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a b s t r a c t

The catalytic performance of steam reforming of methanol (SRM), cross-sectional microstructure and
leaching process of an Al63Cu25Fe12 quasicrystal (QC) catalyst were studied. The QC catalyst was prepared
by the NaOH leaching. The leaching of the QC alloy generated a homogeneous leached layer composed of
Cu, Fe, Al, and their oxides. The activity and stability of the QC catalyst for the SRM was much superior to
vailable online 26 June 2010

eywords:
uasicrystal
ethanol steam reforming

those of related crystalline alloy catalysts, because the highly dispersed Fe species in the homogeneous
leached layer of the QC catalyst enhances the catalytic activity and suppresses the aggregation of Cu
particles. The quasiperiodic structure of the Al-Cu-Fe QC was stable against leaching and had a relatively
low dissolution rate of Al among the Al-Cu-Fe alloys, which resulted in the formation of a homogeneous
leached layer that was responsible for the high activity and stability for SRM.
ross-sectional TEM

u catalyst
aney catalyst

. Introduction

Quasicrystals (QCs) are a unique form of matter that exhibit
ong-range order without periodicity and noncrystallographic rota-
ional symmetries (i.e., 5-fold and 10-fold symmetries). Since they
ere first reported in 1984 by Shechtman et al. [1], over 100 binary,

ernary, and quaternary alloy systems have been found to contain
C phases. Such systems possess extraordinary physical properties

uch as extremely high electrical resistance [2]. Interest in QCs as
atalyst stems from the following unique properties that they offer:
1) brittleness, which allows them to be crushed to obtain fine par-
icles; (2) a phase in thermodynamic equilibrium, which is stable
t high temperatures; (3) a good composition, which includes a
atalytic active element, such as Pd, Ni, or Cu; and (4) a unique
urface structure, whose surface terminate as a QC bulk structure
3]. Because it is possible to develop unusual catalytic properties
n the surfaces of QCs, the above-mentioned properties present an
nteresting area of study.
Hao et al. [4,5] have reported that a Ti-Zr-Co alloy containing an
cosahedral QC phase showed high catalytic activity and selectiv-
ty for the oxidation of cyclohexane. However, Al-based QCs have
een considered as one of the most promising candidates for a
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QC catalyst material because of thermal stability and ease of pro-
duction. Surface studies have shown that the surface of Al-based
QCs is covered with a thin Al oxide layer [6,7]. This layer is an
obstacle when QCs are used as a catalyst material because the
Al oxide is inactive. Pretreatment to remove the Al oxide (or Al)
is thus necessary, and one available method involves a leaching
treatment with alkaline solutions. This Al leaching process is the
same as that which is applied to Raney catalysts which are made
from Al-based alloys [8]. Tsai and Yoshimura [9,10] first employed
leaching treatment in the preparation of catalysts from Al-based
QC alloys. It has been reported that NaOH-leached Al-Cu-Fe QCs
showed excellent activity for the steam reforming of methanol
(SRM: CH3OH + H2O → 3H2 + CO2). Its catalytic performance is as
high as that of commercial Cu-based catalysts. Recently, several
Al-based QCs (Al-Cu-Fe [11–13], Al-Cu-Ru [14], Al-Ni-Co [15]) have
been applied to catalyst material by employing an alkali-leaching
treatment. In these cases, the QC alloy is used as a precursor and/or
a support. Although these reports suggest that the leached QC alloys
show high catalytic performance and that the QC alloy is a good cat-
alyst precursor, it is unclear as to how the QC works in the leaching
process and catalytic activity.

A leached region composed of active metal nanoparticles is cre-
ated by selectively dissolving Al from Al-based QC alloys by means

of leaching. Although the leached region dominates the catalytic
activity and stability of leached QC catalysts, no researcher has
directly observed the leached region of the QC catalysts. The main
problems in observing microstructure are presented by the deeply
leached region that has a depth of more than several hundred nm

dx.doi.org/10.1016/j.apcata.2010.06.045
http://www.sciencedirect.com/science/journal/0926860X
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epth [16]. Some studies of direct imaging for a Raney catalyst have
een reported [17–20]. Smith et al. [17] have directly observed the
orous Cu of a Raney Cu catalyst using a focused ion beam (FIB)
iller and a transmission electron microscope (TEM). In this study,

he preparation of the TEM samples was carried out by slicing the
esin-embedded catalyst powder of an AlCuF QC catalyst, using
r ion milling, then observing the cross-sectional microstructure
ith a TEM. Using a resin-embedded sample and Ar ion milling
ethods, the sample powder could be milled to the level of elec-

ron transparency (down to 100 nm thickness) while preserving
t surface structure, thus allowing the direct observation of the
ross-sectional structure of the QC catalyst particle.

