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Abstract: A series of Ce1´xCoxO2´y precursors were prepared by homogeneous precipitation using
urea as a precipitant. The Co/CeO2 catalysts obtained from the Ce1´xCoxO2´y precursors were
used for the steam reforming of ethanol to produce hydrogen. Co ions could enter the CeO2 lattices
to form Ce1´xCoxO2´y mixed oxides at x ď 0.2 using the homogeneous precipitation (hp) method.
CeO2 was an excellent support for Co metal in the steam reforming of ethanol because a strong
interaction between support and metal (SISM) exists in the Co/CeO2 catalysts. Because Co/CeO2

(hp) prepared by homogeneous precipitation possessed a high BET surface area and small Co
metal particles, Co/CeO2 (hp) showed a higher ethanol conversion than the Co/CeO2 catalysts
prepared using the co-precipitation (cp) method and the impregnation (im) method. The selectivity
of CO2 over Co/CeO2 (hp) increased with increasing reaction temperature at from 573 to 673 K, and
decreased with increasing reaction temperature above 673 K due to the increase of CO formation. The
carbonaceous deposits formed on the catalyst surface during the reaction caused a slow deactivation
in the steam reforming of ethanol over Co/CeO2 (hp). The catalytic activity of the used catalysts
could be regenerated by an oxidation-reduction treatment, calcined in air at 723 K and then reduced
by H2 at 673 K.

Keywords: bio-ethanol; steam reforming; hydrogen; urea hydrolysis; homogeneous precipitation;
Co/CeO2 catalyst; Ce1´xCoxO2´y mixed oxide; solid-phase crystallization

1. Introduction

Biomass-derived ethanol (so-called as bio-ethanol) is a renewable fuel because it can be produced
by fermentation of biomass, such as starch, sugar, crop wastes, and so on. The concentration of ethanol
is 12–15 wt. % in bio-ethanol by the fermentation of biomass. In using bio-ethanol as an additive to
gasoline, high energy intensive and rather expensive processes have been used for recovering highly
concentrated ethanol (>99.5 wt. %) due to the co-boiling of ethanol and water. On the other hand,
hydrogen is an efficient and clean energy and is predicted to become a major source of energy in the
future. Hydrogen can be produced by the steam reforming of ethanol (Equation (1)) and this reaction
can be used in fuel cell systems [1–3].

C2H5OH ` 3H2OÑ 2CO2 ` 6H2 (1)

As shown in Equation (1), the molar ratio of ethanol to water is three and thus the concentration
of ethanol in the mixed solution is about 46 wt. %. Because a 46 wt. % ethanol aqueous is easy to be
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obtained by the simple distillation of bio-ethanol, the steam reforming of bio-ethanol (aqueous solution
of ethanol) to produce hydrogen has been proposed to be an effective method for the utilization of
bio-ethanol fuel.

Base metals (such as Co, Ni, and Cu) and noble metals (such as Rh, Au, and Ir) have been
used as the active metal catalysts for ethanol steam [3–25]. Among them, Co is an attractive active
metal due to its high catalytic performance and low price. The oxide support plays a significant
role in the performance of metal catalysts for ethanol steam. CeO2 is an excellent support for the
metal catalysts in the steam reforming of ethanol. Moreover, the synthesis method greatly influences
the catalytic performance of a metal-supported catalyst. Impregnation and co-precipitation are the
methods usually to be used for preparing CeO2-supported metal catalysts in the steam reforming
of ethanol. On the other hand, the homogeneous precipitation method by urea hydrolysis has been
reported as an excellent method for preparing Cu/ZnAlO catalyst in the steam reforming of methanol
and the gas-shift reaction [26,27]. Moreover, the solid-phase crystallization (SPC) method using
multi-component precursors is an effective method for synthesizing highly active metal-supported
catalysts [28]. We have used the concept of SPC method to prepare active catalysts for some important
reactions [29–38]. In this study, we synthesized the Co/CeO2 catalysts derived from Ce1´xCoxO2´y
precursors by the homogeneous precipitation for the steam reforming of ethanol to produce hydrogen.

