternative, cobalt-based catalysts have been
shown to have high activity and selectivity toward hydrogen, due to
their capacity for CeC bond cleavage. Generally, acidic supports,
such as Al2O3, are known to favor the dehydration reactions to
ethylene and diethyl ether, followed by polymerization of ethylene
to form coke. Basic supports, such as MgO, favor dehydrogenation
and condensation reactions producing acetaldehyde and acetone.
The presence of these undesirable products, generated from these
reactions, hinders the overall hydrogen production reducing the
catalyst selectivity towards H2 [11e14]. However, better catalytic
performance with good stability and high hydrogen selectivity can
be expected over supports with redox properties, such as CeO2. This
oxide has been commonly used as catalyst or catalyst support, as
well as an effective promoter for catalysts, in the ethanol steam
reforming process. This oxide has high oxygen mobility and storage
capacity, and can act as a local source or sink for oxygen involved in
reactions taking place on its surface. Notably, cerium oxide is
known to enhance the reducibility, stability and the dispersion of
the supported metal [15e28].

The objective of the present study was to prepare a bifunctional
catalyst, based on cobalt and cerium for efficient steam reforming
of ethanol to produce hydrogen with high selectivity. The catalysts
were prepared through the polymeric precursor method. This
method, also called the Pechini method, allows the production of
nanocrystalline powder samples at relatively low temperatures.
This synthesis produces a polymer network starting from a poly-
hydroxy-alcohol and an alpha-hydroxycarboxylic acid, with
metallic cations homogeneously distributed throughout the matrix
[29]. The catalytic behavior in the ethanol steam reforming for
hydrogen production was investigated by evaluating the effect of
reaction temperature and cobalt content.
Table 1
Specific surface area (sbet), lattice parameter (a), oxygen occupancy (Ooccup), density
(r) and equivalent spherical diameter (deq) of ceria-supported cobalt samples.

Sample SBET (m2 g�1) a (Å)a Ooccup
a r (g cm�3)a deq (nm)

CeO2 40.4 5.416(4) 0.97(0) 7.158 21
(5)Co/CeO2 40.4 5.416(5) 0.94(2) 6.967 21
(10)Co/CeO2 34.6 5.414(9) 0.95(6) 7.147 24
(15)Co/CeO2 48.1 5.417(0) 0.97(2) 7.157 17
(20)Co/CeO2 27.7 5.418(3) 0.93(1) 7.110 30

a calculated via refinement Rietveld.
2. Experimental

2.1. Sample preparation

Ceria-supported cobalt catalysts were synthesized by the poly-
meric precursor method, following the procedure described in
a previous report [30]. Briefly, cerium ammonium nitrate,
(NH4)2Ce(NO3)6 e Aldrich, and cobalt nitrate, Co(NO3)2$6H2O e

Vetec, were used as precursors. The cerium ammonium nitrate and
cobalt nitrate were dissolved in water and then mixed into an
aqueous citric acid solution (100 �C) under constant stirring. The pH
of the solution was adjusted to 6.0 with ammonium hydroxide
solution. Next, ethylene glycol was added to polymerize the citrate
by a polyesterification reaction. The citric acid:metal molar ratio
was 3:1, while the citric acid:ethylene glycol mass ratio was 60:40.
The resulting polymer resin was then calcined at 600 �C for 2 h to
produce (x)Co/CeO2 samples, where x (%mol) was equal to 5, 10, 15
and 20, respectively.
2.2. Sample characterization

The specific surface area (BET method) was measured by the N2
adsorption/desorption isotherms at liquid nitrogen temperature,
using a Micromeritics ASAP 2000. The equivalent spherical diam-
eter of the particles, dBET, was calculated with the equation:
dBET ¼ 6/Ssr, where Ss is the specific surface area and r is the density
of the material in the particles.

The powders were structurally characterized with an automatic
X-ray diffractometer (Rigaku, Rotaflex RU200B) with CuKa radia-
tion (50 kV, 100 mA, l ¼ 1.5405 Å) equipped with a graphite
monochromator. The qe2q configuration was used, 2q ranging
between 20 and 90�, with a step size of 0.02� and a step time of
5.0 s. Rietveld analysis was performedwith the Rietveld refinement
program GSAS [31]. A pseudo-Voigt profile function was used.