Catalyst preparation conditions affect the structure and com-
osition of the catalyst as well as its activity. Therefore, an
nderstanding of the formation mechanism of the leached region
f the leached alloy catalyst is highly desirable in order to obtain
n optimal catalyst and precursor material. Study of the leaching
inetics of Raney Cu has showed that the mixed corrosion potential
f the dissolving alloy is related to the leaching rate and that the for-
ation mechanism of the Raney Cu structure mainly consists of the

issolution–redeposition of Cu atom [21,22]. This result suggests
hat the leaching rate (i.e., dissolution rate of Al from the precursor
l-based alloy) plays an important role in the formation mecha-
ism of a leached alloy catalyst. To gain insight into the formation
echanism of QC catalysts, we examined an Al dissolution test for

late-type Al-Cu-Fe alloys in order to estimate the dissolution rate
f Al from the precursor Al-Cu-Fe alloys.

This study aims (1) to test the catalytic activity and stability of
l-Cu-Fe QC and crystalline alloy catalysts prepared by alkali leach-

ng for SRM; (2) to prepare a TEM sample using a resin-embedded
ample and Ar ion milling methods and directly observe the cross-
ectional microstructure of the leached region with a TEM; and (3)
o examine the dissolution behavior of Al from Al-Cu-Fe alloys to
larify the formation mechanism of QC catalysts and the role of the
C structure. We will discuss the catalytic performance associated
ith the microstructure of the catalyst and the dissolution behav-

or of Al in the leaching process. We also show the role of the QC
tructure during leaching and how it assists in the determination
f the microstructure that reveals the high catalytic performance
f the SRM.

. Experimental

.1. Precursor alloy preparation

Two types of Al-Cu-Fe alloy (powder and plate) were prepared
ccording to the method described below. Powder-type alloys were
sed as a catalyst precursor of the leached alloy catalyst and plate-
ype alloys were used for the dissolution test for Al under a leaching
ondition.

Al-Cu-Fe alloy ingots were prepared by melting mixtures of pure
lements with purities of 99.9 wt% Al, 99.9 wt% Cu, and 99.9 wt%
e in an argon atmosphere using an arc furnace. An anneal-
ng treatment for 24 h at each temperature under vacuum was
pplied to the as-cast ingots. The composition, annealing temper-
ture, and structure of the precursor alloys are listed in Table 1.
owdered alloys were obtained by crushing and screening the
nnealed ingots to a particle size of 20–53 �m. Plate-type alloys
ere obtained by machining the annealed ingots to dimensions of
mm × 3 mm × 5 mm.
.2. Catalyst preparation

Al-Cu-Fe alloy catalysts were prepared by alkali leaching of the
owdered alloys, which were leached in a 5 wt% NaOH aqueous
General 384 (2010) 241–251

solution for 4 h at 296 K to remove the Al. The NaOH-leached pow-
ders were filtered out and thoroughly washed with distilled water
until no alkali was detected in the filtrate. Finally, they were dried
at 323 K overnight. The dissolution fractions of Al (=100 × amount
of dissolved Al(g) into leaching solution/content of Al(g) in precursor
alloy) were analyzed with an ICP spectrophotometer (PerkinElmer,
Optima 3300). The dissolution test for Al was examined by alkali
leaching of the plate-type alloys, which were leached with 5 wt%
NaOH aq. at 343 K for 2 h. The apparent dissolution rates of Al for
the Al-Cu-Fe alloys were estimated by analyzing the total dissolved
Al in the initial stage of leaching in successive samples with the ICP.

A Cu/ZnO catalyst (Cu:Zn = 3:7 mol ratio) was prepared by a con-
ventional coprecipitation method [23]. 200 cm3 of a mixed aqueous
solution of copper and zinc nitrate with a total concentration of
1.0 mol/l and 200 cm3 of an aqueous solution of sodium carbonate
(1.0 mol/l) were simultaneously added dropwise to 400 cm3 of dis-
tilled water over 40 min while being stirred at room temperature.
The formed precipitates were then aged at room temperature for
48 h while being stirred, and were then filtered, washed with dis-
tilled water, dried at 393 K overnight, and calcined at 623 K for 3 h
in air.

