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a b s t r a c t

CO hydrogenation over a CeNi2, an amorphous CeNi2Hx and a disproportionate mixture containing Ce
hydride and CeNi5 which were prepared by hydrogen absorption, has been investigated. Catalytic prop-
erties are different among the three samples since the bulk structure of the samples changes during
the reaction. Nevertheless, the amorphous CeNi2Hx exhibits high activity as well as unique selectivity
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of hydrocarbons. This study shows that hydrogen-induced amorphization (HIA) is a potential activation
treatment for intermetallic compounds for catalysts.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Some intermetallic compounds (IMCs) have attracted much
nterest/attention in the field of catalysis [1,2]. This is due to the
act that atoms in an IMC orderly occupy definite positions with a
trict stoichiometric composition, performing their new catalytic
unction in comparison with metallic elements as new potential
or catalysis [3,4] or precursors of catalysts [5,6]. There are many
nique IMCs with different structures (L12, D019, C23, B82, C15),
hich can transform into the amorphous state by hydrogen absorp-

ion [7] i.e., hydrogen-induced amorphization (HIA). HIA has high
otential to prepare catalysts with full or partial amorphous struc-
ure by controlling volume fraction of the amorphous structure
rbitrarily. Thus, HIA for IMCs could provide a new path for syn-
hesizing catalysts since many IMCs contain catalytically activity
lements such as Fe, Co, Ni and Rh etc. Additionally, the conditions
f HIA are varied according to the alloy systems from low hydrogen

ressure at room temperature for several hours to high pressure
>5 MPa H2) at ∼450 ◦C for several days [8], allowing to choose any
MC suitable for a specific catalytic reaction. On the other hand,
he IMCs after hydrogen absorption show several different struc-

∗ Corresponding author. Tel.: +81 2 2217 5404.
E-mail address: naruki@mail.tagen.tohoku.ac.jp (N. Endo).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.11.039
tures; crystalline state, amorphous state and disproportionation,
i.e. decomposition into a metal hydride and a pure metal (or an
IMC) [7,8]. Thus, it is of particular interest to compare the catalytic
properties of each structure.

On the other hand, amorphous alloys have gained consid-
erable interest in catalysis because of their unique structures
and/or chemical properties [9]. A number of amorphous alloys
have shown high catalytic performance over various catalytic
reactions such as CO hydrogenation, olefin hydrogenation, ammo-
nia synthesis, methanol synthesis and methanation [9]. Recently,
new alloy catalysts with supported amorphous structure reveal-
ing high surface area (>150 m2 g−1) have been developed [10,11].
Therefore, although amorphization of alloy catalysts is thought to
be an available activation treatment, amorphous alloy catalysts
cannot be easily prepared by most of the well known method
such as melt quenching, vapor and sputter deposition. If amor-
phous structure could be easily prepared, the method would
have the potential to be a further activation treatment of alloy
catalysts.

As mentioned above, the HIA treatment on IMCs is a very avail-

able method for obtaining amorphous structure, in which we may
expect drastic change in surface geometry for catalysis. Catalytic
properties of hydrogenated IMCs have been reported in a number of
papers but change in catalytic properties along amount of absorbed
hydrogen was not investigated.

dx.doi.org/10.1016/j.cattod.2010.11.039
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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In the present work, we have chosen the C15 Laves CeNi2 and
nvestigated its catalytic properties under CO hydrogenation. This
aper reports not only the catalytic property for CeNi2 after hydro-
en absorption but also highlights the possibility of HIA treatment
s a new activation method for IMC catalysts.