2. Results and Discussion

2.1. Catalyst Characterization

Figure 1 shows the X-ray diffraction patterns of Ce1´xCoxO2´y prepared by homogeneous
precipitation after calcination at 723 K for 3 h. The CeO2 support showed four main reflections
corresponding to the (111), (200), (220) and (311) crystallographic planes, implying that the CeO2

support had a fluorite structure with cubic (fcc) cells. A Co3O4 phase ((111) crystallographic plane)
appeared at 36.9˝ in the patterns of the Ce1´xCoxO2´y mixed oxides when x was larger than 0.2, and
the intensity of the Co3O4 peak increased with increasing Co content in the samples.
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Figure 2 shows the lattice constant of CeO2 in the Ce1´xCoxO2´y prepared by homogeneous
precipitation after calcination at 723 K for 3 h. The lattice constants of the CeO2-based materials were
calculated based on the four main reflections in the XRD patterns. The lattice constant of CeO2 was
0.5410 nm without Co addition. The lattice constant of CeO2 decreased when Co was added, but
almost remained constant (around 0.5354 nm) when x was larger than 0.2 in the Ce1´xCoxO2´y mixed
oxides. These results indicated that the smaller Co ions could enter in the CeO2 lattice to form a
homogeneous Ce1´xCoxO2´y solid solution at x ď 0.2. For the Ce1´xCoxO2´y samples with x > 0.2, a
part of Co ions entered in the CeO2 lattice to form a solid solution and the remaining Co ions formed
large Co3O4 particles on the surface of CeO2.

Catalysts 2016, 6, 26 3 of 14 

Figure 2 shows the lattice constant of CeO2 in the Ce1−xCoxO2−y prepared by homogeneous 
precipitation after calcination at 723 K for 3 h. The lattice constants of the CeO2-based materials were 
calculated based on the four main reflections in the XRD patterns. The lattice constant of CeO2 was 
0.5410 nm without Co addition. The lattice constant of CeO2 decreased when Co was added, but 
almost remained constant (around 0.5354 nm) when x was larger than 0.2 in the Ce1−xCoxO2−y mixed 
oxides. These results indicated that the smaller Co ions could enter in the CeO2 lattice to form a 
homogeneous Ce1−xCoxO2−y solid solution at x ≤ 0.2. For the Ce1−xCoxO2−y samples with x > 0.2, a part 
of Co ions entered in the CeO2 lattice to form a solid solution and the remaining Co ions formed large 
Co3O4 particles on the surface of CeO2. 

 

Figure 2. Lattice constant of CeO2 in the Ce1−xCoxO2−y prepared by homogeneous precipitation after 
calcination at 723 K for 3 h. 

Table 1 summarizes the physical properties of various Co-supported catalysts with 7.7 wt. % Co 
loading. All samples were reduced in H2 at 673 K for 10 h. The actual Co loadings, which were 
measured by ICP elemental analysis, were very similar to the Co loadings designed in the catalysts. 

Table 1. Physical characters of various Co-supported catalysts with 7.7 wt. % Co loading. 

Sample BET Surface Area (m2·g−1) Co Particle Size (nm) a Co Dispersion Degree (%) a 
Co/CeO2 (hp) 135 7.6 12.6 
Co/CeO2 (cp) 102 9.5 10.1 
Co/CeO2 (im) 88 17.7 5.4 
Co/Al2O3 (im) 147 14.3 6.7 

a Obtained by CO adsorption. 

The 7.7 wt. % Co/CeO2 (hp) catalyst obtained by reducing the Ce0.8Co0.2O2−y precursor showed a 
BET surface area of 135 m2·g−1, which was higher than those of Co/CeO2 (cp) (102 m2·g−1) and Co/CeO2 
(im) (88 m2·g−1). Co ions were doped in the CeO2 positions in the Ce0.8Co0.2O2−y precursor, which 
caused a decrease in the crystallization degree of CeO2-based support. Further, the decrease of the 
crystallization degree could cause an increase of the BET surface area in Co/CeO2 (hp). The Co 
particles’ size measured by CO absorption was 7.6, 9.5, and 17.7 nm for Co/CeO2 (hp), Co/CeO2 (cp), 
and Co/CeO2 (im), respectively. The use of multi-component precursors may yield well-dispersed 
metal particles on the surface of supports after calcination and reduction; this property, known as 
solid-phase crystallization (SPC), is important in the preparation of highly active metal-supported 
catalysts [27–33]. Using the homogeneous precipitation, Co ions could enter in the CeO2 lattice to 
form a Ce1−xCoxO2−y solid solution after calcination in air at 723 K. On the other hand, Co ions could 
not enter in the CeO2 lattice using the impregnation, which caused the large Co particles to be formed 
in Co/CeO2 (im). 
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Table 1 summarizes the physical properties of various Co-supported catalysts with 7.7 wt. %
Co loading. All samples were reduced in H2 at 673 K for 10 h. The actual Co loadings, which were
measured by ICP elemental analysis, were very similar to the Co loadings designed in the catalysts.