2.3. Characterization of catalyst

Using a surface area analyzer (BEL Japan, Belsorp-mini), spe-
cific BET surface areas of the catalyst particles were determined
by their N2 adsorption at 77 K. The specific Cu surface areas of the
catalyst samples were measured by nitrous oxide (N2O) chemisorp-
tions, using a method based on a procedure reported by Evans et
al. [24]. The Cu surface areas were calculated from the amount of
N2O consumption at 363 K: N2O + 2Cus → Cus–O–Cus + N2 where
Cus is a surface Cu atom. Prior to the N2O chemisorptions, each
catalyst was reduced in 5% H2/Ar for 1 h at 523 K in a conventional
flow reactor. A copper atomic density of 1.46 × 1019 atom/m2 was
used to calculate the specific Cu surface area. The bulk structures of
each sample were identified by means of X-ray diffraction (Rigaku,
RINT 2500). The X-ray source was Cu K� (� = 1.543 Å) operating
at 40 kV and 30 mA. The Scherrer equation was applied to the Cu
(2 0 0) diffraction peak at 2� = 50.4◦ in order to calculate the size
of the Cu crystallite. The surface and fracture morphologies of the
leached alloys were observed with a scanning electron microscope
(SEM) (Zeiss, LEO 982) and their compositions were analyzed by
an energy-dispersive X-ray spectroscope (EDS) that was attached
onto the SEM.

2.4. Cross-sectional observation with TEM

TEM specimens for cross-sectional observation were prepared
by a method that employed resin-embedding and Ar ion milling.
The catalyst powders were mixed with resins (Koyo chemicals,
KPR-30) and dropped onto a Mo mesh. After thermosetting at 353 K
for 4 h, the resins were thinned with an Ar ion miller (BAL-TEC,
RES 010 and JEOL, EM-09100IS). TEM analysis was carried out with
a JEOL 2010 microscope with an operating voltage of 200 kV. The
composition of the catalyst powders was analyzed by an EDS spec-
trometer, which is an Oxford link system that which was attached
onto the TEM.

2.5. Steam reforming of methanol (SRM) reaction

The SRM experiments were carried out in a conventional flow

reactor at atmospheric pressure. All the catalysts were pretreated
in the flow reactor with 50% H2/N2 at 573 K for 20 min. The
standard reaction conditions were 32% of methanol, 48% of H2O,
and N2 (balance) at a liquid hourly space velocity of 60–70 h−1

(CH3OH/H2O = 2/3 mol ratio) with a catalyst bed weight of 0.2 g.
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Table 1
Composition, annealing temperature, structure of precursor Al-Cu-Fe alloys and leaching properties (dissolution fraction of Al, BET surface area of leached alloy).

Sample Precursor alloy Dissolution fraction of Alc (%) SBET
d (m2/gcat)

Type Composition (at.%) Annealing temp. (K) Phase (structure)

Al Cu Fe

QC-AlCuFe Powdera 63 25 12 1073 QC(Quasicrystal) 58 20
C- AlCuFe Powdera 70 20 10 973 �(Tetragonal) 93 28
C- AlCu Powdera 67 33 893 �(Tetragonal) 89 31
C- AlFe Powdera 76 24 1123 �(Monoclinic) 94 46

QC-AlCuFe(plate) Plateb 63 25 12 1073 QC(Quasicrystal) – –
C-AlCuFe(plate) Plateb 70 20 10 973 �(Tetragonal) – –
C-AlCu(plate) Plateb 67 33 893 �(Tetragonal) – –
C-AlFe(plate) Plateb 66.5 33.5 1173 Al2Fe(Triclinic) – –
C-AlCuFe-b(plate) Plateb 52 32 16 1173 �(Cubic) – –

on/con

T
l
c
r
T
p
a
m
o
s
t
i
5
fi
w

3

3

p
w
a
s
[
(
C
t
�
w
T
A
C

T
C

a Particle size of 20–53 �m.
b Dimension of 2 mm × 3 mm × 5 mm.
c Dissolution fraction of Al (=100 × amount of dissolved Al(g) into leaching soluti
d BET surface area.

he gas products after water trapping were monitored by an on-
ine gas chromatograph (TCD) (Shimadzu, GC-14B). The data in the
atalytic activity measurements were recorded when the reaction
eached a steady state after 30 min at each reaction temperature.
he catalytic activities of the SRM were evaluated by the rate of H2
roduction per surface area (mol/s/mcat

2) and the H2 production
ctivity in terms of the turnover frequency (TOF) (i.e., number of H2
olecules produced per surface Cu atom per second). The number

f surface atoms was calculated for the Cu surface area using a mean
urface atom density of 1.46 × 1019 atom/m2 [24]. Time-on-stream
ests to investigate the catalyst stability for SRM were carried out
n the following manner. The reaction temperature was raised to
93 K at a heating rate of 2 K/min. After the temperature reached at
nal set point of 593 K, it was kept constant for ca. 50 h; gas analysis
as carried out at moderate intervals during this period.

