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We for the fist time investigated the catalytic properties of Ni;AVNi two-phase alloy foils for
methane steam reforming in the temperature range of 873-1173 K. It was found that the flat foils
show a catalytic activity above 1023 X in spite of their low surface area and the activity increases
with reaction temperature. SEM and XRD analyses revealed that metallic Ni particles and
aluminum oxide Al,O; were produced on the foil surface during the catalytic reaction. These Ni
particles are considered to contribute to the observed activity for methane steam reforming.
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1. INTRODUCTION

NizAl intermetallic is known as high-temperature
structural  material, because of its excellent
high-temperature strength and good oxidation/corrosion
resistance [1-3]. The brittleness at room temperature
used to be a big problem which restricted its practical
application. Recently we have overcome this problem
and successfully developed thin foils of NizAl
intermetallics by cold rolling without boron addition [4].

Up to now, the catalytic properties of NizAl
intermetallics have attracted no attention. However, we
have recently found a high catalytic activity on the
NizAl foils for hydrogen production such as methanol
decomposition and methane steam reforming in spite of
their low surface area [5-9]. The cause of the activity is
attributed to the fine Ni particles on the foil surface
which are produced in the reaction condition or by
chemical pretreatment. Considering the excellent
high-temperature structural properties, the foil catalysts
can be used as both catalysts and structural materials in
the micro reactor for hydrogen production.

NizAUNi  two-phase alloy is superior to NizAl
single-phase alloy in structural performance such as
creep properties and workability. But its catalytic
properties have never been studied yet. It is thus
interesting to examine whether Ni;Al/Ni two-phase alloy
foils exhibit catalytic activity for hydrogen production or
not. In this study, we for the first time investigated their
catalytic properties for methane steam reforming.

2. EXPERIMENTAL
2.1 Sample preparation

Ni;AUNi alloy foils of 32 pm in thickness were
fabricated by cold rolling the single crystalline plate
with the composition Ni-18at%Al. The Ni;AUNi
two-phase structure was confirmed after cold rolling.

2.2 Catalytic reaction

Methane steam reforming was performed in a
conventional fixed-bed flow reactor at ambient pressure.
The foils were reduced by hydrogen at 773 K for 1 hour
before the reaction. The reactants of CHy and H,O
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(molar ration of CHy and HyO = 1) were introduced into
the reactor at a gas hourly space velocity of 0.00027
m’h'm?  Catalytic reaction was measured in the
temperature range of 873 K to 1173 K in stepwise
heating manner at an interval of 50 K. After holding at
each temperature for 30 minutes, the outlet gaseous
composition was analyzed by gas chromatography (GL
science, GC-323 equipped with thermal conductivity
detectors). The total flow rate of the outlet gases was
measured except steam by a soap bubble meter just afier
gas analysis.

2.3 Sample characterization

The surface morphologies and composition of the
foils were determined by scanning electron microscopy
(SEM: JEOL, JSM-7000F) along with an X-ray energy
dispersive spectroscopy (EDS) after the catalytic
reaction. The crystal structures of the foils were
characterized by X-ray diffraction (XRD) using a Cu Ko
source (Rigaku, RINT2500)

3. RESULTS AND DISCUSSION
3.1 Catalytic reaction

Figure 1 shows the methane conversion as a function
of reaction temperature. The methane conversion
increased with temperature above 1023 K, and finally
reached 74 % at 1173 K, while no obvious conversion
was detected below 973 K. The result demonstrates that
the NizAUNi two-phase alloy foils have a catalytic
activity for methane steam reforming above 1023 K.

Figure 2 plots the production rates of the outlet gases
products as a function of reaction temperature. The
production rates of H, and CO increased with reaction
temperature above 1073 K, having a molar ratio of
approximately 3:1. The results indicate that the methane
steam reforming (equation 1) occurred over the foil
surface of the Ni;Al/Ni two-phase alloy.

CH, + H,0 © 3H,+CO AH’505=+206 kJ/mol (1)

In contrast, the production rate of CO, was much lower
than those of H, and CO. It remained low even at 1173
K, indicating that the water-gas shift reaction (equation
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Fig.1 Methane conversion as a function
of reaction temperature
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Fig.2 Production rate of H,, CO and CO,
as a function of reaction temperature

Fig.3 SEM back scattered clectron image on foil surface
(a) before the reaction and (b) after the reaction

Fig.4 SEM back scattered electron image on the cross section
(a) before the reaction and (b) after the reaction

2) was considerably suppressed over the foil surface of
the Ni;Al/Ni two-phase alloy. This behavior is different
from that in common Ni catalysts where the water-gas
shift reaction is accompanied by the methane steam
reforming [10].