Table 1. Physical characters of various Co-supported catalysts with 7.7 wt. % Co loading.

Sample BET Surface Area (m2¨g´1) Co Particle Size (nm) a Co Dispersion Degree (%) a

Co/CeO2 (hp) 135 7.6 12.6
Co/CeO2 (cp) 102 9.5 10.1
Co/CeO2 (im) 88 17.7 5.4
Co/Al2O3 (im) 147 14.3 6.7

a Obtained by CO adsorption.

The 7.7 wt. % Co/CeO2 (hp) catalyst obtained by reducing the Ce0.8Co0.2O2´y precursor showed
a BET surface area of 135 m2¨g´1, which was higher than those of Co/CeO2 (cp) (102 m2¨g´1) and
Co/CeO2 (im) (88 m2¨ g´1). Co ions were doped in the CeO2 positions in the Ce0.8Co0.2O2´y precursor,
which caused a decrease in the crystallization degree of CeO2-based support. Further, the decrease of
the crystallization degree could cause an increase of the BET surface area in Co/CeO2 (hp). The Co
particles’ size measured by CO absorption was 7.6, 9.5, and 17.7 nm for Co/CeO2 (hp), Co/CeO2 (cp),
and Co/CeO2 (im), respectively. The use of multi-component precursors may yield well-dispersed
metal particles on the surface of supports after calcination and reduction; this property, known as
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solid-phase crystallization (SPC), is important in the preparation of highly active metal-supported
catalysts [27–33]. Using the homogeneous precipitation, Co ions could enter in the CeO2 lattice to form
a Ce1´xCoxO2´y solid solution after calcination in air at 723 K. On the other hand, Co ions could not
enter in the CeO2 lattice using the impregnation, which caused the large Co particles to be formed in
Co/CeO2 (im).

Figure 3 shows the H2-TPR profiles of various Co-based samples after calcination at 723 K for
3 h. The Co loading was 7.7 wt. % for each sample. H2-TPR is a useful tool to trace the reduction
of the oxide phases. The Co3O4 particles formed on the support surface upon calcination are very
difficult to be reduced to active Co0 species in the H2 flow [11,39]. In Figure 3, all samples showed the
reduction peaks at low temperature (with the maximum at about 513 K) assigning to the reduction of
Co3+ Ñ Co2+ and at high temperature (from 563 to 723 K) assigning to the reduction of Co2+ Ñ Co0.
Moreover, the reduction of Co2+ Ñ Co0 contained two unseparated peaks for each sample due to the
stepwise reduction steps of various Co2+ species absorbed on the supports [11,39,40]. The reduction
temperature of Co3O4 on various catalysts followed the order of Co/CeO2 (hp) < Co/CeO2 (cp) <
Co/CeO2 (im) < Co/Al2O3 (im). The catalysts were pretreated in H2 flow at 673 K (for 10 h) in this
study in order to avoid the severe sintering of Co particles at high reduction temperature. As shown in
Figure 3, the reduction peak of Co2+ Ñ Co0 (H) (strong absorbed Co2+ to Co0) in the H2-TPR profiles
of Co/Al2O3 (im) and Co/CeO2 (im) reached over 673 K, which means that some Co2+ species in
Co/Al2O3 (im) and Co/CeO2 (im) could not be reduced to active Co0 species under the pretreatment
condition in this study (H2 reduction at 673 K).
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Figure 4 shows the TEM image of 7.7 wt. % Co/CeO2 (hp) catalyst. The sample was pre-reduced
in H2 at 673 K for 10 h. The particle size of CeO2 from the TEM image is about 10 nm, which is
consistent with the size of the CeO2 particles calculated from the XRD pattern. Moreover, the CeO2

particles are distributed uniformly, which is an advantage of the homogeneous precipitation method
for preparing catalysts. Because the size of the Co particles (7.6 nm from CO adsorption) is similar to
the size of the CeO2 particles (about 10 nm from XRD pattern) in the 7.7 wt. % Co/CeO2 (hp) catalyst,
it is difficult to distinguish Co particles from CeO2 particles in the TEM image.
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2.2. Catalyst Activity