. Experimental

The CeNi2 compound was prepared by arc-melting in an Ar
tmosphere. The homogeneity and/or stoichiometry of the inter-
etallic compound was characterized by powder X-ray diffraction

XRD). Powder X-ray diffraction was performed with Cu K�
� = 1.543 Å) radiation and scan step (0.02◦) by a Mac science

03XHF22 operated at 40 kV and 30 mA. X-ray photoelectron spec-
roscopy (XPS) experiments were performed on clean surfaces
t room temperature under 10−8 Pa using an Al K� monochro-
ated X-ray beam (ESCALAB 220i, Fisons Instruments). The binding

nergy of 284.5 eV for C1s from surface carbon contaminant was
sed for the binding energy calibration. All samples for XPS mea-
urements were treated by sputtering (3 kV for 200 s) in order to
emove surface contaminants. Specific surface area was measured
y the BET method using krypton (Kr) physisorption at −196 ◦C
77 K).

The hydrogen absorbed CeNi2 was prepared using a standard
ieverts-type apparatus (Suzuki Shokan) for the measurement
f pressure–composition–temperature (PCT) curve. The hydrogen
bsorption condition of HIA was as follows; the hydrogen pres-
ure was increased to 0.34 MPa taking 3 h from a vacuum sate at
oom temperature. The holding time was more than 12 h to prepare
onsiderable amorphous sample (∼5.0 g). As for disproportiona-
ion, the initial hydrogen pressure was 2 MPa at 250 ◦C for 1 h, and
hen hydrogen pressure was raised up to 4 MPa and held at 400 ◦C
or 24 h. Hydrogen absorption was carried out after the activation

reatment under vacuum at 400 ◦C for 1 h.

The reaction did proceed in a standard fixed-bed flow reac-
or while a mixture gas of H2/CO = 2; CO = 33.6% at a total flow
ate of 1.5 ml min−1 and total pressure of 0.101 MPa (1 atm) over
he catalyst of 500 mg (100 mg for CeO2). All the catalytic experi-
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ig. 1. XRD patterns for (a) CeNi2 before hydrogen absorption (Laves cat.), (b) CeNi2Hx w
A)/after CO hydrogenation (B).
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ments were carried out on the fresh samples without any reduction
pretreatment. The reaction products were monitored by on-line
gas chromatographs (Shimadzu GC-8A and GC-9A) equipped with
Molecular Sieve 5A for the detection of H2/CO/CH4 and Porapak Q
to detect C2–C4 hydrocarbons and H2O. The selectivity (C-%) was
calculated based from

Si = (Ci × i)
∑n

i i
× 100 (1)

where Si is the selectivity of the ith product and Ci is the formation
rate of the ith product (mol min−1), n is the number of products [12].
The measured data of the catalytic activity were recorded after the
reaction achieved a steady state for 30 min and 60 min. The catalytic
activity and selectivity of all samples were almost the same values
after between 30 min and 60 min.

3. Results and discussion

Fig. 1(A) shows XRD patterns for (a) CeNi2 (Laves cat.), (b)
CeNi2Hx with HIA (HIA cat.) and (c) CeNi2Hx with disproportion-
ation (Disprop. cat.). The XRD pattern of (a) CeNi2 could be well
indexed as the C15 Laves phase. The XRD pattern of (c) CeNi2Hx

with disproportionation was assigned to be Ce hydride and CeNi5
[13]. For (b) CeNi2Hx with HIA, Bragg peaks almost disappeared due
to HIA. The BET surface area (aS, BET) of CeNi2, CeNi2Hx with dis-
proportionation and CeNi2Hx with HIA were estimated to be 0.13,
0.34 and 0.17 m2 g−1, respectively (see Table 1). Generally, hydro-
gen embrittlement is accompanied in hydrogenated IMCs [14] and
hence the highest surface area of CeNi2Hx with disproportiona-
tion is attributed to the embrittlement induced under a severer
hydrogen absorption condition. Hereafter, we name the CeNi2, the
CeNi2Hx with HIA and the CeNi2Hx with disproportionation as
Laves cat., HIA cat. and Disprop. cat.
Fig. 2 shows the reaction rate of CO as a function of temperature
over four catalysts together with Ni powder (aS,BET = 0.45 m2 g−1)
and CeO2 (aS,BET = 63.0 m2 g−1) for references. The activity of HIA
cat. with respect to a real rate (�mol min−1 m−2

−cat) was the highest
among the catalysts, while the Disprop. cat. exhibited a very low
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Table 1
Phase of each sample and surface area before/after CO hydrogenation.