. Results and discussion

.1. Leaching treatment

Fig. 1 shows powder X-ray diffraction patterns (XRD) for the
owdered Al-Cu-Fe alloys before and after leaching treatment
ith NaOH solution. Before leaching (Fig. 1(a)), all the precursor

lloy powders consisted mostly of a single phase: Icosahedral qua-
icrystalline (QC) phase (Al63Cu25Fe12) [25], � phase (Al70Cu20Fe10)
PDF#25-1121], � phase (Al67Cu33) [PDF#25-0012], or � phase
Al76Fe24) [PDF#38-1147]. After leaching treatment (Fig. 1(b)), Cu,
u2O, and Fe3O4 appeared in the diffraction patterns. It is clear
hat the diffraction peaks of the crystalline phases (i.e., �, �, and
phases) completely disappeared during the leaching treatment,
hereas those of the QC phase persisted in the leached sample.

he leaching treatment resulted in the highly selective removal of
l from the original Al-Cu-Fe alloys. In all the leaching solutions, no
u and Fe was detected by ICP analysis. The dissolution fractions of

able 2
haracteristics of initial activity for SRM of Al-Cu-Fe alloy catalysts and Cu/ZnO catalyst.

Sample Ea H2 production rate per c
(kJ/mol) (�mol H2/s/gcat)

QC-AlCuFe 46 306.9
C-AlCuFe 48 374.5
C-AlCu 47 317.4
Cu/ZnOa 34 372.2

a Prepared by coprecipitation method (Cu:Zn = 3:7 mol ratio, SBET = 57 m2/gcat).
b Reaction temperature at 573 K.
c Determined by N2O chemisorptions at 363 K (a copper atomic density of 1.46 × 1019 a
d H2 molecules produced per surface copper atom per second (reaction temperature at
tent of Al (g) in precursor alloy).

Al from the precursor alloys are also listed in Table 1. Upon leach-
ing, most of the Al (>90%) in the crystalline phases dissolves into the
leaching solutions, but an adequate amount of Al remains in the QC
phase. This result indicates that the QC phase is relatively more sta-
ble against alkali leaching than the crystalline phases with similar
composition. The leached alloy catalysts were denoted according to
their precursor alloy structure and constituent element. Thus, the
leached catalyst prepared from QC Al-Cu-Fe alloy (Al63Cu25Fe12)
is written as QC-AlCuFe and the catalyst prepared from crystalline
Al-Cu-Fe alloy (Al70Cu20Fe10) is written as C-AlCuFe as listed in
Table 1.

3.2. Catalytic activity and stability of SRM

Prior to the SRM reaction, a pretreatment with 50% H2/N2 at
573 K for 20 min was carried out for all the catalysts in order to
reduce the Cu oxides. In all the reactions, the product gas contained
H2 and CO2 as its major components, together with a small amount
of CO (<0.3 vol%). No other products, such as dimethyl ether, methyl
formate, or methane, were detected. Fig. 2(a) shows the production
rates of H2 per surface area as a function of the reaction tempera-
ture for the initial activities and the result of a conventional Cu/ZnO
catalyst are also shown for comparison. The leached Al-Cu-Fe alloy
catalysts exhibited catalytic activity for the SRM, except for the Al-
Fe alloy catalyst (C-AlFe). This suggests that the catalytic activities
are attributed to a copper species generated by the leaching treat-
ment. Among the catalysts, the highest H2 production rate based
on surface area was obtained for QC-AlCuFe. The Arrhenius plots,
as shown in Fig. 2(b), exhibited a good linearity. The apparent acti-

vation energy was calculated, and the results are listed in Table 2.
No significant difference in activation energy was observed among
the leached Al-Cu-Fe alloy catalysts. This indicates that the reaction
mechanism of the SRM does not change for different catalysts. The
characteristics of the catalytic activity for the SRM are summarized

atalyst weightb Cu surface areac TOFd

(m2/gcat) (s−1)

9.7 1.31
14.2 1.09
13.6 0.96
21.7 0.71

tom/m2 was used to calculate the Cu surface are).
573 K).
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Fig. 1. Powder X-ray diffraction patterns for the Al-Cu-Fe alloys before (a) and after leaching treatment (b).

vities of SRM as a function of reaction temperature (a) and Arrhenius plots (b).
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Fig. 2. Areal H2 production rates of Al-Cu-Fe alloy catalysts for initial acti

n Table 2. Although QC-AlCuFe exhibited the lowest values for the
roduction rate of H2 per catalyst weight and Cu surface area, owing
o the incomplete leaching of the precursor QC alloy (Fig. 1(b)), the
ighest TOF value was obtained for QC-AlCuFe. It was found that the
ctive Cu species fabricated from the QC alloy by leaching showed
higher level of activity than those prepared from the crystalline
hases.