Table 2 summarizes the reaction results over various catalysts for the steam reforming of ethanol
at 673 K. Co/Al2O3 (imp) showed a low conversion of 25.5% at 673 K. A relatively large amount of
C2H4 was formed over Co/Al2O3 (im) because the acidity of Al2O3 support caused the dehydration of
ethanol. Co/CeO2 (im) showed an ethanol conversion (40.3%) much higher than that over Co/Al2O3

(im) (25.5%) prepared by the same impregnation method. This indicates that CeO2 is an effective
support for Co metal in the steam reforming of ethanol. The CeO2-supported catalysts possess strong
interaction between support and metal (SISM) during the reaction [41]. The SISM effect gave the
CeO2-supported metal catalysts high activities for many reactions [29–43]. The synthesis method
greatly influences the catalytic performance of Co/CeO2 catalysts for the steam reforming of ethanol.
The Co/CeO2 (hp) catalyst showed a conversion of 85.9%, which was much higher than those over
Co/CeO2 (cp) (68.4%) and Co/CeO2 (im) (40.3%) with the same Co loading under the same reaction
conditions. Use of multi-component precursors may give well-dispersed metal particles on the surface
of supports after calcination and reduction, which is called as solid-phase crystallization (SPC) method
for preparing highly active metal-supported catalysts [27–33]. For Co/CeO2 (hp) catalyst, Co ions were
introduced into the CeO2 framework to form Ce0.8Co0.2O2´y precursor after calcination. Therefore,
after reducing Ce0.8Co0.2O2´y solid solution in H2, Co metal particles uniformly formed on the CeO2

surface and strongly interact with the CeO2 support. As shown in Table 2, Co/CeO2 (hp) obtained the
largest ethanol conversion and the largest selectivity to CO2 among various catalysts, which meant
that the H2 yield of Co/CeO2 (hp) was much higher than other catalysts.

Table 2. Reaction results over various catalysts for the steam reforming of ethanol at 673 K a.

Catalyst b Conversion of
Ethanol (%)

Selectivity to C-products (%) H2 Yield (Molar Ratio of
[H2]out/[EtOH]in)CO2 CO CH4 C2H4 OC c

Co/Al2O3 (im) 25.5 54.9 19.5 8.3 13.9 3.3 1.1
Co/CeO2 (im) 40.3 70.6 15.2 4.4 3.7 4.8 2.1
Co/CeO2 (cp) 68.4 73.3 14.6 3.7 2.8 4.3 3.6
Co/CeO2 (hp) 85.9 76.2 12.1 3.5 3.1 4.2 4.7

a Catalyst amount: 1 g; C2H5OH: 17 mL¨min´1; H2O: 50 mL¨min´1; N2: 17 mL¨min´1. b Co loading:
7.7 wt. %. c OC: oxygenated compounds, including CH3CHO, CH3COCH3, and so on.



Catalysts 2016, 6, 26 6 of 14

The main C-containing products of the steam reforming of ethanol are CO2, CO, C2H4, CH4,
CH3CHO, and CH3COCH3. CO2 is formed by the steam reforming of ethanol (Equation (1)) and
the water-gas shift reaction (Equation (2)). There are several ways to form CO: the ethanol steam
reforming to syngas (Equation (3)); the ethanol cracking (Equation (4)), and the reverse water-gas
shift reaction (Equation (5)). CH4 is formed by the ethanol cracking (Equation (4)). C2H4 is formed
by the ethanol dehydration (Equation (6)). Acetaldehyde is the main oxygenated compound and it
is formed by the ethanol dehydrogenation (Equation (7)). Acetone is formed by the acetaldehyde
decomposition (Equation (8)). The largest value of H2 yield (molar ratio of [H2]out/[EtOH]in) is six
when both the C2H5OH conversion and the selectivity to CO2 are 100% in the steam reforming of
ethanol (Equation (1)). The H2 yield decreases when the side-reactions (Equations (2)–(8)) occur during
the reaction.