UVevisible diffuse reflectance spectra were acquired with
a Cary 5G spectrophotometer in the 200e800 nm range.

The morphology of the samples was investigated by field
emission scanning electron microscopy using a (FEG-SEM, Zeiss
Supra� 35) equipment.

Temperature programmed reduction (TPR) analysis in a 5%H2/
N2 (95 cm3 min�1) gas mixture were carried out in a ChemBET TPR/
TPD Quantachrome instrument. The samples were previously
treated in situ under a He atmosphere (95 cm3 min�1) at 200 �C for
2 h. The heat-treated samples were heated in the gas mixture from
room temperature to 900 �C with a heating rate of 10�C min�1.
2.3. Catalytic tests

Catalytic tests were carried out at atmospheric pressure in
a fixed-bed quartz tubular reactor, 6 mm of inner diameter, packed
with 10 mg of catalyst placed in an oven (EDG model 10P-S) at 400,
500 and 600 �C. Prior to reaction, the catalysts were heat-treated
under hydrogen atmosphere at 450 �C for 1.5 h at a flow rate of
50 cm3 min�1. Water and ethanol were fed into the reactor using
a systemwith two saturators to obtain a water:ethanol molar ratio
of 3.1 � 0.1. Helium was used as carrier gas at a total flow rate of
30 cm3 min�1. The reactants and the reaction products were
analyzed by gas chromatograph (Agilent 7890A), equipped with
a thermal conductivity detector (TCD) and a flame ionization
detector (FID) connected in series. The chromatograph columns
used were the HP-Plot-Q and an HP-Molesieve both with 30 m in
length and 0.53 mm in diameter.
3. Results and discussion

3.1. Sample characterization

The specific surface area of the CeO2 sample prepared in this
work was 40.4 m2 g�1 (Table 1). The specific surface area of all
samples varied between 27.7 and 48.1m2 g�1. However, the value of
the specific surface area oscillates as the amount of Co increases
from 0 to 20% of the metal atom content. No change in the value of
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Fig. 2. UVeVis spectra of the ceria-supported cobalt samples.
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the specific surface areawas observed for the (5)Co/CeO2 sample. In
comparison, a decrease in the specific surface area was observed at
10% cobalt content ((10)Co/CeO2) but then an increase for the (15)
Co/CeO2 sample and a subsequently decrease again for the (20)Co/
CeO2 sample. The equivalent spherical diameter of the particles
(deq) varied between 17 and 30 nm, all in the nanometric range.

Fig. 1 shows the XRD patterns of the ceria-supported cobalt
samples. Fluorite type CeO2 (ICSD n� 156250) was present in all the
samples. Secondary phase peaks were found in the samples with
10, 15 and 20% of cobalt. Table 1 describes the lattice parameter (a)
and oxygen occupancy calculated from the Rietveld refinement.
The lattice parameter a does not vary monotonically with compo-
sition. First, there is a decrease in a up to 10% cobalt, followed by an
increase in a for samples with 15 and 20% cobalt. A decrease in
oxygen occupancy occurs with increasing cobalt content. This
decrease in oxygen occupancy is related to an increase in the
content of oxygen vacancies in the ceria matrix to preserve electron
neutrality, as proposed elsewhere [32]. The decrease in the lattice
parameter of ceria-supported cobalt samples has been associated
with the substitution of bigger Ce4þ ion (radii ¼ 0.97 Å) by the
smaller Co2þ ion (radii¼ 0.90 Å) or Co3þ ion (radii¼ 0.61 Å) [33,34].
The increase in lattice constant is explained in terms of strains in
the lattice generated by an increasing molar fraction of oxygen
vacancies [35]. Hence, it is possible that these two effects coexist
and contribute in altering the lattice parameter of the samples.
Thus, it is believed that the decrease in a up to 10% of cobalt (where
the solubility limit is reached) is due to substitution of Ce4þ by Co2þ

or Co3þ. For higher cobalt content, the strain caused by increasing
molar fraction of oxygen vacancies is more pronounced than the
ionic radius difference between Ce4þ and Co2þ/Co3þ, resulting in an
increase in a. Thus, the results suggest that cobalt is well dispersed
in the volume and/or on the surface of ceria for both (5)Co/CeO2
and (10)Co/CeO2 samples, whilst for (15)Co/CeO2 and (20)Co/CeO2,
cobalt is most likely residing on the surface of ceria and forming
Co3O4 precipitates.

