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Abstract

Alloy catalysts were prepared by leaching various structures of Al-Cu—(Fe) alloys (quasicrystal (QC), beta- or theta-phase) in NaOH and
NaCO; aqueous solutions. Comparison of the catalytic properties for steam reforming of methanol (SRM) on different Al-Cu—(Fe) alloy
phases (quasicrystalline versus crystalline phase) was made. At high temperatures (8Q),,tBéQatalytic activity of the QC catalyst (5%
NaCO;-leached) for the SRM was much higher than that of other phase catalysts. No sintering of highly dispersed copper particles on QC
catalyst was observed by XRD measurements even after the SRM reaction°&t. 386 propose that the high catalytic activity and the
excellent thermal stability of copper particles on QC catalyst are due to the immiscibility of Fe with Cu and the interaction with QC surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction particles at elevated temperatures has been a major draw-
back. This has not yet been overcome in NaOH-leached
Quasicrystal (QC) discovered by Shechtman et al. in Al-Cu—Fe quasicrystal as well as Cu-based catalysts. In or-
1984[1] are a novel form of matter, which are neither crys- der to develop high activity and thermally stable copper cat-
talline nor disordered. QCs exhibit diffraction patterns with alysts, correlation between the leaching treatment in alkaline
sharp diffraction peaks but forbidden symmetry (five-fold) aqueous solution and the catalytic properties of different
indicating the presence of an unusual atomic structure Al-Cu—(Fe) alloy phases (i.e., QC, beta-, and theta-phase)
with a long-range ordej2]. Therefore, due to their unigue have been examined. We propose that the Al-Cu—-Fe QC
structures, QCs have been anticipated to exhibit unusualcatalyst is promising as a new form of copper catalyst.
physical and/or chemical properties. From the point of
view of the catalysis, it is of interest to study the catalytic
properties at QCs surfaces. Some fundamental studies of .
adsorption and/or reactivity of simple molecules such as 2. Experimental
CO and CHOH on QC surfaces such as Al-Pd—Mn QC . . .
and Al-Ni—Co QC have been reportgd-5]. However, little Quasicrystalline (QC: AtCupsFes) and crystalline
work has been performed with respect to the chemical prop- beta-phase (Beta:.gdCuzs.F_Qo) alloys were prepared from
erties and performance of QC alloys as practical catalyst ma-PUre elements with pqrmes of 99'9"“'% Al 99.'9Wt'%
terials. Recently, Tsai and Yoshimui@7] reported that an Cu and 99.9wt.% Fe, in an electric arc furnace in Ar at-
Al-Cu—Fe quasicrystal leached in NaOH aqueous solutionsmoiphere' The prepared alloy samples were ar_mealgd at
reveals excellent activity for steam reforming of methanol 80(_) C for 24h, and s_ubsequent_ly crushed t.o particle sizes
(SRM). Cu catalysts are most promising for the SRM reac- Qf interest (150pm) in a ball mill. The deta}lled prepara-
tion [6-11], but poor thermal stability due to sintering of Cu tion method of the alloy samples are described in previous
paperg6,7,12] Crystalline theta-phase (Theta:»8lu) was
supplied by Kawaken Fine Chemical Corp. Surface area
* Corresponding author. Fax:81 29 859 2301. of particle was determined by BET analysis. The sample
E-mail address: kameoka.satoshi@nims.go.jp (S. Kameoka). powders were leached in a 5wt.% alkaline agqueous solution
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(NaxCO3 and NaOH), kept in the aqueous solution for 4h came up after leaching in the NaOH agq. solutibig( 1(B)).
at room temperature, and then filtered out and thoroughly The beta-phase was found to be resistant to caustic leaching.
washed with distilled water until no alkali was detected in On the other hand, leaching in the M&ED; aq. solution
the filtrate. The concentration of dissolved metal ions in the did not lead to significant changes in XRD patterns of all
leaching solution was analyzed by ICP measurement. TheAl-Cu—(Fe) alloys. No visible peaks from copper or copper
crystal structure of each sample was confirmed by X-ray oxides were observed after the /&0 leaching treatment
diffraction (Rigaku RINT 2500) using Cud(r = 1.543 A) (Fig. 1(C).
radiation. The steam reforming of methanol experiments Table 1shows the BET surface areSs€T) of the differ-
were carried out in a conventional flow reactor at 100 kPa. ent Al-Cu—(Fe) samples. The surface areas of Al-Cu—(Fe)
The sample was pretreated at 2@Dwith Hy for 1 h in a alloy samples were drastically increased by the leaching in
flow reactor. Inlet partial pressure of methanol, water and both the NaOH and the N&EOs aqueous solutions. Amounts
nitrogen were 35.5, 52.7 and 13.2 kPa, respectively (LHSV of dissolution of Al from Al-Cu—(Fe) alloys into the leach-
of CH30OH/H,O mixture: 301). Here nitrogen was used ing solutions were analyzed by ICP, and are also shown in
as dilutent. The products were monitored by an on-line gas Table 1 It should be noted that no Cu and Fe in any leach-
chromatograph6,7]. The catalytic activity for the steam ing solutions were detected by ICP analysis. Leaching in
reforming of methanol was evaluated by the ptoduction both the alkaline aqueous solutions results in the highly se-
rate (ml STP mint g-cat'1). The data in the catalytic activ-  lective removal of aluminum from the alloys. In the case of
ity measurements were recorded when the reaction reachedhe NaOH-leached samples, the dissolution of the Al from
steady state after 30 min. the alloys depends on the content of the Al in the alloys.
On the other hand, the reactivity with NaOs; aqg. for each
alloy sample remains at the same level. The surface area of
the QC phase catalyst was larger than that of other phase
catalysts. From these results, it is found that the leaching
Fig. 1shows the XRD patterns of the different Al-Cu—(Fe) activities of alloys are strongly dominated by the kind of al-
alloys leached in the NaOH and p&0; aqueous solutions.  kaline aqueous solution and depend on the content of Al in
Each Al-Cu—(Fe) alloy before leaching was identified to the alloy and/or the structural stability of the alloy phase.
consist of mostly a single phafkk2-14] As shown inFig. 1, Fig. 2shows the rate of hydrogen production as a function
it is evident that leaching in the NaOH ag. solution results in Of reaction temperatures in the steam reforming of methanol
more extensive leaching. The theta-phase in th€alalloy ~ (SRM) over the different Al-Cu—(Fe) alloy catalysts. For
disappeared completely, while the QC phase still remained Comparison, the activity of the QC (f4CupsFey2) alloy be-
in the AlgsCupsFer alloy even after the NaOH leaching. In ~ fore the leaching is also presented. The catalytic activities
the QC and the theta-phase catalyst, Cu and/or copper oxide®f all the alloy samples were dramatically increased by the

