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Abstract Nickel catalysts supported on various supports such as ZnO, MgO, ZrO2, TiO2, and Al2O3 were prepared
by an impregnation method to investigate the effect of support on catalytic performance in hydrogen production by
auto-thermal reforming of ethanol. Among the supported catalysts, the Ni/ZrO2 and Ni/TiO2 catalysts showed better
catalytic performance than the other catalysts. The electronic structure of nickel species supported on ZrO2 and TiO2

was favorably modified for the reaction, and thus, the reducibility of nickel species supported on ZrO2 and TiO2 was
increased due to the weak interaction between nickel and support. On the other hand, the Ni/MgO and Ni/ZnO catalysts
exhibited poor catalytic performance in the auto-thermal reforming of ethanol due to the formation of a solid solution
phase.
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INTRODUCTION

Hydrogen has attracted much attention as a promising and clean
energy source because of its potential applicability in fuel cell sys-
tems for stationary power plants and moving vehicles [1-7]. Among
the various fuel sources for the production of hydrogen, light alco-
hols such as methanol and ethanol have been considered because
they can be easily handled and are widely distributed over the world
[8-10]. In particular, ethanol has been utilized as a promising source
for the production of hydrogen because of its low toxicity, high vol-
umetric energy density, and availability [11,12].

Ethanol has been converted into hydrogen via several catalytic
reforming reactions. Among the catalytic reforming technologies,
auto-thermal reforming, which consists of a combination of steam
reforming and partial oxidation, has been recognized as a feasible
method to produce hydrogen from ethanol in terms of both heat
management and oxygen utilization [13]. In hydrogen production
by auto-thermal reforming of ethanol, nickel-based catalysts have
been widely investigated due to their excellent C-C bond cleavage
activity and low cost [14,15]. The identity of support generally affects
the catalytic performance of supported nickel catalysts in the auto-
thermal reforming of ethanol, because the dispersion and stability
of the nickel catalyst strongly depends on the nature of supporting
material.

In this work, a series of nickel catalysts supported on various sup-
ports were prepared by an impregnation method, and were applied
to hydrogen production by auto-thermal reforming of ethanol. The
effect of support on the catalytic performance of supported nickel
catalysts was investigated.

EXPERIMENTAL

A series of supported nickel catalysts were prepared by impreg-
nating appropriate amounts of nickel precursor (Ni(NO3)2·6H2O)
onto ZnO, MgO, ZrO2, TiO2, and Al2O3 ( -Al2O3). In all cases, the
Ni loadings were fixed at 20 wt%. The impregnated catalyst sam-
ples were dried at 120 oC, and then they were calcined at 600 oC
for 5 h. The reducibility and the acidity of supported nickel cata-
lysts were measured by TPR (temperature-programmed reduction)
[14,15] and NH3-TPD (temperature-programmed desorption) [16]
experiments, respectively, according to the methods in the literature
[14-16]. The supported nickel catalysts were further characterized
by XRD (MAC Science, M18XHF-SRA) using Cu-K  radiation
( =1.54056 Å) operated at 50 kV and 100 mA.

Auto-thermal reforming of ethanol was carried out in a continu-
ous flow fixed-bed reactor at atmospheric pressure. Each calcined
catalyst (50 mg) was charged into a tubular quartz reactor, and then
it was reduced with a mixed stream of H2 (10 ml/min) and N2 (30
ml/min) at 600 oC for 3 h. Ethanol and water were sufficiently vapor-
ized by passing through a pre-heating zone and continuously fed
into the reactor together with N2 carrier (30 ml/min). The molar feed
ratios of H2O/C2H5OH and O2/C2H5OH were fixed at 3.0 and 0.5,
respectively. The contact time was maintained at 175 g-catalyst·min/
C2H5OH-mole. The catalytic reaction was carried out at 500 oC. Reac-
tion products were periodically sampled and analyzed using an on-
line gas chromatograph (Younglin, ACME 6000) equipped with a
thermal conductivity detector.

RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of supported nickel catalysts cal-
cined at 600 oC. Except for Ni/MgO catalyst, the calcined catalysts
showed intrinsic XRD patterns of individual support and relatively
narrow XRD peaks corresponding to NiO. In the case of Ni/MgO
catalyst, however, XRD peaks representing a solid solution of NiO-
MgO were observed. It was reported that the formation of a NiO-
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MgO solid solution was attributed to the incorporation of Ni2+ ion
into the lattice of MgO occurred during the calcination step [17].