One important issue in use of a Cu-based catalyst for SRM is
eactivation in the course of time [26]. Fig. 3 shows methanol
onversions as a function of time on-stream at 593 K. QC-AlCuFe
howed the best stability among the alloy catalysts, with its orig-
nal activity decayed by 13% after 50 h on-stream. Its stability was
omparable to that of the Cu/ZnO catalyst. On the other hand,
evere deactivation occurred for C-AlCuFe and C-AlCu, with a loss
f activity of 66% and 54%, respectively, during the same period.
C-AlCuFe reached a constant activity, while C-AlCuFe and C-AlCu

eemed to deactivate and did not function as stable catalysts under
he SRM condition. The QC catalyst showed higher durability than
rystalline catalyst. Cu-based catalysts are susceptible to thermal
intering via a surface migration due to their relatively low melt-

ng points. Active Cu nanoparticles generally sinter at temperatures
igher than 573 K for Cu-based catalysts [26]. Fig. 4 shows the pow-
er XRD patterns for both the fresh (after H2 pretreatment) and
pent (after time-on-stream) catalysts. The fresh catalysts (Fig. 4(a))
howed that the Cu oxides generated by leaching were reduced

Fig. 3. Methanol conversions as a function of time-on-stream at 593 K for SRM over
Al-Cu-Fe alloy catalysts and Cu/ZnO catalyst.
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ig. 4. Powder X-ray diffraction patterns for (a) fresh (after H2 pretreatment with
0 h) catalysts of Al-Cu-Fe alloy catalysts.

ith the H2 pretreatment prior to the SRM reaction. After the time
n-stream experiment (Fig. 4(b)), a sharpening of the diffraction
eaks of Cu was observed in all the spent catalysts. The Cu crystal-

ite sizes, as estimated from the half widths of the Cu (2 0 0) peaks
sing the Scherrer equation, are shown in Table 3. The Cu crystallite
izes of QC-AlCuFe increased slightly after the reaction. However,
-AlCuFe and C-AlCu, which exhibited rapid deactivation in the
ime course experiments, showed drastic increases in Cu crystal-
ite sizes. These results indicate that the main contribution to the
eactivation of the SRM is the sintering of Cu.

.3. Cross-sectional observation with TEM

Fig. 5 shows SEM images of fresh QC-AlCuFe and C-AlCuFe.
hese images show that the particle sizes of the Cu on the surface
ere of the same dimension (ca. 10–20 nm) among the Al-Cu-Fe

lloy catalysts. There was a clear difference, however, in cross-
ectional structure between the two catalysts, as verified by direct
bservation with TEM. Fig. 6(a and b) shows cross-sectional TEM
right-field images of fresh QC-AlCuFe. It is clear that a leached

ayer about 500 nm thick was generated at the outer layer of the
C-AlCuFe particle. Selected area electron diffraction (SAED) pat-

erns (Fig. 6(c)), line profiles of the SAED (Fig. 6(d)), and EDS spectra
Fig. 6(e)) are also shown in Fig. 6. The SAED patterns and EDS
pectra (1–3) were obtained from regions 1–3, respectively, in
ig. 6(b). The line profiles of the SAED obtained from the leached

ayer (regions 1 and 2) could be assigned to Cu, Cu2O, and Fe3O4.
omposition analysis performed with an EDS showed that regions
and 2 were composed mainly of Cu, Fe, O, and a small amount of
l. It should be noted that both the regions (1 and 2) showed sim-

able 3
u crystallite size of fresh and spent catalyst of Al-Cu-Fe alloy catalysts.

Sample Cu crystallite sizea (nm)

Freshb Spentc

QC-AlCuFe 21 27
C-AlCuFe 17 68
C-AlCu 27 43

a The crystallite size was obtained for Cu (200) peak of XRD by Scherrer equation.
b After H2 pretreatment in 50% H2/N2 at 573 K for 20 min.
c After time-on-stream experiment for SRM at 593 K for 50 h.
2/N2 at 573 K for 20 min) and (b) spent (after time-on-stream for SRM at 593 K for

ilar EDS spectra, indicating they have almost same composition.
The leached regions generated in QC-AlCuFe had uniform compo-
sition and consisted of the homogeneous mixture of Cu, Fe, Al, and
their oxides. The SAED pattern of the region 3 in the inner area
of the QC-AlCuFe particle showed a 2-fold symmetry of reflections
with quasiperiodicity, which characterizes the structure of QC. This
observation confirmed that the QC persists in the inner area of the
catalyst particles even after leaching.

