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Abstract

Bimetallic Ni-Mo/vy-Al, O3 catalysts (Ni20MoX, Ni=20wt.%, X=0, 3, 5, 7, and 9 wt.%) with different Mo contents were prepared using a
co-impregnation method. The role and effect of Mo on the catalytic performance of the Ni-Mo/y-Al,O; catalysts in the auto-thermal reforming of
ethanol was examined. It was found that the addition of Mo up to 7 wt.% decreased the interaction between the Ni species and the alumina support,
increasing the reducibility of Ni species. On the other hand, the Ni20Mo9 catalyst was less effective in hydrogen production than the Ni20Mo7
catalyst due to the formation of bulky NiMoOy in the Ni20Mo9 catalyst. It was also revealed that Mo species served as a barrier for preventing the
growth of Ni particles, leading to the formation of highly dispersed Ni-Mo/y-Al,Oj; catalysts. In the auto-thermal reforming of ethanol, bimetallic
Ni20MoX catalysts (X =3, 5, and 7 wt.%) catalysts exhibited a higher catalytic performance than the monometallic Ni20 catalyst. Among the catalysts
tested, the Ni20MoS catalyst showed the best catalytic performance. However, addition of excess Mo (9 wt.%) decreased the catalytic performance
of the bimetallic supported catalyst, resulting from both poor reducibility of Ni species and coverage of Ni sites by MoOy species. It was also
observed that the Ni20 catalyst experienced a severe catalyst deactivation due to coke deposition on the catalyst surface during the catalytic reaction.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The clean, renewable, and non-polluting nature of hydrogen
has attracted considerable attention for its use as an alterna-
tive energy source. However, abundant hydrogen is not found in
nature but needs be produced from water or organic compounds
[1,2]. Therefore, feasible routes for hydrogen production are
necessary for the practical use of hydrogen.

Most hydrogen currently used in industry is produced by
steam or auto-thermal reforming of light hydrocarbons such as
methanol, ethanol, and natural gas [3—7]. In particular, light alco-
hols are a promising source for hydrogen production because
they can be easily handled and are widely distributed over the
world. Although methanol is commonly used as a hydrogen
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source, ethanol has advantages as an alternative hydrogen source
on account of its low toxicity, high volumetric energy density,
and availability [8—18].

The yield of hydrogen produced by the auto-thermal reform-
ing of ethanol strongly depends on the catalyst system. Although
a high yield of hydrogen can be achieved over noble metal-
based catalysts such as Rh/Al,O3; at low temperatures, the
high cost of noble metals limits the practical applications of
noble metal-based catalyst systems in the hydrogen produc-
tion by the auto-thermal reforming of ethanol [14—16]. It has
been reported that non-noble metal-based catalysts also show a
relatively high catalytic performance in the auto-thermal reform-
ing of ethanol [17,18]. In particular, the intrinsic high activity
and low cost of Ni has made it a promising catalyst [17].
However, one of the major problems in the application of Ni
catalyst is the catalyst deactivation caused by carbon deposi-
tion on the catalyst surface. Therefore, many studies [16—-18]
have been carried out to improve the stability of Ni cata-
lyst by using second metals such as Rh, Cu, and Co. It is
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believed that these second metals suppress the coke deposition
by forming a Ni—metal alloy or by modifying the Ni ensemble
[16-18].

It was reported that a Ni catalyst modified with small amount
of Mo showed stable catalytic performance in the steam reform-
ing of n-butane because the addition of Mo not only decreases
the rate of coking but also extends the induction period of cok-
ing [19]. Although the effect of Mo addition on the catalytic
performance of Ni has been investigated in the steam reform-
ing of hydrocarbons such as methane [20] and n-butane [21],
no attempt has been made in the hydrogen production by the
auto-thermal reforming of ethanol.

In this study, a series of Ni-Mo/y-Al,O3 catalysts with vari-
ous Mo contents were prepared using a co-impregnation method.
These catalysts were applied to the hydrogen production by the
auto-thermal reforming of ethanol in a continuous flow fixed-
bed reactor. The prepared catalysts were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM),
and temperature-programmed reduction (TPR) measurements.
The role and effect of Mo on the catalytic performance of
Ni-Mo/y-Al,O3 in the auto-thermal reforming of ethanol was
investigated.