Fig. 2 presents the UVeVis diffuse reflectance spectra for the
samples. Pure CeO2 showed three characteristics peaks, at 226, 305
and 345 nm, assigned as f/ d transitions of Ce3þ species, localized
O / Ce charge transfer transition involving a number of surface
Ce4þ ions and interband transitions in CeO2, respectively [36,37].
The band around 430e450 is due transitions of octahedral Co3þ,
and the band centered at 730 nm is due to transitions of octahedral
Co3þ [38]. The band around 305 nm becomes less intense with
increasing cobalt content. It is possible that surface Ce4þ ions are
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Fig. 1. XRD patterns of ceria-supported cobalt samples.
substituted by Co3þ and/or Co2þ ions. This result is consistent with
our previous assumption presented with XRD results that cobalt
most likely resides on surface sites of the ceria.

Fig. 3 presents SEM-FEG images of the prepared samples. One
can see the presence of agglomerates made of nanoparticles with
average size between 10 and 20 nm for CeO2 sample and between
20 and 30 nm for the samples with cobalt. These results are in
agreement with our deq data calculated via BET measurements.

The determination of reducible species at the surface of the
catalyst and the temperature at which these species are reduced
give important information regarding catalytic performance. The
TPR profiles of the ceria-supported cobalt samples used as catalysts
in this study are presented in Fig. 4. The aforementioned structural
differences imply different reduction patterns that were discussed
according to the literature data [39e45]. The TPR spectrum of CeO2
may contain one to three peaks. A first peak, at around 450 �C, is
usually ascribed to the reduction of the ceria surface; a second peak
at 580 �C, which is due to the formation of non-stoichiometric
oxides of composition CeOx; and a third peak at 920 �C, which
indicates the reduction of CeO2 to Ce2O3 in the bulk sample.
Nevertheless, according to Holgado et al. [45] the highest temper-
ature TPR peak could also be indicating that the reduction of CeO2

goes to CeO2�x. In the case of Co3O4, the reduction process is
described as a two step process (Co3O4/ CoO/ Co) with two
types of H2eTPR profiles, one consisting of a broad peak and the
other presenting two defined peaks. All TPR profiles of the samples
studied in this work have two regions where hydrogen is
consumed: a low temperature range (350e700 �C) and a high-
temperature range (700e1000 �C). The XRD data indicates that
there is no cobalt secondary phase in the (5)Co/CeO2 sample, while
its TPR profile displays two main reduction peaks. The first one,
a weak and broad peak with a maximum at around 450 �C and
a little shoulder centered at 500 �C corresponding to the reduction
of Co3O4 phase to CoO and the reduction of CoO to Co0, respectively.
However, we cannot rule out the reduction of surface ceria, which
occurs at low temperatures (around 450 �C). Thus, the first broad
reduction peak could also comprise the reduction of surface ceria
due to the low cobalt content in this sample. The second, a high-
temperature peak centered at 900 �C, can be ascribed to the
reduction of Ce4þ to Ce3þ in the bulk of ceria. Furthermore, this
characteristic peak (with a maximum at around 900 �C) was
observed in the TPR profiles of all samples. A careful observation of
the TPR curve for this sample shows the presence of a very weak
and broad peak centered at around 680 �C that can be attributed to



Fig. 3. SEM-FEG images for ceria-supported cobalt samples: (a) CeO2, (b) (5)Co/CeO2, (c) (10)Co/CeO2, (d) (15)Co/CeO2 and (e) (20)Co/CeO2.
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the reduction of Co2þ or Co3þ linked to the support. The TPR profile
of the (10)Co/CeO2 sample shows three major H2 consumption
peaks. The lower temperature peak can be rationalized by the
reduction of Co3O4 phase to CoOwhile the second peak, centered at
580 �C, results from the reduction of Co2þ or Co3þ ions strongly
bound in the ceria matrix. Nevertheless, this second peak could also
comprise the reduction of non-stoichiometric species, as
mentioned before. The reduction of CoO to Co0 can be identified by
the shoulder centered at 515 �C present in the second peak. The TPR
profile of the (20)Co/CeO2 sample shows four major H2 consump-
tion peaks. The lower temperature peak, observed at 390 �C, can be
attributed to the reduction of the Co3O4 phase to CoO while the
second peak, centered at 460 �C, to the subsequent reduction of
CoO to Co0. Finally, the third peak at around 595 �C indicates the
reduction of Co2þ or Co3þ ions in a strong interactionwith the CeO2
and it could also be compromising the reduction of the CeOx

