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Two alloys of composition Al59Cu25.5Fe12.4B3 and Al71Cu9.7Fe8.7Cr10.6 were characterized by

X-ray diffraction, transmission electron microscopy and scanning electron microscopy. The

latter forms a mixture of imperfect icosahedral phase and cubic phase upon rapid

solidification from the liquid state. After heat treatment, this alloy transforms into a

decagonal quasicrystalline phase. Both alloys can be used as catalysts precursors and

transformed into active metallic phases after alkali leaching with a NaOH solution. These

catalysts were used for hydrogen production by steam reforming of methanol between 473

and 773 K. The catalytic activities of these treated alloys were compared to that of a

reference Cu/ZnO/Al2O3 catalyst. Quasicrystal derived catalysts showed a high catalytic

activity for the production of hydrogen.

& 2007 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights

reserved.
1. Introduction

Hydrogen is an environmentally friendly fuel since it does not

release carbon dioxide on site when employed in fuel cell

processor. Several hydrogen-generating techniques have been

studied as steam reforming, partial oxidation and autother-

mal reforming of various fuels. Methanol appears to be a

suitable liquid fuel for on-board hydrogen production due to

its high energy density and high H/C ratio. As compared to

other hydrocarbons, steam reforming of methanol can be

operated at low temperature of 250–300 �C [1,2]. The catalysts

usually investigated for this reaction are copper catalysts

supported on ZrO2 [3,4], on ZrO2 doped by Al2O3 [5], on ZnO

[6,7] and on ZnO–Al2O3 mixed support [8–10]. These copper

based catalysts show a good activity and selectivity. But these

catalysts suffer a number of limitations and deactivate

because of two phenomena: sintering and coke formation.

An improvement can be obtained by using noble metal based

catalysts such as Pd (as active phase) or Pt–Rh (as dopants of
tional Association for Hy
on.univ-lyon1.fr (C. Gean
CuO–ZnO catalyst) [11,12]. In the present work, we propose an

alternative solution by using matrix catalysts based on copper

under quasicrystalline state.

Quasicrystal (QC) have well-ordered structure without

periodicity, and exhibit non-crystallographic rotational sym-

metries (i.e. 5 and 10 symmetries). Since the historical

discovery of the icosahedral phase in a rapidly solidified

Al–Mn alloy by Shechtman et al., [13], over 100 binary, ternary

and quaternary alloys systems have been found in many

quasicrystalline structural systems [14]. Intensive efforts have

been realized for the studies of alloy synthesis, structure and

physical properties on Al–Cu–Fe and Al–Ni–Co systems

[15–17].

The potential application of QC for catalysis was first

investigated by Nosaki et al. [18]. The catalytic activity of

various Al–Mn alloys was compared on methanol decomposi-

tion. Results show that the highest quantity of hydrogen

was formed on the catalysts under quasicrystalline form.

Then, Tsai et al. [19–22] studied the catalytic properties of
drogen Energy. Published by Elsevier Ltd. All rights reserved.
tet).
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icosahedral QC systems from Al–Cu–Fe alloys with various

compositions for the steam reforming reaction of methanol.

Some fundamental studies of adsorption and/or reactivity of

simple molecules as CO, CH3OH and H2 on the surface of QCs

such as Al–Pd–Mn [23,24], Al–Ni–Co [25] and Ti–Zr–Ni [26] were

also reported. For catalytic purposes, this kind of QC alloys

can be assimilated to Raney like catalysts since a leaching

treatment is required in order to create active metallic

species. Raney copper catalysts prepared from Cu–Zn–Al or

Cu–Al have already been proposed as candidates for metha-

nol synthesis or water–gas shift reaction [27,28].

In the present work, we have investigated two new alloys:

Al59Cu25.5Fe12.4B3 and Al71Cu9.7Fe8.7Cr10.6. As compared to

Al–Cu–Fe alloys, the introduction of Cr gives rise to decagonal

symmetries instead of icosahedral one. We can also expect

favorable catalytic alloying effects such as synergetic effect or

selectivity changes. Cr might, for instance, affect water–gas

shift properties. Concerning Al–Cu–Fe–B alloy, the presence of

B in the catalysts might inhibit the formation of coke during

catalytic reforming. Structural properties of the two alloys

and catalytic performances of the alkali leached alloys were

determined and compared with a Cu/ZnO/Al2O3 catalyst.
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Fig. 1 – XRD patterns of AlCuFeCr alloy (a) and AlCuFeB

alloy (b).
2. Experimental

Alloys were prepared from pure elements (Al, Cu, Fe, Cr, B) by

atomization method at Saint Gobain Company [29]. TEM

observation and electron diffraction were carried out on JEOL

2010 instrument equipped with a microanalysis system EDS

Link Isis. Morphology was characterized by SEM with a

Hitachi S800 microscope. Two instruments were used for

X-ray powder diffraction (Cu Ka radiation). For the standard

measurements at room temperature under air, the patterns

were recorded using a Bruker D5005 diffractometer. In situ

reduction patterns were recorded using a Panalytical X’Pert

Pro MPD diffractometer (X’Celerator detector) equipped with

an Anton Paar XRK 900 reactor chamber. The phases were

identified using the powder diffraction file (PDF) database

(JCPDS, International Centre for Diffraction Data).