CO ` H2OÑCO2 ` H2 (2)

C2H5OH ` H2OÑ 2CO ` 4H2 (3)

C2H5OHÑCH4 ` CO ` H2 (4)

CO2 ` H2ÑCO ` H2O (5)

C2H5OHÑC2H4 ` H2O (6)

C2H5OHÑCH3CHO ` H2 (7)

2CH3CHO ` H2OÑCH3COCH3 ` CO2 ` 2H2 (8)

As shown in Table 2, compared to the Co/Al2O3 (im) catalyst, the Co/CeO2 (im) catalyst formed
a less amount of C2H4 because the basicity of CeO2 support suppressed the ethanol dehydration
(Equation (6)). Moreover, because CeO2 support has high oxygen storage capacity, the ethanol
decomposition (Equation (4)) was suppressed in the Co/CeO2 catalysts by transferring mobile oxygen
species to Co from CeO2 [24]. Hence, the amounts of CO and CH4 formed over Co/CeO2 (im) were
less than those formed over Co/Al2O3 (im) during the reaction.

Figure 5 shows the effect of Co loading in the Co/CeO2 (hp) catalyst for the steam reforming of
ethanol at 673 K. The reaction conditions are the same as those in Table 2. The ethanol conversion
increased with increasing Co loading and showed the maximum value at a 17.4 wt. % Co loading
(precursor: Ce0.6Co0.4O2´y). However, the ethanol conversion did not show an obvious increase at
above 7.7 wt. % Co loading in the Co/CeO2 (hp) catalyst.
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The turnover frequency (TOF) was defined as the number of converted ethanol molecules per
Co surface site per second. In Figure 5, the TOF value was calculated from the number of metallic
Co atoms (measured by CO chemisorption) and the rate of the convert C2H5OH atoms at 673 K over
the Co/CeO2 (hp) catalyst. The TOF values decreased with increasing Co loading in the Co/CeO2

(hp) catalyst. The TOF value of 7.7 wt. % Co/CeO2 (hp) (precursor: Ce0.8Co0.2O2´y) was just slightly
lower that of 3.6 wt. % Co/CeO2 (hp) (precursor: Ce0.9Co0.1O2´y). However, the TOF value of
12.2 wt. % Co/CeO2 (hp) (precursor: Ce0.7Co0.3O2´y) greatly decreased as comparison with that of
7.7 wt. % Co/CeO2 (hp). There was a limitation of the Co capacity entered in the CeO2 lattice in
Ce1´xCoxO2´y. The Co ions which did not dissolve into the CeO2 lattices formed large Co particles
after reduction and the activity of large Co particles was low for the steam reforming of ethanol. The
Co ions could not dissolve into the CeO2 lattice completely in the Ce0.7Co0.3O2´y precursor, which
caused a large decrease in the TOF value over the 12.2 wt. % Co/CeO2 (hp) catalyst.

Figure 6 shows the effect of reaction temperature on the ethanol conversion over various catalysts.
The reaction conditions are the same as those in Table 2. For the reaction without a catalyst, the ethanol
conversion was very low (<5%) even at a high reaction temperature of 773 K. At the same reaction
temperature, the conversion over each catalyst with a 7.7 wt. % Co loading was in an order of Co/CeO2

(hp) > Co/CeO2 (cp) > Co/CeO2 (im) > Co/Al2O3 (im). By using the Co/CeO2 (hp) catalyst derived
from Ce1´xCoxO2´y precursor, a high ethanol conversion had been achieved at a low temperature for
the steam reforming of ethanol.
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Figure 7 shows the effect of reaction temperature on the selectivity to C-containing products over
7.7 wt. % Co/CeO2 (hp). The reaction conditions are the same as those in Table 2. The selectivity to
CH4 did not show a large change at various reaction temperatures. Both the selectivity to oxygenated
compounds and the selectivity to C2H4 decreased with increasing reaction temperature. On the other
hand, the selectivity to CO increased with increasing reaction temperature, which meant that the
selectivity to CO2 had a maximum value of 673 K.
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Figure 7. Effect of reaction temperature on selectivity to C-containing products over
7.7 wt. % Co/CeO2 (hp).