species. Interestingly, a pattern was observed wherein cobalt
loading was responsible for the step-wise reduction of cobalt oxide
shifting to a lower temperature. This suggests that the reduction
process of the samples becomes easier with higher cobalt content.
In addition, the broad peak, attributed to the reduction of surface
Ce4þ to Ce3þ ions, present in the TPR profiles decreased in intensity
with increasing cobalt content, indicating that cobalt substitutes
Ce4þ ions located in the surface of ceria as the cobalt content
increases. These results are consistent with our previous assump-
tion presented by the XRD and UVeVis results showing that cobalt
is well distributed in the volume and/or on the surface of ceria for
(5)Co/CeO2 and (10)Co/CeO2 samples and as the cobalt content
increases it is more likely to be located and dispersed on the surface
of ceria forming Co3O4 precipitates when the solubility limit is
exceeded.

3.2. Catalytic tests

In order to investigate the catalytic activity of the samples, the
steam reforming of ethanol was carried out. The influence of
different operating temperatures on the ethanol conversion and
product distribution was studied by varying the temperature from
400 to 600 �C. The catalytic behaviors of the different ceria-
supported cobalt samples ((5)Co/CeO2, (10)Co/CeO2 and (20)Co/
CeO2) were also studied and compared. Typical experimental
results obtained are presented in Figs. 5 and 7, in which the
selectivity of each product and the conversion of ethanol are shown
as a function of reaction time. It was observed that the ethanol
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Fig. 5. Steam reforming of ethanol over (20)Co/CeO2catalyst at different temperatures:
(a) 400 �C, (b) 500 �C and (c) 600 �C. Legends: Filled square ¼ C2H5OH conversion,
open circle ¼ H2, filled circle ¼ CO2, open square ¼ CH3CHO, open
triangle ¼ CH3COCH3, filled triangle ¼ CO, open rhombus ¼ C2H4, open
rectangle ¼ CH4, plus symbol ¼ C2H6, multiplication symbol ¼ C3H6, selectivities
respectively.
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steam reforming experiments performed over supported cobalt
catalysts showed an ethanol conversion levels and product distri-
bution that varied with reaction temperature and the nature of the
catalyst. The effect of reaction temperature on catalytic perfor-
mance of (20)Co/CeO2 catalyst in the steam reforming of ethanol
was investigated and the results are presented in Fig. 5. As expec-
ted, the conversion of ethanol increased with increasing reaction
temperature. The complete conversion of ethanol was achieved
when the temperature employed was 600 �C. Nine compounds
were observed in the reaction effluent during the ethanol steam
reforming process in the range of reaction temperatures studied.
Six of those, H2 (hydrogen), CO2 (carbon dioxide), CO (carbon
monoxide), C2H4 (ethylene), CH3CHO (acetaldehyde) and
CH3COCH3 (acetone) were the major products detected. Another
three compounds, CH4 (methane), C2H6 (ethane) and C3H6

(propylene) were minor products formed where the selectivity to
each one was always less than 2% in all tests. At 400 �C, the
conversion of ethanol reached 50% at the beginning of the test.
However, the ethanol conversion decreased to 21% after 300 min in
time on stream with little difference in product distribution. The
process at this temperature had a high selectivity toward hydrogen
production and mainly CO2, CH3CHO and CH3COCH3 were formed
as byproducts, with lower amounts of CO and C2H4, indicating that
the steam reforming of ethanol (reaction 1), ethanol dehydroge-
nation to acetaldehyde (reaction 2) and aldol condensation reaction
of acetaldehyde molecules to form acetone (reaction 3), seem to
occur as the main side reactions. Acetone is not a very common