3. Results and discussion
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Fig. 1. Powder X-ray diffraction patterns of different Al-Cu—(Fe) alloys: (A) before leaching, (B) after leaching with 5% NaOH aq. and (C) afteg leach
with 5% NgCO;3 aq.
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Table 1 LA L B B T 1 L
Composition, phase, surface area and Al% extracted of different " (A) E " (B) 1 | E
Al-Cu—(Fe) alloy samples
Catalyst (at.%) Structure Leaching Sget ICP B n B n
(phase) (m? g-cat'l) analysié
— (A%
BR® ARY (A1%)
A|63CU25F812 ch - 1.3 1.1 - .
AlgsClpsFe,  QC® NaOH 253 195 58.0 S
Alg3CupsFern QcCe Na;CO3 315 239 131 S
AlssCwsFex Beta NaOH 10.1 6.8 27.0 >
AlssClpsFeo  Beta NaCO; 100 6.2 8.9 B
Alg7Cls3 Theta NaOH 20.1 5.1 91.8 %
Al7Cus3 Theta NaCOs 33 2.6 8.0 =
aLeached with 5wt.% alkaline aqueous solutions for 4 h at rt. -
b Amount of extracted Al (%) from Al-Cu—(Fe) alloys analyzed by
ICP.

¢Before SRM reaction. i
d After SRM reaction at 360C.
€lcosahedral phase of quasicrystal.