2. Experimental
2.1. Preparation of Ni-Mo/y-Al,03 catalyst

The Ni-Mo/vy-Al,Oj3 catalysts (Ni/y-Al, O3 catalysts contain-
ing Mo as a second metal) were prepared by co-impregnating
the appropriate amounts of nickel (Ni(NO3),-6H>O, Aldrich)
and molybdenum precursors ((NH4)g M07024-4H,0, Aldrich)
onto y-Al,O3 (Degussa). The co-impregnated catalyst samples
were dried at 120 °C, and calcined at 900 °C for 8 h. In a series
of Ni-Mo/y-Al,O3 catalysts, the Ni loading on y-Al,O3 was
fixed at 20 wt.% while the Mo loadings were varied from O to
9wt.%. The prepared Ni-Mo/y-Al,O3 catalysts were denoted
as Ni20MoX (X=0, 3, 5, 7, and 9). For example, the Ni20Mo5
catalyst represents 20 wt.% Ni and 5 wt.% Mo were loaded on
v-AlO3.

2.2. Characterization

The crystalline phases of the calcined and reduced cat-
alysts were examined by XRD (M18XHF-SRA, MAC Sci-
ence Co.) using Cu Ko radiation (A =1.54056 A) operated at
50kV and 100mA. The size and location of the metal par-
ticles on the catalyst surface were confirmed by transmission
electron microscopy (TEM, Joel, JXA-8900R) using an ultra-
sonically dispersed catalyst sample (in ethanol) deposited on
a carbon grid. The reducibility of the catalysts was examined
by temperature-programmed reduction (TPR) measurements in
a conventional flow system with a moisture trap connected to
a thermal conductivity detector (TCD) at temperatures rang-
ing from room temperature to 1000 °C with a ramping rate of
5 °C/min. For the TPR measurements, a mixed stream of Hjp
(2 ml/min) and N3 (20 ml/min) was used for 0.1 g of the catalyst
sample.

2.3. Auto-thermal reforming of ethanol

The auto-thermal reforming of ethanol was carried out in
a continuous 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 H,
(10 ml/min) and N, (30 ml/min) at 700 °C for 3 h. Ethanol and
water were sufficient vaporized by passing a pre-heating zone
and fed into the reactor continuously together with a N; car-
rier (30 ml/min). The feed ratios of HoO/EtOH and O,/EtOH
were fixed at 2.0 and 0.8, respectively. The contact time was
maintained at 175 g-catalyst-min/EtOH-mole, and the catalytic
reaction was carried out at 550 °C. The reaction products were
periodically sampled and analyzed using an on-line gas chro-
matograph (Younglin, ACME 6000) equipped with two TCDs.

3. Results and discussion
3.1. Crystalline phases of Ni20MoX (X=0, 3, 5, 7, and 9)

Fig. 1 shows the XRD patterns of y-Al,O3 and Ni20MoX
(X=0, 3, 5, 7, and 9) catalysts calcined at 900 °C for 8 h. No
peaks related to nickel oxide or molybdenum oxide were found
in the Ni20MoX (X =3, 5, and 7) catalysts, and only broad peaks
corresponding to y-Al, O3 were observed. This indicates that the
metal oxides were highly dispersed on the support [19]. On the
other hand, the Ni20Mo9 catalyst showed both MoO3; (JCPDS
47-1081) and NiMoO4 (JCPDS 33-098) phases. It should be
noted that the (44 0) diffraction peak of y-Al,O3 shifted to a
lower angle when the metal species were loaded on the y-Al,O3.
This suggests that the lattice of y-Al,O3 expanded as a result
of Ni incorporation due to the strong interaction between the
Ni species and y-Al;O3 [22]. The Ni20MoX (X=3, 5, 7, and 9)
catalysts showed a smaller degree of lattice expansion than the
Ni20 catalyst. The alumina lattice in the Ni20MoX (X=3, 5, 7,
and 9) catalysts was decreased with increasing Mo content. It is
likely that the presence of Mo species impedes the incorpora-
tion of Ni species into the alumina lattice, leading to less lattice
expansion in the bimetallic Ni20MoX (X=3, 5, 7, and 9) cata-
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Fig. 1. XRD patterns of y-Al,03 and Ni20MoX (X=0, 3, 5, 7, and 9) catalysts
calcined at 900 °C for 8 h.
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Fig. 2. XRD patterns of Ni20MoX (X=0, 3, 5, 7, and 9) catalysts reduced at
700°C for 3 h.