Fig. 2 shows the XRD patterns of supported nickel catalysts re-
duced at 600 oC for 3 h. The reduced Ni/Al2O3, Ni/TiO2, and Ni/
ZrO2 catalysts showed XRD peaks for metallic nickel. However,
the Ni/ZnO and Ni/MgO catalysts exhibited somewhat different
XRD patterns from the other three catalysts. In other words, the
XRD peaks for metallic nickel disappeared in the Ni/ZnO and Ni/
MgO catalysts after the reduction. In particular, the XRD peaks cor-
responding to NiZn3-like species (JCPDS 47-1019) were observed
in the Ni/ZnO catalyst. These results indicate that no metallic nickel
particles were formed in the Ni/ZnO and Ni/MgO catalysts, and that
metallic phases were transformed into different forms during the
reduction step.

Fig. 3 shows the TPR profiles of supported nickel catalysts. The
TPR patterns of supported nickel catalysts were different depend-
ing on the identity of support. It is known that unsupported nickel
oxide is reduced at around 400 oC [18]. Therefore, it can be inferred

that the reduction peak of Ni/ZrO2 and Ni/TiO2 catalysts appearing
at around 500 oC was attributed to the reduction of NiO species weak-
ly interacted with the support. Although the Ni/ZnO catalyst also
showed a reduction peak at around 500 oC, the reduction peak might
be due to the reduction of NiO-ZnO, which was eventually trans-
formed into the Ni-Zn solid solution after the reduction [19,20]. The
weak reduction peak of Ni/MgO catalyst appearing at around 800 oC
was due to the reduction of NiO-MgO solid solution. On the other
hand, the Ni/Al2O3 catalyst exhibited a reduction peak at around
700 oC, which was attributed to the reduction of nickel aluminate
species [18,21].

Fig. 4 shows the hydrogen compositions in dry gas in the auto-
thermal reforming of ethanol over supported nickel catalysts at 500 oC,
plotted as a function of relative acidity of the supported nickel cata-
lyst. The relative acidity was defined as the ratio of acidity of a sup-
ported nickel catalyst with respect to that of Ni/Al2O3. All the sup-
ported nickel catalysts examined in this work exhibited 100% etha-
nol conversion. The hydrogen composition showed a volcano-shaped
curve with respect to relative acidity of the supported nickel cata-
lyst. It was observed that the Ni/ZrO2 and Ni/TiO2 catalysts with an

Fig. 1. XRD patterns of supported nickel catalysts calcined at 600
oC.

Fig. 4. Hydrogen compositions in dry gas in the auto-thermal re-
forming of ethanol over supported nickel catalysts at 500
oC. The catalytic performance data were obtained after a
3 h-reaction.

Fig. 2. XRD patterns of supported nickel catalysts reduced at 600
oC.

Fig. 3. TPR profiles of supported nickel catalysts.
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intermediate relative acidity exhibited high catalytic performance.
It was reported that metal sites became more electron deficient due
to the interaction between metal species and acid sites of the sup-
port with increasing acidity [22]. However, it was found that a strong
acidic support such as Al2O3 led to side reactions and caused rapid
deactivation of nickel catalyst. It is believed that the electronic struc-
ture of nickel species was favorably modified for the auto-thermal
reforming of ethanol when a supported catalyst retained an opti-
mum level of acidity. It can be inferred that the electronic structure
of nickel species supported on ZrO2 and TiO2 was favorably modi-
fied to increase the reducibility of nickel species by forming a weak
interaction between nickel and support.

CONCLUSIONS

Nickel catalysts supported on various supports such as ZnO, MgO,
ZrO2, TiO2, and Al2O3 were prepared by an impregnation method,
and were applied to hydrogen production by auto-thermal reform-
ing of ethanol. Among the supported catalysts, the Ni/ZrO2 and Ni/
TiO2 catalysts showed better catalytic performance than the other
catalysts. It was found that the electronic structure of nickel species
supported on ZrO2 and TiO2 was favorably modified for the reac-
tion, and consequently, the reducibility of nickel species supported
on ZrO2 and TiO2 was increased due to the weak interaction be-
tween nickel and support. However, the Ni/MgO and Ni/ZnO cata-
lysts exhibited poor catalytic performance in the auto-thermal reform-
ing of ethanol, because the solid solution phase prevented the for-
mation of an active metallic nickel. The acidity of supported nickel
catalysts also played an important role in determining the catalytic
performance. It was revealed that the Ni/ZrO2 and Ni/TiO2 cata-
lysts with moderate acidity exhibited high catalytic performance in
the auto-thermal reforming of ethanol.
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