Carbon deposited after reaction on the catalyst was

determined by using Ströhlein CS-MAT 5500 instrument.

The metallic elements (Al, Cu, Fe . . .) were analyzed by

plasma atomic emission spectrometer AES-ICP (Spectro-D).

Specific surface area was measured by nitrogen physisorption

at 77 K.

Before catalytic testing, the powder samples were leached

in 20 wt% NaOH aqueous solution similarly to the treatment

of Raney catalysts [27,30]. An excess of sodium hydroxide

solution is put into a flask and the alloy is added slowly in

order to have a gentle reaction. Subsequently, the samples

were kept in the solution for 2 h at ambient temperature and

then kept 1 h in the boiling solution, after they were decanted

and washed with distilled water until no alkali was detected

in the filtrate. Thus, the catalysts were dried at 373 K for 4 h.

The steam reforming of methanol was carried out in a fixed

bed tubular reactor at atmospheric pressure. The samples

were reduced in situ in hydrogen flow at 773 K for 2 h before

reaction, and then catalytic properties were investigated

between 473 and 773 K. The mass of catalysts used was about
30 mg. Nitrogen was used as a diluent. The feed of 1.5/1 molar

ratio water (permuted water) to methanol (99.9% purity) at a

liquid flow rate of between 0.6 and 9.0 ml/h was vaporized at

383 K before going into the reactor. The water and unreacted

methanol were separated from the dry gas mixture by passing

through a G-L separator. Reaction products were analyzed

online by a gas chromatograph Agilent 3000A equipped

thermal conductivity detectors (TCD) with two columns

(PLOT U and PLOT MS 5A). Before G-L separator, unreacted

methanol can be analyzed by an MS VG Prolab. The accuracy

of the conversion rate is within 10%. A reference catalyst

Cu/Zn/Al already used for methanol reforming was also

tested for comparison [31]. For GHSV determination, the

catalyst density was determined by picnometry method.

Selectivity is defined as the number of moles of the desired

product divided by the number of moles of methanol

consumed. Transformation rate toward C products is defined

by the methanol fraction introduced which was transformed

into this C product.
3. Results and discussion

3.1. Characterization

Fig. 1 shows the X-ray powder diffraction patterns of alloys

AlCuFeB (Al59Cu25.5Fe12.4B3) and AlCuFeCr (Al71Cu9.7Fe8.7

Cr10.6). The AlCuFeB alloy (Fig. 1b) is a mixture of an

orthorhombic phase Al65Cu20Fe15 (PDF 49-1511) and a cubic

phase Al50Fe50 (PDF 45-0983). AlCuFeCr alloy (Fig. 1a) contains

an imperfect icosahedral Al80Cr13.5Fe6.5 (PDF 40-1243) and a

cubic phase AlCrCu2 (PDF 52-0922). These two phases are

similar to those reported by Dong and Dubois [32].

A structural modification of AlCuFeCr alloy into a decagonal

phase (PDF 50-1268) is observed after heat treatment at 1073 K

under hydrogen flow (Fig. 2). Under similar heat treatment,

AlCuFeB alloy retains its initial structure. The transformation

into the decagonal quasicrystalline phase of AlCuFeCr alloy

under hydrogen flow was checked by in situ temperature XRD

study (Fig. 3). From ambient temperature to 848 K, the inten-

sity of characteristic peaks has not changed, but the position

of these peaks has slightly varied because of the expansion of
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Fig. 2 – XRD patterns of AlCuFeCr alloy before (a) and after

heat treatment (b).
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Fig. 3 – In situ X-ray powder diffraction diagram of AlCuFeCr

alloy under H2 flow. The structural modification is observed

at 873 K.

Fig. 4 – Morphology modification characterized by SEM of

alloy after heat treatment: initial AlCuFeCr (a) heat treated

AlCuFeCr (b).
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the crystalline unit cell. A decrease of intensity and then the

disappearance of diffraction peaks at 2y ¼ 23�, 27�, 62� and 74�

is observed at 873 K. We can also see an appearance of the

characteristic peak of the decagonal phase of Al65Cu20Fe10Cr5

at 2y ¼ 40:5�.