lysts than in the Ni20 catalyst. This means that the presence of
Mo species reduces the interaction between the Ni species and
v-Al> O3, which in turn decreases the amount of Ni incorporated
into the y-Al, O3 lattice.

Fig. 2 shows the XRD patterns of Ni20MoX (X=0, 3, 5, 7,
and 9) catalysts reduced at 700 °C for 3 h. The reduced Ni20
catalyst showed relatively narrow XRD peaks corresponding to
metallic Ni, indicating the formation of large Ni particles after
reduction. On the other hand, the Ni20MoX (X=3, 5, 7, and
9) catalysts showed somewhat different XRD patterns from the
Ni20 catalyst. The XRD peaks for metallic Ni disappeared upon
the addition of Mo. Instead, a broad peak resulting from the for-
mation of a Ni-Mo solid solution with a Ni-rich structure was
observed in the Ni20MoX (X =3, 5, and 7) catalysts [19]. How-
ever, the Ni20Mo9 catalyst showed the characteristics peaks for
both metallic Mo (JCPDS 42-1120) and inter-metallic MoNiy4
(JCPDS 03-1036) that is known to be formed by the reduction

of NiMoOQy [23]. It is interesting that the XRD peaks for metal-
lic Ni were not developed in the reduced Ni20MoX (X=3, 5, 7,
and 9) catalysts, even though narrow XRD peaks for metallic Ni
should appear after the reduction of bimetallic Ni20MoX cata-
lysts because the calcined Ni20MoX (X =3, 5, 7, and 9) retained
a weak interaction between Ni species and y-Al,O3 compared
to the calcined Ni20 (Fig. 1). It is believed that the highly dis-
persed Mo species on y-Al, O3 prevented the growth of metallic
Ni particles through the formation of a Ni-Mo solid solution in
the case of Ni20MoX (X =3, 5, and 7) [19] or through the forma-
tion of an inter-metallic compound such as MoNiy in the case
of Ni20Mo9 [23]. This result was evidenced by TEM images of
the reduced catalysts.

Fig. 3 shows the TEM images of Ni20 and Ni20Mo5 catalysts
reduced at 700 °C for 3 h. Compared with the Ni20 catalyst, the
Ni20Mo5 catalyst had finely dispersed metallic species on +y-
Al,O3, which is well consistent with the XRD results of the
reduced catalysts (Fig. 2).

3.2. Reducibility of Ni20MoX (X=0, 3, 5, 7, and 9)

TPR measurements were carried out to investigate the
reducibility of Ni20MoX catalysts and to see the interaction
between the metal species and y-Al,O3. The reduction profiles
of the supported Ni catalysts are dependent on the interaction
between the Ni species and y-Al,O3 [22-24]. For example,
unsupported NiO is reduced at approximately 400 °C, while the
reduction band for Ni species supported on y-Al,O3 appears at
500-700 °C. In particular, Ni species in the lattice of nickel alu-
minate, which are known to strongly interact with y-Al,O3, are
reduced at approximately 800 °C.

As shown in Fig. 4, the reduction profiles of the Ni20MoX
(X=0,3,5,7, and 9) catalysts varied depending on the amount
of Mo added. The monometallic Ni20 catalyst showed a broad
reduction band with the highest reduction peak temperature,

Fig. 3. TEM images of (a) Ni20 and (b) Ni20Mo5 catalysts reduced at 700 °C for 3 h.
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Fig. 4. TPR patterns of Ni20MoX (X=0, 3, 5, 7, and 9) catalysts.

while the reduction bands of the bimetallic supported catalysts
shifted to a lower temperature with increasing Mo content except
for the Ni20Mo09 catalyst. This is somewhat contradictory to ear-
lier observations [19,25], in which bimetallic Ni-Mo catalyst was
reported to be less reducible than the monometallic Ni catalyst.
It was also reported that the reduction pattern of the bimetal-
lic Ni-Mo catalyst depended on several factors such as the
catalyst preparation method and the catalyst pretreatment con-
ditions [19,23,25]. The bimetallic Ni-Mo catalysts in previous
works [19,23,25] were prepared using sequential impregnation,
while those in this study were prepared using a co-impregnation
method. Therefore, it is believed that the catalyst preparation
method is responsible for the different reduction patterns of our
catalysts compared with the bimetallic catalysts reported in the
literatures [19,23,25].