Fig. 6. Steam reforming of ethanol at reaction temperature of 500 �C over: (a) (5)Co/
CeO2, (b) (10)Co/CeO2, (c) (20)Co/CeO2 catalysts and (d) At reaction temperature of
600 �C over (5)Co/CeO2 catalyst. Legends: Filled square ¼ C2H5OH conversion, open
circle ¼ H2, filled circle ¼ CO2, open square ¼ CH3CHO, open triangle ¼ CH3COCH3,
filled triangle ¼ CO, open rhombus ¼ C2H4, open rectangle ¼ CH4, plus symbol ¼ C2H6,
multiplication symbol ¼ C3H6, selectivities respectively.
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product from the ethanol steam reforming process. However, its
production can be related to CeO2 used as support. According to
Wang et al. [19] CeO2-based catalysts can favor acetaldehyde
condensation to acetone. In addition, Nishiguchi et al. [20] have
studied the formation mechanism of acetone in steam reforming of
ethanol suggesting its production from acetaldehyde. The amount
of ethylene detected (close to 2%) could indicate that this particular
catalyst has few acid sites which are capable of dehydrating small
amounts of ethanol (reaction 4) at this temperature.

C2H5OHþ 3H2O/2CO2þ6H2 (1)

C2H5OH/CH3CHOþ H2 (2)

2CH3CHO/CH3COCH3þCOþH2 (3)

C2H5OH/C2H4þH2O (4)

Similarly, a deactivation behavior was observed when the
reaction temperature was increased to 500 �C, and this was also
accompanied by a decrease in the selectivity for H2. In contrast, the
selectivity of CH3CHO and CO increased but on the other hand the
selectivity to CO2 slightly decreased and practically no CH3COCH3
was detected. This indicates that at this stage the steam reforming
of ethanol (reaction (1)), ethanol dehydrogenation (reaction (2))
and reverse water gas shift reaction (reaction (5)) was taking place
and thus these reactions are favored at this temperature.

CO2þH2/COþ H2O (5)

At the highest evaluated reaction temperature, the (20)Co/CeO2
catalyst achieved complete conversion of ethanol and remained
stable until the end of the experiment. Selectivity toward H2 was
still high and reached a maximum (close to 66%) at 600 �C. An
8e21% increase in selectivity for CO was observed, whilst the
selectivity of CO2 was almost the same and no acetaldehyde was
detected. This indicates that at this stage acetaldehyde
decomposed to form CO and CH4 (reaction (6)) and then, in the
presence of water, CH4 was converted to CO and H2 by steam
reforming (reaction (7)).

CH3CHO/CH4 þ CO (6)

CH4þH2O/COþ 3H2 (7)

When the reaction temperature employed was 400 �C and
500 �C, it was observed that ethanol conversions decreased with
time on stream. On the other hand, when the reaction temperature
was 600 �C, no catalytic deactivation process was observed. It is
well established that deactivation of supported metal catalysts
during ethanol steam reforming occurs mainly due to carbon
deposition on catalyst surface. The nature of carbon deposition
with the reaction conditions plays a crucial role in determining the
extent of catalyst deactivation. Commonly, two types of carbona-
ceous deposits, which depend on the operational conditions, have
been reported, amorphous carbon and filamentous carbon. The first
type leads to severe deactivation while the second leads to a mild
deactivation process [40]. In this work, the quantitative determi-
nation of coke deposited, as well as the type of carbon formed and
its influence on the catalytic behavior is not reported. This study is
under way and it will be reported in due course. However, it is
known that the reaction pathway during catalytic ethanol steam
reforming comprises a series of simultaneous reactions, including
decomposition, dehydrogenation, dehydration and steam reform-
ing reactions. These reactions aremore or less promoted depending
on the nature of the catalyst, the type of interactionwith the surface
of the solid material and the different reaction conditions [11e14].
In our case, from the catalytic results in the reaction temperature
range of 400e500 �C, the detected reaction products were espe-
cially comprised of H2, CO2, CH3CHO and CH3COCH3. Thus, we can
speculate that coke mainly comes from CH3CHO and CH3COCH3.
Ethanol is dehydrogenated to produce acetaldehyde and hydrogen
(reaction (2)) and then the acetaldehyde is converted to acetone