= Thetas - T Theta
) . 30I3I5I4:)l4|5l52)l55 30l3|5l4i)l4:5l5z)l55
leaching treatment with both the NaOH and the,@@3 2 Theta / deg 2 Theta / deg

agueous solutions. It should be noted that the catalytic activ-
ities of all the alloy powders before the leaching were very Fig. 3. Powder X-ray diffraction patterns of different Al-Cu—(Fe) alloy
low for the SRM reaction. This is due to low surface area and catalysts after SRM reaction at 380: (A) 5% NaOH-leached alloy
aluminum oxide cover of the alloy powders before leaching catalysts and (B) 5% N&Os-leached alloy catalysts.
[15-17] Therefore, the leaching treatment with NaOH or
NapCOs aqueous solution is found to be an efficient method Fig. 2(A). It should be noted that the catalytic activity of
for activating the Al alloys by increase of the surface area the NaOH-leached QC catalyst was almost comparable to
and the removal of the aluminum oxide passivation layer. that of the industrial Cu-based cataly6t7]. After the re-
Although the NaOH-leached QC and theta catalysts action at 360C, decrease in surface area and sharpening
show high activities at low temperatures, degradation of of the diffraction peaks of Cu in these samples were ob-
activities at higher temperature are observed, as shown inserved Table 1 Fig. 3(A)). These results clearly indicate
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Fig. 2. The rate of Kl production versus reaction temperatures in the steam reforming of methanol for QC, beta- and theta-phase alloys: (A) after leaching
with 5% NaOH aqg and (B) after leaching with 5% 203 ag. The results of the no leaching QC is also shown as a referédyge (
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that a sintering of copper particles generated on the sur-we could prepare novel skeletal metal catalysts which are
faces. On the other hand, one should note that activitiesmuch different from the conventional Raney-type catalysts,
of the Na@COs-leached catalysts keep increasing linearly by having highly dispersed copper particles and with excel-
till 360°C (Fig. 2(B)). Especially, the activity of the lent thermal stability. The QC alloys exhibit quasi-periodic
NapCOs-leached QC catalyst at 36C is much higher than  structure and include the catalytic active metals (e.g., Cu,
that of other catalysts. Interestingly, as showriig. 3(B), Co, Pd) and/or the immiscible metal system (e.g., Cu-Fe,
no sintering of Cu patrticles but significant decrease in sur- Cu—Co)[20]. Therefore, the AlI-Cu—Fe QC catalyst and the
face area on the N&Os-leached QC catalyst was observed other Al-alloy QC systems (e.g., Al-Cu-Co, Al-Pd-Mn,
even after SRM reaction at 36Q (Table ). This result Al-Ni-Co, etc.) deserve further attention to expand into
indicates that the highly dispersed copper particles over themore detailed studies including the catalytic properties and
NapCOs-leached QC catalyst are very stable. This is an the interaction between dispersed metal particles and QC
evidence that the N&€Oz-leached QC catalyst have poten- supports.
tial to be thermally stable copper catalyst when it is treated In conclusion, the catalytic activities of the QC cata-
with an adequate leaching condition. lysts for the steam reforming of methanol at high temper-
It is well known that the sintering of copper particles on ature (e.g., 360C) were higher than those of the beta-
the conventional Cu catalysts readily proceeds even belowand the theta-phase catalysts. The copper particles on the
300°C [8]. From the results of the surface area after SRM NaxCOgz-leached QC catalyst revealed the excellent thermal
reaction at 360C (Table 1), thermal stability of copper on  stability. These properties were ascribed to the immiscibility
the NaOH-leached QC catalyst is found to be much higher of Fe with Cu and the interaction with QC surface.
than that on the NaOH-leached theta catalyst. This result
suggests that Fe may play an important role in thermal sta-
bility of the dispersed copper particles on the QC catalyst. References
Fe is immiscible with Cu, i.e., they neither form compounds
nor mutually dissolves in the solid stg@. In the leaching [1] D. Shechtman, I.A. Blech, D. Gratias, J.W. Cahn, Phys. Rev. Lett.
process, Al would dissolve selectively and the excess Cu 53 (1984) 1951.
and Fe would be easily segregated. Therefore, sintering of [2] C. Kittel, Introduction to Solid State Physics, Wiley, New York, 1986.
Cu particle on the QC catalyst surface would be inhibited by [3] C-J- Jenks, P.A. Thiel, J. Mol. Catal. A 131 (1998) 301.