Besides the main broad reduction band, both Ni20Mo7 and
Ni20Mo9 showed additional reduction bands at the low tem-
perature region of 350-600 °C, which were assigned to the
reduction of molybdenum oxide with various oxidation states
[19]. The reduction band for the Mo species was barely observed
in both Ni20Mo3 and Ni20Mo5 because of the relatively low
Mo contents in these catalysts. One additional reduction peak in
the Ni20Mo9 catalyst appearing at approximately 500 °C was
quite strong, which was attributed to the reduction of MoOj3
to metallic Mo [19], as evidenced by XRD (Figs. 1 and 2).
Interestingly, the peak temperature of the main broad reduc-
tion band of the supported catalysts, with the exception of
Ni20Mo9, showed a similar trend to the degree of lattice expan-
sion of alumina shown by XRD. This demonstrates that the
reduction of Ni species is strongly affected by the interaction
between the Ni species and y-AlpO3. On the other hand, the
Ni20Mo9 catalyst showed a higher peak temperature for the
main reduction band than the Ni20Mo7 even though there was
less expansion of the alumina lattice in the former catalyst than
in the latter. The relatively poor reducibility of Ni20Mo9 might
be due to the formation of a bulky NiMoOy4 phase (Fig. 1).
It is believed that the Ni species were decorated by MoOyx
species, leading to the poor reducibility of Ni20Mo9 catalyst
[26-28].
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Fig. 5. Hydrogen composition in dry gas with time on stream in the auto-thermal
reforming of ethanol over Ni20MoX (X=0, 3, 5, 7, and 9) catalysts at 550 °C.

3.3. Auto-thermal reforming of ethanol over Ni20MoX
(X=0,3,5 7, and9)

All the catalysts tested in this study showed almost complete
conversion of ethanol at 550 °C, while the product distributions
over Ni20MoX (X=0, 3, 5, 7, and 9) catalysts were different
depending on the Mo content. Fig. 5 shows the hydrogen com-
position in dry gas with time on stream in the auto-thermal
reforming of ethanol over Ni20MoX (X=0, 3, 5, 7, and 9)
catalysts at 550 °C. The bimetallic supported catalysts except
for Ni20Mo9 showed a higher catalytic performance than the
monometallic Ni20 catalyst. There are two possible reasons
for the enhanced catalytic performance of Ni20MoX (X=3,
5, and 7). One is that both active surface area and reducibil-
ity of these catalysts were increased by the addition of Mo, as
confirmed by XRD and TEM measurements. The other reason
is that the electronic structure of Ni was favorably modified
for the reaction, which is in good agreement with previous
studies [26-28] reporting that electron transfer from MoOy
to active Ni species improved the catalytic activity. Among
the catalyst tested, the Ni20Mo5 showed the best catalytic
performance. The catalytic performance was decreased in the
order of Ni20Mo5 >Ni20Mo7 >Ni20Mo3 > Ni20 > Ni20Mo9.
Although fundamental reason for the low catalytic performance
of Ni20Mo9 is unclear, it is believed that the decoration of Ni
sites by MoOy species in this catalyst resulted in the low cat-
alytic performance, as mentioned earlier [26-28]. In addition,
the poor reducibility of the Ni20Mo9 catalyst is also responsi-
ble for its low catalytic performance. It should be noted that the
Ni20 catalyst experienced a severe catalyst deactivation, unlike
the Ni20MoX (X=3, 5, 7, and 9) catalysts.