Fig. 7. Long-term stability test of (20)Co/CeO2 catalyst at reaction temperature of 600 �C. Legends: Filled square ¼ C2H5OH conversion, open circle ¼ H2, filled circle ¼ CO2, open
square ¼ CH3CHO, open triangle ¼ CH3COCH3, filled triangle ¼ CO, open rhombus ¼ C2H4, open rectangle ¼ CH4, plus symbol ¼ C2H6, multiplication symbol ¼ C3H6, selectivities
respectively.
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(reaction (3)), these products can be precursors of coke formation
from reactions (8) and (9), leading to catalyst deactivation. It is
important to note that the decomposition of methane reaction to
hydrogen and carbon (reaction (10)) cannot be ruled out due to the
low concentrations of the hydrocarbon detected, which can also
contribute partly to carbon deposition. When the reaction
temperature was 600 �C, H2, CO2 and COwere themain compounds
detected while CH3CHO and CH3COCH3 were not detected and no
catalyst deactivation was observed. This indicate that, even carbon
deposition was occurring, this deposition did not affect the activity
of the (20)Co/CeO2 catalyst during the reaction period. Similar
behavior for Co/CeO2 catalysts on ethanol steam reforming was
verified byWang et al. [22], where the process of coke formation or
carbon deposition over the catalyst surface was dependent on
reaction temperature. According to the authors, when the reaction
temperature was 450 �C and lower, ethanol was dehydrogenated
and/or dehydrated over Co/CeO2 catalysts and the dehydrogenated
and dehydrated products were further transformed to cokes. On
the other hand, when the reaction temperature was 600 �C or
higher, carbon deposition was not the main problem for steam
reforming of ethanol over Co/CeO2 catalysts, the coke formation or
carbon deposition was hardly seen, neither layered coke nor fiber-
or tube-like carbons could be observed.

CH3CHO/coke (8)

CH3COCH3/coke (9)

CH4/2H2 þ C (10)

The effect of cobalt content on catalyst performance was also
investigated at different temperatures. Fig. 6 shows ethanol
conversion and product selectivities, at 500 and 600 �C, with cobalt
content ranging from 5 to 20%. In spite of its lowest specific surface
area, the (20)Co/CeO2 catalyst was the most active among the
catalysts tested at 500 �C. The selectivity toward hydrogen
increased and the formation of liquid products (acetaldehyde and
acetone) decreased with increasing cobalt composition of the
catalysts, pointing to the positive effect of cobalt sites for reforming
of ethanol molecules. With the increase of metal loading, more
cobalt ions were incorporated into CeO2 lattice, thus a higher
number of active sites are available for the reforming reactions that
resulted in higher ethanol conversion [19]. On the other hand,
ethanol conversions were lower over (5)Co/CeO2 and (10)Co/CeO2