Figure 8 shows the effect of reaction temperature on H2 yield over 7.7 wt. % Co/CeO2 (hp). The
reaction conditions are the same as those in Table 2. Because the ethanol conversion increased with
increasing reaction temperature, the H2 yield increased with increasing the reaction temperature at a
reaction temperature below 723 K. However, the selectivity to CO greatly increased when the ethanol
conversion reached to near 100% at a reaction temperature above 723 K. The CO formation decreased
the selectivity to CO2, and thus decreased the H2 yield for the reaction. Hence, the maximum value of
H2 yield was observed at 723 K over 7.7 wt. % Co/CeO2 (hp).
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2.3. Catalyst Deactivation and Regeneration

Figure 9 shows the catalyst deactivation and regeneration for ethanol steam reforming over
7.7 wt. % Co/CeO2 (hp) at 673 K. The reaction conditions are the same as those in Table 2. Figure 9a
shows the time course of ethanol steam reforming over fresh catalyst at 673 K. The catalyst showed
the initial conversions of 85.9% and it decreased to 70.4% after reaction at 673 K for 120 h. As for the
catalyst deactivation, there are three possible reasons: Co sintering, Co oxidation, and carbonaceous
deposits. Because the CO absorption measurement indicated that the size of the Co particles did not
change after reaction at 673 K for 120 h, it is unlikely that the deactivation would be caused by the
sintering of the Co. The deactivated catalyst (after 120 h on stream at 673 K) was reduced by H2 at
673 K for 10 h and then used again for the steam reforming of ethanol at 673 K. The time course was
shown in Figure 9b. The catalytic activity did not recover and the initial conversion was about 70%.
This indicates that the oxidation of Co is not the reason for the catalyst deactivation. Moreover, the
deactivated catalyst (after 120 h on stream at 673 K) was regenerated by calcination in air at 723 K
for 3 h and then reduction in H2 flow at 673 K for 10 h. The time course was shown in Figure 9c.
The catalytic activity recovered to its initial conversion of about 85%. These results indicated that
the carbonaceous deposits formed on the catalyst surface caused the catalyst deactivation during
the reaction.
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(hp) at 673 K. (a) Fresh catalyst; (b) the used catalyst (after reaction at 673 K for 120 h) was reduced by
H2 at 673 K for 10 h; (c) the used catalyst (after reaction at 673 K for 120 h) was calcined in air at 723 K
for 3 h and then reduced by H2 at 673 K for 10 h.
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The amount of carbonaceous deposits on the used catalyst was calculated by a temperature
programmed oxidation (TPO) method [31,32]. After testing the fresh 7.7 wt. % Co/CeO2 (hp) catalyst
at 673 K for 120 h, the reactor was filled with nitrogen and cooled to 373 K. Then, an air flow of
1.5 L¨h´1 was introduced in the reactor. Finally, the TPO experiment was performed by heating the
reactor from 373 to 923 K with a rate of 2.5 K¨min´1 in the air flow. The off-gases were analysed
by GC-TCD as usual. During the TPO treatment, the carbonaceous deposits formed on the catalyst
surface were oxidized to CO2 by oxygen in the air flow. The amounts of formed CO2 were recorded by
TCD at various temperatures.

Figure 10 shows the CO2 formation from carbonaceous deposits over the 7.7 wt. % Co/CeO2 (hp)
catalyst after reaction at 673 K for 120 h. The used catalyst was treated in air (1.5 L¨h´1) by increasing
the temperature at 2.5 K¨min´1. CO2 formation was observed at above 373 K and showed two peaks
with the maximum values at 523 and 673 K. An integration of the rate gave the amount of total CO2,
from which the amount of carbonaceous deposits formed on the 7.7 wt. % Co/CeO2 (hp) catalyst was
calculated as follows: 2.1 wt. % carbonaceous deposits on the surface of 7.7 wt. % Co/CeO2 (hp) after
120 h on stream at 673 K.
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reaction at 673 K for 120 h.