Fig. 6 shows the by-product distribution over Ni20 and
Ni20Mo5 catalysts with time on stream in the auto-thermal
reforming of ethanol at 550 °C. The compositions of CO, CO;,
and CHy4 over the Ni20Mo5 catalyst changed slightly with the
time on stream, while negligible amounts of C; compounds such
as CoHy and CH3CHO were formed over the Ni20Mo5 catalyst.
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Fig. 6. By-product distribution over (a) Ni20 and (b) Ni20Mo5 catalysts with time on stream in the auto-thermal reforming of ethanol at 550 °C.

However, the by-product compositions over the Ni20 catalyst
were drastically changed with the time on stream. It should be
noted that the composition of C, compounds such as C;Hy4 and
CH3CHO over the Ni20 was much higher than that over the
Ni20MoS5 catalyst. In addition, the increase in the CO composi-
tion at the expense of CO, was remarkable over the Ni20 cata-
lyst. This suggests that the Ni20 catalyst becomes deactivated in
the C—C bond cleavage (CH3CHO + H,0 + O, — 2CO; +3H>,
CoHs +2H,0 — CO2 +CHy +2H3) [29-31]. It is widely
accepted that the deactivation of the Ni catalyst in the steam
reforming of ethanol is mainly due to carbon deposition on the
catalyst surface [32]. In this catalyst system, a large amount
of coke was deposited on the surface of the Ni20 catalyst (the
amount of carbon deposition after a 10 h reaction was 76.3%)
during the auto-thermal reforming of ethanol, resulting in a loss
of catalytic activity for C—C bond cleavage. On the other hand,
judging from the stable catalytic performance and extremely
low selectivity for C, compounds over the Ni20Mo5 catalyst
(carbon deposition after 10 h reaction was 27.9%), it is believed
that the Mo species incorporated with the Ni catalyst suppress
coke formation. As mentioned earlier, Ni catalyst modified with
a small amount of Mo shows strong resistance toward coke for-
mation because Mo species not only decrease the coking rate
but also prolong the induction period of coke formation [19].
As evidenced by XRD (Fig. 2) and TEM (Fig. 3), it was also
revealed that the highly dispersed Mo species served as a barrier
for preventing the growth of Ni particles. This is another reason
for the low rate of coke deposition on the bimetallic Ni20Mo5
catalyst. This result is consistent with previous studies [33—35]
reporting that the rate of coke deposition increased with increas-
ing particle size of the Ni catalyst.

4. Conclusions

Ni20MoX (X=0, 3, 5, 7, and 9) catalysts with different Mo
contents were prepared using a co-impregnation method, and
they were applied to the hydrogen production by auto-thermal
reforming of ethanol. The role and effect of Mo on the catalytic
property and catalytic performance of Ni20MoX was examined.

It was found that the presence of Mo species impeded the incor-
poration of Ni species into the lattice of alumina, leading to
less lattice expansion of alumina in the Ni20MoX catalysts.
This resulted in a weak metal-support interaction, and conse-
quently, increased the reducibility of the supported catalysts. The
Ni20Mo?9 catalyst was less effective in hydrogen production than
the Ni20Mo7 catalyst due to the formation of bulky NiMoOj.
It was also observed that the Mo species served as a barrier for
preventing the growth of Ni particles, leading to the formation of
highly dispersed Ni-Mo/y-Al,Os3 catalysts. In the auto-thermal
reforming of ethanol, the bimetallic Ni20MoX (X=3, 5 and 7)
catalysts except for Ni20Mo9 showed a higher catalytic per-
formance than the monometallic Ni20 catalyst, because the
presence of small amount of Mo was effective in suppressing
coke formation and in promoting the catalytic activity of Ni cat-
alyst for the cleavage of the C—C bond. Among the catalysts
tested, the Ni20Mo5 catalyst showed the best catalytic perfor-
mance in the auto-thermal reforming of ethanol. However, the
addition of excess Mo (in case of Ni20Mo09) decreased the cat-
alytic performance, as a result of both poor reducibility of Ni
species and coverage of Ni sites by MoOy species. The Ni20
catalyst experienced a severe catalyst deactivation as a result of
coke deposition on the catalyst surface and the subsequent loss
of catalytic activity for the C—C bond cleavage.
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