Fig. 7(a and b) shows cross-sectional TEM bright-field images
of fresh C-AlCuFe. As shown in Fig. 7(a), the original crystalline
Al-Cu-Fe alloy completely disappeared during the leaching pro-
cess, and a complicated leached layer was formed in its place. It
should be noted that a uniform contrast area about 100 nm thick
was observed at the edge of the C-AlCuFe particle, whose area
is assigned to region 1 in Fig. 7(b). The line profile of the SAED
(Fig. 7(d)) obtained from the edge (region 1) could be assigned to
Cu and Cu2O, and composition analysis (Fig. 7(e)) verified that the
edge is mainly composed of Cu and includes a minute amount of
Fe and Al. The line profiles of the SAED and EDS spectra taken from
regions 2 and 3 in the inner area, however, indicated that the inner
area consists of a fine dispersion of Cu, Fe, Al, and their oxides. The
microstructure of the inner area (regions 2 and 3) is quite different
from that of the edge (region 1). Obviously, the leaching of the crys-
talline Al-Cu-Fe alloy (Al70Cu20Fe10) gives rise to the enrichment of
Cu (Cu-layer) at the edge of the catalyst particle.

Fig. 8(a and b) shows cross-sectional TEM bright-field images
of spent QC-AlCuFe and C-AlCuFe, respectively. The SAED patterns
obtained from the circled region in the figures are also shown. Spent
QC-AlCuFe (Fig. 8(a)) showed no visible change in microstructure
or SAED pattern compared to fresh catalyst (Fig. 6(b and c)). This
observation suggests that the homogeneous leached layer of QC-
AlCuFe has high stability under the SRM reaction. Clearly, the lower
degree of degradation in the activity of QC-AlCuFe (Fig. 3) is due to
the stability of the homogenous layer. On the other hand, for spent
C-AlCuFe (Fig. 8(b)), the SAED shows a large single crystal region of
Cu at the edge, whose area is identical to that of the Cu-enrichment
(Cu-layer) in fresh C-AlCuFe (Fig. 7(b)). This conclusively shows a

visible crystal growth of Cu, i.e., the sintering of Cu particles devel-
oped in the Cu-layer during the SRM, which leads to the degradation
of the activity of C-AlCuFe upon the SRM (Fig. 3).

The cross-sectional observations with the TEM provided clear
evidence that the microstructure of the leached layer is strongly
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Fig. 5. SEM images for quasicrystalline Al63Cu25Fe12 alloy catalyst (

ominated by the precursor alloy. Since catalytic reaction pro-
eeds on the surface of a catalyst particle, the leached layers are
esponsible for the catalytic performance. QC-AlCuFe has a more
omogeneous leached layer than C-AlCuFe. Therefore, the forma-
ion of the homogeneous leached layer would be attributed to the

igh catalytic performance for SRM of QC-AlCuFe. We would pro-
ose that Fe species in the leached layer plays an important role

n the high catalytic performance of QC-AlCuFe. Fe species offers
wo beneficial effects for the enhancement of catalytic activity
nd stability. One is the inhibition of the sintering of Cu due to

ig. 6. Cross-sectional bright field image of fresh quasicrystalline Al63Cu25Fe12 alloy cata
(b). SAED patterns (c), line profiles of the SAED patterns (d), and EDS spectra (e). The SA
(b).
CuFe) (a) and crystalline Al70Cu20Fe10 alloy catalyst (C-AlCuFe) (b).

the immiscible relationship between Cu and Fe. According to the
binary phase diagram [27], Fe is immiscible with Cu, i.e., they nei-
ther form compounds nor mutually dissolves in solid state. In other
words, Cu atoms cannot move through regions of Fe or Fe oxide;
hence, the existence of Fe or Fe oxides around the Cu particles

would block the path of diffusion of Cu atoms at elevated tem-
peratures. This assertion has been verified by several observations
[28–30]. Kawamura et al. [28] have reported that the addition of Fe
to Cu/ZnO/Al2O3 contributes significantly to the suppression of the
reduction of Cu surface area. Yahiro et al. [29] have reported that

lyst (QC-AlCuFe) (a). The rectangular inset in Fig. 6(a) is enlarged and shown in Fig.
ED patterns and EDS spectra were obtained from the circled regions (1–3) in Fig.