There are two peaks with the highest rates of CO2 formation at 523 K and 673 K in Figure 10,
implying there were two types of carbonaceous deposits formed on the catalyst surface during the
reaction. It has been reported that the ethylene and oxygen-containing molecules can contribute to the
coke formation for the steam reforming of ethanol [13]. Moreover, the formation of carbon filaments
on the catalyst have been confirmed in the steam reforming of ethanol [13].

The carbonaceous deposits may be mainly formed by the Boudouard reaction (Equation (9)) and
the polymerization of by-product ethylene (Equation (10)).

2COÑCO2 ` C (9)

nC2H4ÑpCH2q2n (10)

In general, the oxidation temperature of (CH2)2n polymers is lower than that of carbon filaments.
Hence, we think the peak at 523 K corresponds to the carbonaceous deposits formed from the ethylene
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polymerization (Equation (10)) and the peak at 673 K corresponds to the carbonaceous deposits formed
from the Boudouard reaction (Equation (9)), respectively.

3. Experimental Section

3.1. Catalyst Preparation

Co/CeO2 (hp) was obtained through a precursor of Ce1´xCoxO2´y mixed oxide by homogeneous
precipitation using urea as a precipitant [26,27]. Urea was added into a mixed aqueous solution of
Ce(NO3)3 and Co(NO3)2 at room temperature to form a homogeneous solution. Then, the solution was
heated at 363 K and hence the urea was hydrolyzed slowly. During the hydrolysis of urea, hydroxide
ions were generated and a precipitate was formed slowly. After heating the solution at 363 K for 10 h,
the formed Ce1´xCoxO2´y precipitate was filtered, washed with distilled water, dried in air at 373 K
for 24 h and finally calcined in air at 723 K for 3 h.

Co/CeO2 (cp) was prepared by a co-precipitation method using NaOH as a precipitant [30]. A
mixed aqueous solution of Ce(NO3)3 and Co(NO3)2 was co-precipitated by adding 2 M NaOH solution
till pH = 10 at room temperature. After being aged at 363 K for 1 h, the precipitate was filtered, washed
with distilled water, dried at 373 K for 24 h, and finally calcined in air at 723 K for 3 h.

CeO2, which was used as a support in the impregnation Co/CeO2 (im) catalyst, was prepared by
the precipitation of Ce(NO3)3 in an aqueous solution using 2 M NaOH solution as a precipitant. After
being aged at 363 K for 1 h, the precipitate was filtered, washed with distilled water, dried at 373 K for
24 h, and finally calcined in air at 723 K for 3 h.

Co/CeO2 (im) was prepared by an impregnation of the CeO2 support with an aqueous solution
of Co(NO3)2. The obtained solid sample was dried at 373 K for 24 h and calcined in air at 723 K for 3 h.

Co/Al2O3 (im) was prepared by an impregnation of the Al2O3 support (JRC-ALO-4, 167 m2¨ g´1)
with an aqueous solution of Co(NO3)2. The obtained solid sample was dried at 373 K for 24 h and
calcined in air at 723 K for 3 h.

3.2. Catalyst Characterization

Powder X-ray diffraction (XRD) patterns were measured using a MAC Science MXP-18
diffractometer (Tokyo, Japan) with Cu Kα radiation operated at 40 kV and 50 mA. Inductively coupled
plasma (ICP) analyses were measured by a Thermo Jarrel Ash IRIS/AP (Yokohama, Japan). BET
surface areas of the samples were measured using a BELCAT-B automatic instrument (Osaka, Japan).
Transmission electron microscopy (TEM) images were obtained using a JEOL JEM 2010FX electron
microscope (Tokyo, Japan) equipped with a Hitachi/Keves H-8100/Delta IV EDS (Tokyo, Japan)
operating at 200 kV. The ex situ treated samples were supported on Mo grids for the observations. The
Co particle sizes of the Co supported catalysts were measured by a CO adsorption method using a
flow technique at room temperature [39,40,42,43]. A 0.3 g portion of sample was reduced in a flow H2