Sample Phase Surface area (m2 g−1)

Before After

Ni powder Crystal (pure nickel) 0.45 0.45
Laves cat.a Crystal (C15 Laves type) 0.13 0.10
HIA cat.b Amorphous (HIA) 0.17 0.17
Disprop.cat.c Crystal (CeNi5 + Ce hydride) 0.34 0.12

a CeNi2 before hydrogen absorption.
b CeNi2Hx with HIA.
c Disproportionation
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Fig. 2. Reaction rate of CO as a function of reaction temperature over
five catalysts (0.50 g), Laves cat. (CeNi2), HIA cat. (CeNi2Hx with HIA), Dis-
prop. cat. (Disproportionation), Ni powder (ref.) and CeO2 (ref.) in terms of
(�mol min−1 m−2

−cat); under a mixture gas of CO (33.6 vol.%) + H2 (66.4 vol.%); flow
rate: 1.5 ml min−1.

Fig. 3. Selectivity (C-%) in the reaction of CO hydrogenation with respect to the value of CO
with HIA) and Disprop. cat. (Disproportionation)), depending on reaction temperature.
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activity. The activity of HIA cat. was much higher than that of Ni-
powder with respect to its surface area, being almost three times
higher than the HIA cat. These results imply that the difference in
activity of these catalysts depend on not only the surface area but
also their inherent structures. Here, CeO2 for reference exhibited no
activity in this reaction temperatures range in spite of its extremely
high surface area.

Fig. 3 exhibits the selectivity in CO hydrogenation with respect
to the value of CO conversion on three different catalysts as a
function of reaction temperature. The methane (C1) selectivity of
Ni powder exhibited almost 90 C-% independent of temperature
for reference. In the case of Laves cat. (Fig. 3(A)), the C1 selectiv-
ity decreased with increasing temperature, whereas, the C2 and
C3 selectivity increased with an increment in temperature. All C2
hydrocarbons were ethane in each sample. The amount of C3 hydro-
carbon was almost the same as that of propylene and propane. For
HIA cat. in Fig. 3(B), the C1 selectivity also decreased with increasing
temperature and the C4 hydrocarbons, butane, formed at reaction
temperatures over 260 ◦C. The C3 hydrocarbons in the case of the
HIA cat. was only propane. Regarding the selectivity of Disprop.
cat., in contrast, the C1 selectivity was higher than that of the other
two. Here, in order to compare each selectivity under the similar
conversion, we focused on the selectivity at 260, 240 and 280 ◦C for
Laves cat., HIA cat. and Disporp. cat., respectively. For both Laves
and HIA cat., the C1 selectivity is almost the same. However, the
C3 hydrocarbons of former were propylene and propane, whereas,
those of latter were all propane as mention above. In the case of
the Disprop. cat., the amount of propylene was about 70% in C3
hydrocarbons. Moreover, the C4 hydrocarbons were formed only
in the case of HIA cat. The other two catalysts could not produce C4
hydrocarbon completely even at higher conversion region or/and at
reaction temperatures higher than 280 ◦C. Therefore, the selectivity

is completely different among three catalysts. Except Ni powder no
formation of water (H2O) was detected under CO hydrogenation on
the compound and hydrides, we consider that these catalysts were
oxidized under the reaction.

conversion (%) on the three different catalysts (Laves cat. (CeNi2), HIA cat. (CeNi2Hx
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The XRD patterns of (a) Laves cat., (b) HIA cat. and (c) Disporp.
at. after the reaction are shown in Fig. 1(B). In the XRD pattern for
aves cat. and HIA cat., the diffraction peaks of CeO2 were observed
ue to the oxidation of these catalysts. On the other hand, the XRD
attern for Disporp. cat. remained the same even after the reac-
ion because of its extremely low activity. For Laves cat., from the
ecrease in intensity of CeNi2 peaks (�) and no occurrence of any
ther peak of Ce–Ni IMCs, it is supposed that HIA occurred during
he reaction as well as the oxidation [13]. For HIA cat., unidenti-
ed broad diffraction peaks were observed around 45◦ which may
e generated from the nickel (and cerium) oxide nano-composited
hases. The diffraction peak at 43.4◦ is responsible for NiO [15].

