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a b s t r a c t

A pretreatment procedure consisting of water vapor oxidation followed by H2 reduction

has been developed for enhancing the catalytic activity of as-rolled Ni3Al foils for steam

reforming of methane. The catalytic activities of the as-rolled Ni3Al foils in the temperature

range of 873e1023 K at a steam to carbon ratio of 1.0 were found to be significantly

improved by the pretreatment procedure consisting of a water vapor oxidation at 873

e923 K for 1 h followed by a H2 reduction at 873 K for 1 h. Surface characterization of the

foils before and after the reactions revealed that many fine NiO particles were formed on

the surface by the water vapor oxidation at 873e923 K, whereas much less NiO particles

were formed by the water vapor oxidation at low temperatures (<873 K) or high temper-

atures (>973 K). During the subsequent H2 reduction treatment at 873 K, These NiO parti-

cles were reduced to metallic Ni. It is supposed that the enhancement in catalytic activity is

attributed to the fine metallic Ni particles formed on the foil surface by the pretreatment

procedure.

Copyright © 2016, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

With the rapid development of hydrogen fuel cells worldwide,

hydrogen is attracting significant attention as a non-polluting

and efficient energy carrier. Producing hydrogen at a low cost

and with high efficiency is a great challenge in the field of

catalysis [1e5]. Currently, hydrogen is mainly produced from

various hydrocarbons such as methane, naphtha, and diesel.

Among these methods, the steam reforming of methane,

which involves the following reactions (Eqs. (1) and (2)), is one

of the most important methods [6,7].

CH4þH2O%3H2 þ CO; DH
�
298 ¼ 206 kJ mol�1 (1)

COþH2O%H2þCO2; DH
�
298 ¼ �41 kJ mol�1 (2)

Eq. (1) is known as methane steam reforming (MSR),
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whereas Eq. (2) is the water gas shift reaction (WGS). Since

MSR is highly endothermic, high temperatures (>1000 K) are

required to achieve high CH4 conversion to H2 and CO. It is

important to develop the steam reforming processes of CH4 at

low temperatures (<1000 K) in order to realize hydrogen pro-

duction with high-efficiency and low-cost [3,8]. Ni-based cat-

alysts have been developed for the steam reforming of CH4 on

the industrial scale [9]. In such catalysts, Ni particles, which

are dispersed on refractory alumina carriers, are usually

pelletized to optimized shapes to achieve good catalytic per-

formance. The heat transfer efficiency and pressure drop are

known to be limiting factors in the pelletized catalysts. On the

other hand, structural catalysts such as monolithic and hon-

eycomb catalysts are promising candidates for achieving high

heat transfer efficiency and low pressure drop compared to

the pelletized catalysts [10,11]. In the structural catalysts, the

catalytic materials are deposited or dispersed on metallic or

ceramic walls of the channels. However, this process is usu-

ally complex and results in high manufacturing costs.

The intermetallic compound Ni3Al has excellent high-

temperature strength, and has been used in superalloys as

a strengthening phase [12,13]. We have fabricated thin foils of

Ni3Al with thickness below 30 mm by cold rolling [14,15], and

found that these foils show high catalytic activity for meth-

anol decomposition [16,17]. The results demonstrated that

the Ni3Al foils can be used as both catalysts as well as

structural materials in the structural catalysts. This is

favorable for practical applications because it allows efficient

H2 production without the need for a complex coating pro-

cess for the catalyst layers, which in turn is expected to lead

to low-cost and highly efficient hydrogen production. The

catalytic activity of atomized Ni3Al powder for MSR has been

investigated in our previous work [18,19]. However, the cat-

alytic properties of the Ni3Al foils for MSR have not been

examined yet.

In general, enhancing the catalytic activity of the flat foils is

a challenging problem because of their extreme low specific

surface area compared to fine particle catalysts. Interestingly,

in our previous study on the catalytic properties of Ni3Al foils

for methanol decomposition, we found that the Ni3Al foils

were spontaneously activated during the initial period of re-

action at 793 K [17]. The activation is attributed to the fine Ni

particles formed on the foil surface during methanol decom-

position. Specifically, the Al atoms in the surface region of the

foils were oxidized and/or hydroxylated by a small amount of

H2O produced during the reactions, whereas the Ni atoms

were not oxidized, and aggregated into the fine particles [20].

Furthermore, we have found that the surface structure of the

Ni3Al foils can be effectively modified by water vapor treat-

ment at 873 K followed by H2 reduction at 873 K [21]. This

treatment procedure results in the formation of a pseudo

porous structure constituted of Ni particles, Al2O3, and

NiAl2O4 on the foil surface. This structure is expected to

enhance the catalytic activity of the Ni3Al foils.

In this study, we first examined the catalytic properties of

the as-rolled Ni3Al foils for MSR. Subsequently, we carried out

a pretreatment procedure consisting of water vapor treatment

at various temperatures, followed by H2 reduction at 873 K for

1 h, in order to enhance the catalytic performation at low

temperatures (<1000 K). The effect of pretreatment on the

surface structure and catalytic properties of MSR was

investigated.

Experimental

Sample preparation

Ni3Al (Ni-24 atomic % Al) foils with a thickness of 30 mm were

fabricated by a cold-rolling procedure which has been

described previously [14,15]. The samples for the reactions

were cut into 5 mm � 220 mm rectangular pieces, which were

then crinkled and wound in a spiral shape (coil) with a

diameter less than but close to 8 mm (as shown in Fig. 1).

Pre-treatments

Thewater vapor andH2 reduction treatmentswere carried out

in a conventional fixed-bed flow reactor which has been

described in our previous work [17,21]. The samples were first

heated to 773, 823, 873, 923, 973, 1073 K, respectively under

flowing N2 at 30 mL/min, following which water was intro-

duced using a micro-pump at a liquid flow rate of 50 mL/min

for 1 h in the presence of flowing N2. The partial pressure of

water vapor in the reactor was 68 kPa during the water vapor

treatment. Then, H2 reduction was carried out at 873 K for 1 h

in a flow of mixed H2 (5 mL/min) and N2 (30 mL/min), which is

a common pre-reduction condition for Ni3Al catalysts [18,19].

Catalytic reaction tests

Three coil samples with a total geometrical surface of

0.0066 m2 were used for each test. The MSR tests were carried

out over the as-rolled (non-pretreated) and pretreated foils

(after treatment by the water vapor and H2 reduction pro-

cedures) in the fixed-bed flow reactor. Two types of tests,

namely isochronal and isothermal tests, were carried out as

8 mm

Fig. 1 e CH4 conversion as reaction temperature during the

steam reforming of CH4 over non-treated Ni3Al foils, and

the foils pretreated in water vapor at 773, 823, 873, 923,

973, 923, and 1073 K for 1 h, respectively. All the foils were

reduced by H2 at 873 K for 1 h before reaction. The image of

coil-shaped sample for reaction was inserted.
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