. . . 4] C.J. Jenks, T.A. Lograsso, P.A. Thiel, J. Am. Chem. Soc. 120 (1998
the presence of Fe and/or Fe oxides. Although the sintering el 12668 9 (1998)

of copper particles on all the M@Os-leached catalysts was  [5] R. McGrath, J. Ledieu, E.J. Cox, S. Hag, R.D. Diehl, C.J. Jenks, I.

hardly observed even after the SRM reactiBig( 3(B)), the Fisher, A.R. Ross, T.A. Lograsso, J. Alloys Compd. 342 (2002) 432.
catalytic activity of the NaCOgz-leached QC catalyst was  [6] A.P. Tsai, M. Yoshimura, Appl. Catal. A 214 (2001) 237.
much higher than that of the other catalystig( 2). The high [7] M. Yoshimura, A.P. Tsai, J. Alloys Compd. 342 (2002) 451.

- . . 8] N. Takezawa, N. lwasa, Catal. Today 36 (1997) 45, and references
thermal stability of the dispersed copper particles on the QC 18] therein zan W y 36 (1997)

catalyst also might be attributed to the chemical interaction [g] c.i. Jiang, D.L. Trimm, M.S. Wainwright, N.W. Cant, Appl. Catal.
between Cu particles and the leached QC surface which acts 97 (1993) 145.
as a Suppor[j_S]_ Recenﬂy, Fournée et dﬂ_g] studied de- [10] B.A. Peppley, J.C. Amphlett, L.M. Kearns, R.F. Mann, Appl. Catal.
position of Pd on pseudo-10-fold surface af-AlPdMn ap- A 179 (1999) 31. _

. . . [11] T. Takeguchi, Y. Kani, M. Inoue, K. Eguchi, Catal. Lett. 83 (2002)
proximant crystal (like QC) by using STM/STS and photoe- 49
mission spectroscopy. Deposited Pd atoms formed cluster§iz) a.p. Tsai, A. Inoue, T. Masumoto, Jpn. J. Appl. Phys. 26 (1987)
with a size about 3 nm, reveals high thermal stability that Pd L1505.
clusters persist even after a short annealing to 920K. [13] C.L. Chien, M. Lu, Phys. Rev. B 45 (1992) 12793.
This result indicates that strong interaction between the de-[14] X-ray powder difiraction data file, PDF#25-0012.

. . . [15] PJ. Pinhero, J.W. Anderegg, D.J. Sordelet, T.A. Lograsso, D.W.
posited n_1_eta| nanoparticles ar_ld the apprOX|mant_ phase sup- Delaney, PA. Thiel, J. Mater. Res. 4 (1999) 3185
port stabilizes the clusters at high temperature. High thermal[16] B.1. wehner, U. Késter, A. Ridiger, C. Pieper, D.J. Sordelet, Mater.
stability would be expected on QC surfaces. Sci. Eng. 294-296 (2000) 830.

There are several advantages of QCas Cata|yst materialst17] J.A.. Barrow, V Fournée, A.R. Ross, P.A. Thiel, M. Shimoda, A.P.
(1) thermodynamically stable phase, (2) ease of production _ Tsa. Surf. Sci. 539 (2003) 54.
. [18] S. Kameoka, M. Terauchi, A.P. Tsai, in press.

of QCj (3) t,)”ttle nature of the QC and (4) low cost of t.he raw [19] V. Fournée, J.A. Barrow, M. Shimoda, A.R. Ross, T.A. Lograsso,
materials, i.e., Al, Cu and F,7]. Even if a conventional P.A. Thiel, A.P. Tsai, Surf. Sci. 541 (2003) 147.

leaching treatment is performed on the Al-Cu—Fe QC alloy, [20] A.P. Tsai, Acc. Chem. Res. 36 (2003) 31, and references therein.



	Al-Cu-Fe quasicrystals for steam reforming of methanol: a new form of copper catalysts
	Introduction
	Experimental
	Results and discussion
	References