Morphology of initial and heat treated AlCuFeCr alloy were

characterized by SEM (Figs. 4 and 6); alloys have a spherical

shape (about 20mm diameter in average) (see Fig. 6a). The

surface of the sphere presents a roughness which is

transformed into faceted microcrystals after reduction at

1023 K (see Figs. 4a and b). Electron diffraction and high

resolution transmission electron microscopy (HRTEM) char-

acterized the structure of the alloys before and after reduction

(Fig. 5). The electron diffraction patterns of initial alloy

confirm the presence of imperfect icosahedral phase and

the local deformation into decagonal symmetry is presented

in Fig. 5a. We can observe small decagonal contrast of bright

dots around the center of atomic cluster. The sharp diffrac-

tion spots arrayed in a non-periodic way indicate the

quasiperiodic structure. The distribution of strong spots

indicated in Fig. 5b of heat treated alloy clearly shows

decagonal symmetry with a diameter of about 2 nm; there-

fore, a distribution of bright dots in this image directly shows
the arrangement of transition metal atoms. It is close to most

typical diffraction patterns reported from decagonal QC

[33,34].

Table 1 shows the results of BET surface area and the

chemical composition of the catalysts. SEM analysis of the

morphology of the particles before and after leaching is

shown in Fig. 6. The initial spherical shape of the particles is

kept but porosity and roughness have been developed. The

alkali treatment has completely modified the structure of the

three alloys which now present and amorphous diffraction

pattern where a broad contribution of alumina can be noticed

(Fig. 7). The specific surface area of the bulk catalysts is in the

range of 40–50 m2=g like copper Raney catalysts.

3.2. Catalytic activities

Fig. 8 exhibits the rate of hydrogen production and methanol

transformation at 573 K and GHSV 100; 000 h�1 after 2 h of

reaction for alloys leached in NaOH aqueous solution; the

Cu/ZnO/Al2O3 reference catalyst is also shown for compar-

ison, the heat treated AlCuFeCr sample has the highest

activity. The molar ratio of CO2/(CO2 þ CO) of the four

catalysts is similar.

The main products of the steam reforming on catalyst

based on Cu are CO2 and H2. The selectivity in CO is lower by

3% and the selectivity in CH4 is negligible. This CO content is

comparable to the one observed on Cu/Zn based catalysts [5].

The presence of Cr metal in AlCuFeCr catalyst improved the

catalytic activity (as compared to AlCuFeB). The difference of

the initial structure also influences the catalytic activity. This

difference of catalytic activity could be explained by XPS

results (Fig. 9). We can observe the copper segregation on the

catalyst surface after heat treatment. XPS analysis of AlCuFeB

catalyst revealed that Cu surface composition is 3 times

smaller than bulk one.

In order to investigate the effect of reaction temperature on

the product distribution, a series of experiments have been

performed at GHSV 100; 000 h�1. Results presented in Fig. 10

reveal high selectivity toward CO2 in the range of temperature

studied for both catalysts based on copper. Conversion of

methanol varies from a few percent at 473 K up to 100% at

773 K for the bulk catalyst and from a 1% at 473 K up to 80% at
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Fig. 5 – Structural modification characterized by electron diffraction (a) and HRTEM (b) of AlCuFeCr alloy: initial alloy (left) and

heat treated alloy (right).

Table 1 – Composition and textural properties of the catalysts (after alkali leaching)

Catalysts Chemical composition (%) Density
(g=cm3)

SBET ðm2=gÞ

Al Cu Fe B Cr Zn Initial After leaching

Al59Cu25.5Fe12.4B3 11 51 22 2.5 – – 4.3 0.16 40

Al71Cu9.7Fe8.7Cr10.6 5 23 18 – 17 – 3.3 0.51 47

Reduced Al71Cu9.7Fe8.7Cr10.6 3 25 18 – 18 – 3.3 0.40 50

Supported catalyst Cu/ZnO/Al2O3 10 19 – – – 10 3.1 91 –

Fig. 6 – Morphology modification of AlCuFeCr alloy after

alkaline treatment: initial alloy (a) and alkaline treated

alloy (b).
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Fig. 7 – XRD patterns of alkaline treated alloys: initial

AlCuFeCr alloy (a) and heat treated AlCuFeCr alloy (b).