at 673 K for 10 min and then used for the measurements. The particle size of Co (D) was calculated by
the relations of S = αNS1 and D = 6/ρS, where S the metal surface area of Co (m2¨g´1 Co), α is the
amount of CO adsorbed (mol¨ g´1 Co), N the Avogadro’s number, S1 is the cross-sectional area of a CO
molecule (13 Å), and ρ is the specific gravity of Co. Hydrogen temperature-programmed reduction
(H2-TPR) was recorded using a BELCAT-B automatic instrument equipped with a TCD and a mass
spectrometer. The sample (ca. 0.15 g) was flushed with Ar at 423 K for 1 h in a quartz tubular reactor
to drive away water and then cooled down to 373 K. Then, 10% H2/Ar was switched on at a flow
rate of 30 mL¨min´1. The temperature was raised at a rate of 10 K¨min´1 from 373 to 873 K and was
held at the final temperature for 30 min. The H2 consumption was detected by TCD and was recorded
automatically by a PC.
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3.3. Catalytic Reaction

The catalytic reaction was conducted under atmospheric pressure using a fixed-bed flow system
equipped with an 8 mm φ quartz tubular reactor. An ethanol aqueous solution was fed from a tank
by a high-pressured micro-pump (Shimadzu LC-10, Kyoto, Japan) to the reactor set at the reaction
temperature. At the same time, nitrogen was also introduced into the reactor from a gas cylinder
as a carry gas. The inlet gas contained 20% ethanol, 60% steam and 20% nitrogen. During reaction,
the flow rates of ethanol, steam and nitrogen were 17, 50, and 17 mL¨min´1, respectively. The
catalyst amount was one gram for the reaction, and thus the total gas hourly space velocity (GHSV)
was 5000 mL¨h´1¨g´1.

The steam reforming of ethanol was mainly carried out at 673 K over various catalysts in this
study. Calcination and reduction of a Co-supported catalyst at a high temperature must cause a severe
sintering of Co particles and a remarkable decrease of BET surface area. We calcined the catalysts
at 723 K for 3 h in this study in order to maintain relatively large BET surface areas. Moreover, we
reduced the catalysts in H2 flow at a low temperature (673 K, the same as reaction temperature) for a
long time (10 h) in this study in order to avoid the sintering of Co particles.

The reaction was started after the catalyst (1 g, 60 meshes) was pretreated in a H2 flow
(50 mL¨min´1) at 673 K for 10 h. The products were analyzed using three on-line gas chromatographs.
H2, N2, CO, and CO2 were analyzed by a TCD (Shimadzu, Kyoto, Japan)with a New Carbon-ST
column (Shinwa Chem. Ind. Ltd., Kyoto, Japan), hydrocarbons were analyzed by an FID (Shimadzu,
Kyoto, Japan) with a CP-Al2O3/KCl capillary column (Agilent Technologies Inc., Santa Clara, CA,
USA), and oxygenated compounds were analyzed by an FID with a Stablewax capillary column
(Restek Co., Bellefonte, PA, USA).

The ethanol conversion was reported as a percent conversion: CEtOH = ([EtOH]in ´

[EtOH]out)/[EtOH]in ˆ 100. The selectivity of each carbon-containing product was reported as a
percent selectivity: Sproduct = [product]/Σ[product] ˆ 100. The yield of hydrogen was reported as
a molar ratio of the formed H2 to the fed C2H5OH: YH2 = [H2]out/[EtOH]in. The analytical results
satisfied the carbon balance adequately (<˘5%).

4. Conclusions

The Co/CeO2 (hp) catalyst showed a higher catalytic activity than those over Co/CeO2 (cp) and
Co/CeO2 (im) for the steam reforming of ethanol because Co/CeO2 (hp) had a larger BET surface
area and smaller Co particles. The ethanol conversion reached its maximum value at 17.4 wt. % Co
loading, but the TOF value greatly decreased at Co loading greater than 7.7 wt % in the Co/CeO2 (hp)
catalyst for the steam reforming of ethanol at 673 K. The selectivity to CO2 reached its maximum value
at 673 K and the yield of H2 reached its maximum value at 723 K for the steam reforming of ethanol
over 7.7 wt. % Co/CeO2 (hp). About 2.1 wt. % carbonaceous deposits was formed on the surface of
7.7 wt. % Co/CeO2 (hp) after reaction at 673 K for 120 h. The carbonaceous deposits caused a slow
catalyst deactivation in the steam reforming of ethanol at 673 K. The deactivated catalyst could be
regenerated by calcination in air at 723 K for 3 h and then reduction in H2 flow at 673 K for 10 h.
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