The results of BET measurements for Laves cat., HIA cat. and Dis-
orp. cat. after the reaction are also shown in Table 1. The surface
rea of Disporp. cat. decreased after the reaction, while the surface
reas of other samples remained no change. Though the difference
n reaction rate among these catalysts is larger than those in the sur-
ace area, the difference of catalytic activity mainly depends on the
urface structures. The surface nickel concentrations which were
etermined by XPS measurement of Laves cat., HIA cat. and Disporp.
at. after the reaction were 24.9, 24.1 and 16.0 at%, respectively. It
hould be noticed that the surface nickel concentration of Laves cat.
as very close to that of HIA cat. From this result and Fig. 1(B), it

s presumable that the surface structures of Laves cat. and HIA cat.
ere modified to the similar structure during CO hydrogenation.

The HIA cat. was found to exhibit the high catalytic activity
nd the high selectivity of C2+ hydrocarbons for the CO hydro-
enation. The high catalytic performance of the amorphous alloys
as been reported so far [9]. It is well known that the surface of
morphous materials should be devoid of any long-range order-
ng of constituents and exhibit a high density of low-coordination
ites and defects in catalysts, i.e. step and edge sites [16,17]. There-
ore, the amorphous structure of HIA cat. would play an important
ole for the high activity. Additionally, we should consider the
ontribution of the nano-composited NiO + CeO2 phase for the
eaction since the oxidation of HIA cat. proceeds during the CO
ydrogenation (Fig. 1(B)). It should be noticed that we could not
xclude the possibility that very fine particles of Ni metal are
ocated on the surface as active sites. On the other hand, selec-
ivity for the CO hydrogenation is supposedly strongly depending
n the surface structure because the selectivity of products was
uch different between HIA cat. and Disprop. cat. (Fig. 3). The

rocess of C–O dissociation/hydrogenation followed by stabiliza-
ion of intermediates such as CHx (a) species and formation of
2+ hydrocarbons may be enhanced significantly over the HIA cat.,

.e. inhibition of the methanation process. The characterization of
hese catalysts and investigation of surface structures are under
tudy.

Although oxidation of CeNi2 and hydrides could not be avoided

nder CO hydrogenation, each catalytic performance was differ-
nt and it is interesting to study how catalytic properties of these
atalysts would exhibit for other catalytic reactions. A favorable
eaction of HIA catalyst could be oxygen-free reaction system, such
s olefin hydrogenation [18]. In this paper, we firstly reported

[

[
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the different catalytic property by the structure in CeNi2 and its
hydrides. It is also highlighted that HIA treatment is promising as
a new activation treatment for IMC catalysts.

4. Conclusions

We have investigated the catalytic properties for CO hydrogena-
tion of C15 Laves intermetallic compound CeNi2, which underwent
some remarkable change in its structure by hydrogen absorption
and temperature, i.e. hydrogen-induced amorphization (HIA) and
disproportionation. The amount of amorphous and disproportiona-
tion catalysts could be controlled by hydrogen absorption. Although
the oxidation of CeNi2 and CeNi2Hx with HIA occurred under the
reaction, its catalytic property (activity and selectivity) showed
completely different from one another. These results indicated their
catalytic property mainly depended on the bulk structure. Espe-
cially, the HIA cat. exhibited the highest activity and the unique
selectivity. This study reports the possibility of HIA treatment being
a new activation process for intermetallic compound for catalysts.
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