CO+H,0 © Hy+CO; AH 5=~ 41 kl/mol  (2)

3.2 Surface morphologies after the catalytic reaction
Figure 3 shows the SEM backscattered electron images
on the foil surface before and after the reaction. Before
the reaction, the foil surface was flat, having a weak
contrast of band structure along-the horizontal direction
as shown in Fig. 3a. This band structure was formed
during cold rolling process before the reaction as
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Fig.5 Elemental mapping on the cross section after the reaction
(a) SEM image, (b) nickel, (¢) aluminum and (d) oxygen
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Fig.6 XRD diffraction pattern
(a) as-rolled, (b) after H, reduction and (c) after the reaction

previously reported [11]. After the reaction the band
structure disappeared and many bright spherical phases
were observed. The diameters of these bright spherical
phases were found in a wide range from 200 nm to 3
p.

Figure 4 shows the SEM images backscattered electron
images on the cross section of the foils before and after
the reaction. Before the reaction, the foil showed a very
flat surface, having a very thin top layer of native Al
oxides which were barely detectable by XPS. After the

reaction, many spherical particles, which were are the
same one in Fig. 3b, were observed on the foil surface,
being accompanied with a thin layer below them.

Figure 5 shows the elemental mapping on the cross
section of the foil after the reaction. It shows that the
spherical particles mainly consist of nicke} and the thin
layer consists of aluminum and oxygen.

The crystal structures of the above-mentioned surface
products were characterized by XRD and were
compared before and after the reaction, as shown in Fig.
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6. Only Ni and NiyAl, which are the starting component
phase, were identified in the XRD profiles of the
as-rolled foil and the foils after H, reduction.  After the
reaction, Al,O; and NiO were confirmed in addition to
Ni and NizAl. It is noticed in Fig. 6 that the relative
intensity of Ni peak at high 2-theta increased after the
reaction, indicating the production of Ni on the foil
surface during the reaction.

The SEM, EDS and XRD results indicate that fine
metallic Ni particles were produced on the foil surface
during the reaction, being accompanied with the
formation of Al oxides layer between the Ni particles
and the substrate foil. It is known that metallic Ni can
serve as effective catalysts for methane steam reforming.
We consider that the high catalytic activity is due to
these fine Ni particles produced during the reaction.

4. CONCLUSION

Methane steam reforming was carried out over the

surface of the NizAl/Ni two-phase alloy foils in the

temperature range of 873-1173 K. The main results are
summarized as follows:

(1) Ni;AVNi two-phase alloy foils demonstrated a high
catalytic activity for methane steam reforming
above 1023 K. The activity increased with the

_ reaction temperature.

(2) Ni particles and aluminum oxide AlLO; wete
produced on the foil surface during the reaction.
The high catalytic activity is atiributed to the
spontaneous formation of these Ni particles.

5. ACKNOWLEDGEMENTS

We thank M. Takanashi for his helpful assistarice in the
sample preparation, Y. Ma and W. Xing for their useful
advises and comments. One of the authors (D. X)
acknowledges the National Institute for Materials
Science for the provision of a NIMS Graduate Research
Assistantship.

6. REFERENCES

[1]D.P. Pope, S.S. Ezz, Int. Mater. Rev. 29 (1984) 136.
[2Z]IN.S. Stoloff, Int. Mater. Rev. 34 (1989) 153,

[3] M. Yamaguchi, Y. Umakishi, Mater. Sci. 34 (1990)
1

[4] M. Demura, Y. Suga, O. Umezawa, E. P. George,
and T. Hirano, Intermetallics 9 (2001) 157.

{51 D.H. Chun, Y. Xu, M. Demura, K. Kishida, M. H.
Oh, T. Hirano and D. M. Wee, Catal. Lett. 106 (2006)
71.

[6] D. H. Chun, Y. Xu, M. Demura, K. Kishida, D. M.
Wee and T. Hirano, J. Catal. 243 (2006) 99.

[71Y. Xu, S. Kameoka, K. Kishida, M. Demura, A.P.
Tsai, T. Hirano, Intermetallics 13 (2005) 151.

[8] Y. Xu, S. Kameoka, K. Kishida, M. Demura, A.P.
Tsai, T. Hirano, Mater. Trans, 45 (2004) 3177.

[ Y. Ma, Y. Xu, M. Demura, and T. Hirano,
unpublished.

[10] J. R. Rostrup-Nielsen, J. Sehested and J. K.
Norskov, Adv. Catal. 47 (2002) 65

[11] H.Borodians’Ka, M. Demura, Kyousuke Kishida
and T. Hirano, Intermetallics 10 (2002) 255.

(Recieved December 9, 2007 5 Accepted September 1, 2008)