I N T E R N A T I O N A L J O U R N A L O F H Y D R O G E N E N E R G Y 3 3 ( 2 0 0 8 ) 1 0 0 0 – 1 0 0 7 1003
773 K for the supported catalyst. For the mechanism, there are

two main routes for the production of CO2 and H2 from

methanol steam reforming [35]. The first one is steam



ARTICLE IN PRESS

500

400

300

200

100

0

AlCuFeB AlCuFeCr reduced AlCuFeCr Cu/ZnO/Al2O3

Fig. 8 – Catalytic activity and hydrogen production rate of catalysts after 2 h of reaction (573 K, H2O/CH3OH ¼ 1:5=1).
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Fig. 9 – Element distribution on the surface of AlCuFeCr catalyst (a) and heat treated AlCuFeCr catalyst (b).
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Fig. 10 – Influence of reaction temperature on selectivity

during methanol conversion for heat treated AlCuFeCr

catalyst (a) and Cu/ZnO/Al2O3 catalyst (b) (CO2 , CO

and CH4 ).
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reforming reaction:

CH3OHþH2O3CO2 þ 3H2. (1)

And the second one is carried out by two steps:

Methanol decomposition reaction:

CH3OH3COþ 2H2. (2)

Water–gas shift reaction

COþH2O3CO2 þH2. (3)

Eq. (3) is thermodynamically limited at high temperature.

But in this case, the results show that the reaction tempera-

ture has not influenced so much on the product distribution.

It means that the steam reforming reaction was mainly

carried out by first reaction on copper catalysts.

The effect of methanol conversion on transformation rate

of carbonous products has been investigated in varying the

GHSV and is illustrated in Fig. 11.

Total methanol conversion was obtained at GHSV less than

15; 000 h�1 for heat treated AlCuFeCr catalyst. The product

distribution for heat treated AlCuFeCr and Cu/ZnO/Al2O3

catalysts has not changed with conversion increase. This

result confirms mechanism 1.

The catalytic stability is a fundamental characteristic

required for an efficient catalyst in practice. An endurance

test at GHSV 100; 000 h�1 on two catalysts based on Cu (heat

treated AlCuFeCr and Cu/ZnO/Al2O3 catalysts) has been
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carried out at initial methanol conversion of about 30% (30 mg

of AlCuFeCr and 60 mg of Cu/ZnO/Al2O3 catalysts in the

reactor) and illustrated in Fig. 12. Two catalysts were

deactivated because of coke formation, and they have lost

about 30% of activity after 24 h of reaction but the selectivity
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Fig. 11 – Influence of methanol conversion on trans-

formation rate toward CO2 , CO and CH4 for

heat treated AlCuFeCr catalyst (a) and Cu/ZnO/Al2O3 catalyst

(b) at 573 K.
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Fig. 12 – Deactivation and regeneration of catalysts on heat treat

GHSV 100;000 h�1, H2O/CH3OH ¼ 1:5=1 and at 573 K.
toward H2, CO and CO2 remains similar as it was already

suggested by Fig. 11.

After that, the regeneration under 5% O2 þ 95% N2 flow at

773 K for 2 h and then in situ reduction in hydrogen flow [36]

have almost restored the activity of AlCuFeCr and Cu/ZnO/

Al2O3 catalysts. It means that coke formation is the main

cause of this deactivation.

During reforming reaction of methanol, carbon atoms are

generated by CO dissociation (Boudouard reaction):

2CO3Cþ CO2.

The coke content measured after 2 h of steam reforming

reaction is reported in Fig. 13. Under these reaction condi-

tions, coke formation on the catalyst surface is very small and

equal to about 0.2% total carbon introduced. Coke content in

Cu/ZnO/Al2O3 catalyst is smaller than the one measured on

the bulk catalysts. This difference of coke formation does not

seem to be due to catalyst nature.
4. Conclusions

Structural modification into decagonal phase of AlCuFeCr

alloy after heat treatment has been investigated by using in

situ XRD, SEM, HRTEM and electron diffraction. A noticeable

difference in activity between initial and heat treated

AlCuFeCr alloy is due to reactivity of alloys (with structural

difference) on alkaline treatment. Deactivation of all catalysts

is caused by coke formation but initial activities can be

recovered after regeneration treatment. CO2 selectivity is high

and at 573 K we observe only 3% of CO. A lower CO content

can be expected by using oxidative steam reforming [2].

AlCuFeB alloy does not present enhanced catalytic properties.

Even if the Cu content is much higher in the alloy, its surface

composition comparable to that of AlCuFeCr catalyst and B

atoms apparently inhibits the catalytic activity.

AlCuFeCr catalyst under the form of QC alloy has high

catalytic activity and high selectivity in H2 and CO2. The alloys

can be easily prepared and activated in situ by leaching.
20 25 30 35 40

ime, h

ed AlCuFeCr catalyst and Cu/ZnO/Al2O3 catalyst at
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