T. Tanabe et al. / Applied Catalysis A: General 384 (2010) 241–251 247

F yst (C-
( d EDS

t
d
o
p
h
C
c
a
s
h
F
d

F
S

ig. 7. Cross-sectional bright field image of fresh crystalline Al70Cu20Fe10 alloy catal
c), line profiles of the SAED patterns (d), and EDS spectra (e). The SAED patterns an

he addition of FeOx to Cu/Al2O3 leads to the formation of highly
ispersed Cu. These reports support the results obtained by us. The
ther beneficial effect of Fe species is its enhancement of catalytic
erformance through the interaction between Cu and Fe oxide. It
as been reported by several groups that the interaction between
u and Fe oxide in Cu/FeOx or supported Cu-Fe catalysts enhances
atalytic activity and stability [30–38]. Recently, we have observed

unique orientation relationship of Cu to Fe3O4 where Cu took the

ame direction as Fe3O4 in reduced CuFe2O4 [39]. Eguchi et al. [35]
ave reported that lattice matching at the interface between Cu and
e3O4 in reduced CuFe2O4. Okamoto et al. [31] reported that the
irect interaction between Cu species and Fe oxide clusters could

ig. 8. Cross-sectional bright field images of spent quasicrystalline Al63Cu25Fe12 alloy cat
AED patterns were obtained from the circled regions in the figures.
AlCuFe) (a). The rectangular inset in (a) is enlarged and shown in (b). SAED patterns
spectra were obtained from the circled regions (1–3) in (b).

form new species to inhibit sintering and enhance catalytic activity.
These reports indicate that the interface between Cu and Fe oxides
is not solely a physical contact; the interface region is also the set-
ting for certain chemical interaction. In this study, we have shown
the origin of high activity and stability is due to the formation of
homogenous mixture of Cu and Fe oxides in the leached layer of
QC-AlCuFe. Moreover, as shown in Table 2, the ternary Al-Cu-Fe

alloy catalysts (i.e., QC-AlCuFe and C-AlCuFe) showed higher TOF
values than the binary Al-Cu alloy catalyst (C-AlCu) and Cu/ZnO.
These results demonstrate that the Fe species in an Al-Cu-Fe alloy
catalyst enhance the catalytic activity for the SRM. From these facts,
we would infer that the interaction between Cu and Fe oxides in

alyst (QC-AlCuFe) (a) and crystalline Al70Cu20Fe10 alloy catalyst (C-AlCuFe) (b). The
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is much lower than the dissolution rate from the crystalline
Al70Cu20Fe10 (7 mg Al/cm2/min) and Al67Cu33 (2 mg Al/cm2/min)
alloys. This result suggests that the low dissolution rate of Al from
the QC alloy induces the formation a homogeneous mixture of
ig. 9. Total dissolved Al into leaching solution as a function of leaching time for p
hown in (b).

C-AlCuFe stabilizes active Cu species and gives rise to the high cat-
lytic performance for SRM. In spite of the inclusion of Fe, C-AlCuFe
howed lower activity and stability compared to QC-AlCuFe. It is the
ormation of the Cu-layer at the edge (Fig. 7) that is responsible for
his low catalytic performance. A lower amount of Fe in the Cu-
ayer (5 at.% Fe in region 1 in Fig. 7(b)) gives rise to a lower degree
f contact and interaction between Cu and Fe species, as compared
ith the homogeneous leached layer of QC-AlCuFe (20 at.% Fe in

egion 1 in Fig. 6(b)). Thus, little beneficial effect is obtained from
e species for C-AlCuFe. The origin of the difference in between the
eached structures of QC-AlCuFe and C-AlCuFe will be discussed in
ections 3.4 and 3.5.

An other factor contributing to the high catalytic performance of
C-AlCuFe might be residual Al in the leached layer. EDS measure-
ents of QC-AlCuFe (Fig. 6(e)) showed a small amount of residual
l in the homogeneous leached layer (10 at.% Al in region 1 in
ig. 6(b)). On the other hand, a rare amount of residual Al (<1 at.%
l in region 1 in Fig. 7(b)) was detected in the Cu-layer of C-AlCuFe

Fig. 7(e)), where the sintering of Cu developed during the SRM
Fig. 8(b)). This suggests the possibility that the residual Al con-
ributed to the enhancement of catalytic performance, even as no
eneficial effects of residual Al were observed for Raney Cu cata-

yst [40,41]. Therefore, the role of residual Al remains unclear at
his stage.