catalysts. It is interesting to observe the reaction effluent
composition of the (5)Co/CeO2 catalyst. This particular catalyst was
unique in that C2H4 appeared in an appreciable extent in the
product stream. The physicochemical properties of the catalyst play
an important role in the evolution of surface reactions. In ethanol
steam reforming both dehydrogenation to acetaldehyde or dehy-
dration to ethylene can occur depending upon the nature of the
catalyst. Dehydration and dehydrogenation reactions were
promoted over the (5)Co/CeO2 catalyst surface, thus a combination
of catalytic properties could be observed on its surface, this
particular catalyst has a great ability for dehydrogenation and
a good capability for dehydration of ethanol. This fact can be
ascribed to a lower metallic covering on the surface of the support,
as determined by XRD, UVeVis and TPR measurements, indicating
that the CeO2 support is mainly responsible for the catalytic activity
in this case. Ethylene and acetaldehyde formation from ethanol
steam reforming process over pure CeO2 operating in a wide range
of reaction temperature and inlet C2H5OH/H2O molar ratios have
been reported by Laosiripojana et al. [23,24]. With the increase of
cobalt content, ethylene production drastically decreases, and it
was not detected in the product stream of (20)Co/CeO2 catalyst.
Besides, it can be observed from the results that the selectivity
toward CH3CHO decreased while the production of H2, CO2 and CO
increased over (20)Co/CeO2 catalyst, suggesting the promotion of
acetaldehyde steam reforming (reaction (11)) and therefore expli-
cates the three reaction steps involving acetaldehyde decomposi-
tion (reaction (12)), the water gas shift reaction (reaction (13)),
followed bymethane steam reforming [46]. This fact may be related
to the more effective action of the metal active phase, which is
covering a greater surface area of the support due to the greater
metal content in this sample. In the presence of cobalt, the catalyst
becomes more active for the breaking of the CeC and CeH bonds in
the ethanol cleavage to produce hydrogen and C1 compounds,
which leads to an improvement in the reforming activity of the
catalysts [47e50]. Also, according to the results previously reported
[19,25e28], the replacement of some Ce4þ with smaller cobalt ions
enhances the oxygen storage of CeO2. This oxygen availability plays
an important role in determining both hydrogen yield and the
catalyst stability. If there is sufficient oxygen available or accessible,
ethanol molecules can be fully oxidized, hindering the formation of
byproducts, that results in maximization of hydrogen production,
since ethanol steam reforming is considered a redox reaction,
where ethanol is oxidized by the oxygen species originating from
water present in reaction sphere. This observation is in agreement
with the XRD and UVeVis measurements. In the initial period of
the experiments, both (5)Co/CeO2 and (20)Co/CeO2 catalysts at
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600 �C displayed similar ethanol conversion and product distri-
bution. Ethanol was completely converted and the formation of
undesirable reaction byproducts (acetaldehyde and ethylene) was
significantly suppressed, during the first 150min and thus indicates
an effective action of the metallic cobalt sites for reforming the
ethanol molecules at this temperature. However, it is interesting to
note that the ethanol conversion decreased from 100 to 22% after
300 min on stream with a significant difference in the product
distribution also being observed. The selectivity toward CH3CHO
appreciably increases and also C2H4 increases, with concomitant
H2, CO and CO2 production decreasing as the reaction progresses
over time, indicating that at this stage ethanol dehydrogenation
becomes the main reaction involved. This fact can be related to the
coke formation from ethylene polymerization (reaction (14)) and
acetaldehyde (reaction (8)). As mentioned before, the amount of
active phase available from this catalyst is lower and so when the
active metal phase is covered due to encapsulation by carbon, the
active sites would be less accessible and the support would be
mainly responsible for the catalytic activity in this case, leading to
CH3CHO and C2H4 formation [51]. In addition, this may be
considered as themain reason for the catalyst deactivation that was
observed, in spite of this, loss of activity for the cobalt-based
catalysts can also be related to the oxidation of metallic Co parti-
cles during the reaction [52].

In order to investigate the (20)Co/CeO2 catalyst stability, a long-
term reaction test was performed at 600 �C (Fig. 7). Ethanol
conversion achieved 100% and was totally stable for approximately
17 h. The selectivity to hydrogen was high and remained constant
during 20 h on time on stream. After 20 h of reaction, a similar
catalytic behavior to that of (5)Co/CeO2 in the final part of the
experiment at 600 �C was observed with an increase in acetalde-
hyde formation, a decrease in the H2, CO and CO2 selectivities and
catalyst deactivation which is most probably due to carbon depo-
sition on its surface.

CH3CHOþH2O/CO2þCH4þH2 (11)

CH3CHO/COþ CH4 (12)

COþH2O/CO2þH2 (13)

C2H4/coke (14)

4. Conclusions

In this study, ceria-supported cobalt catalysts were prepared
trough the polymeric precursor method. The preparative method-
ology employed led to the obtainment of materials with important
properties for applications in catalytic processes, such as ethanol
steam reforming for hydrogen production. Structural and optical
characterization revealed that cobalt is well distributed in the
volume and/or on the surface of ceria for (5)Co/CeO2 and (10)Co/
CeO2 samples and as the cobalt content increases it is more likely to
be located and dispersed on the surface of ceria forming Co3O4

precipitates when the solubility limit is exceeded. According to
XRD, UVeVis and TPR measurements, cobalt content in the catalyst
influences the metal-support interaction which results in distinct
catalyst performances. The results clarify that the reaction condi-
tions and the nature of the catalysts influenced the ethanol steam
reforming process. The (20)Co/CeO2 catalyst showed the best
performance among the catalysts tested, exhibiting a high ethanol
conversion and hydrogen selectivity, at 600 �C of reaction
temperature, where ethanol was completely consumed and the
selectivity to hydrogen reached approximately 66%. A long-term
test conducted at 600 �C showed that the (20)Co/CeO2 catalyst is
acceptably stable and could be considered as a good candidate for
hydrogen production from ethanol steam reforming.
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