.4. Formation mechanism of leached layer

The formation mechanism of the leached layer of the Al-Cu-Fe
lloy catalysts was examined by an Al-dissolution test for the plate-
ype Al-Cu-Fe alloys. Fig. 9(a and b) shows the total amount of Al
hat was dissolved into the leaching solution during the leaching
ime. At the beginning of the leaching process (up to 15 min of
he leaching time), the dissolution of Al increased linearly with
espect to the leaching time, as shown in Fig. 9(b), then subse-
uently slowed down. The linear regions were used to derive the
pparent dissolution rate of Al from the Al-Cu-Fe alloys. Fig. 10
hows the relationship between the dissolution rate of Al and the
l content of the Al-Cu-Fe alloys. The dissolution rate of Al showed
n approximately logarithmic increase with respect to the Al con-
ent i.e., the dissolution rate of Al has a linear relationship to the Al

ontent. Overall, the leaching process is dominated by the Al con-
ent of the Al-Cu-Fe alloy, but this is not the case for the QC alloy
Al63Cu25Fe12), whose dissolution rate deviates from a linear rela-
ionship, and is considerably lower than the predicted dissolution
ate with respect to Al content.
ype Al-Cu-Fe alloys (a). The beginning of the leaching process (up to 15 min) was

Fig. 11(a–c) shows cross-sectional SEM images of the area
around the interface between the leached and unleached regions
of plate-type alloys. Their compositions, as determined by an
EDS from the points indicated in Fig. 11(a–c), are also shown
in Fig. 11(d–f), respectively. QC-AlCuFe(plate) (leached plate-type
QC alloy) shows that the entire leached region formed on the
unleached bulk consists of a homogenous mixture of Cu, Fe, Al, and
their oxide particles, with thin leaf-shaped precipitates of Al oxides
on top of the leached region (Fig. 11(a and d)). For C-AlCuFe(plate),
the leached area was a complicated structure. Adjacent to the
leached–unleached interface was a mixture of Cu, Fe, Al, and their
oxide particles, with is a skeletal (or network) Cu structure on top
of it (Fig. 11(b and e)). On C-AlCu(plate), only a very fine skele-
tal structure consisting of Cu was formed over the entire leached
region (Fig. 11(c and f)).

SEM observation showed that the skeletal Cu structure was
found in C-AlCuFe(plate) and C-AlCu(plate), while the only
homogenous granular products were formed on QC-AlCuFe(palte).
The difference in the microstructures of the leached QC and crys-
talline alloys is interpreted in terms of the dissolution rates of Al
upon leaching. The dissolution rate of Al (Fig. 10) showed that
the dissolution rate from the QC alloy (4 × 10−2 mg Al/cm2/min)
Fig. 10. Relationship between the dissolution rate of Al and the Al content of Al-
Cu-Fe alloys. The dissolution rates of Al were estimated from the slopes of the liner
regions in Fig. 9(b).
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ig. 11. Cross-sectional SEM images of the area around interface between the leach
lCuFe(plate)) (a), crystalline Al70Cu20Fe10 alloy (C-AlCuFe(plate)) (b), and crystal

ndicated in (a–c), respectively.

esidual components (i.e., Cu, Fe, and Al) over the entire leached
egion, as shown in Fig. 11(a). It is likely that the homogeneous
eached region is generated by the smooth precipitation of Cu and
e following a slow Al-dissolution upon leaching. On the other
and, high dissolution rates from the crystalline alloys result in the

ormation of a skeletal Cu structure in the leached area (Fig. 11(b
nd c)). It may be suggested that the faster Al-dissolution induces
fluctuation in the concentration of Cu in the leached area, and

hat the Cu atoms are then chemically driven to aggregate into a

keletal structure through a phase separation process (spinodal-
ike decomposition). This process is similar to the dealloying of
oble metal alloys in Al-Cu [22,42] and Ag-Au [43].

The observation of the leached-unleached interface of the plate-
ype alloys reveal the initial stage of the leaching process for QC and

Fig. 12. Schematic formation mechanism of leached layer generated by the leach
d unleached regions of leached plate-type quasicrystalline Al63Cu25Fe12 alloy (QC-
l67Cu33 alloy (C-AlCu(plate)) (c). EDS spectra (d-f) were obtained from the points

crystalline Al-Cu-Fe alloys, and the fully leached microstructure of
the leached alloy has been identified by direct observation with a
TEM (Figs. 6 and 7). According to these observations, a schematic
illustration for the formation mechanism of the leached layer gen-
erated by the leaching of the QC alloy (Al63Cu25Fe12) and crystalline
alloy (Al70Cu20Fe12) is proposed, and is shown in Fig. 12. In the
case of the QC alloy, the homogeneous leached layer is generated
from the start of the leaching, owing to the slow Al-dissolution. The
reaction itself spontaneously stops at the point at which, the thick-

ness of the homogeneous leached layer is about 500 nm and further
leaching does not promote further change. The homogeneity of the
leached layer is maintained even after the leaching treatment, as
shown in the QC alloy catalyst (QC-AlCuFe) (Fig. 6). On the other
hand, the fast Al-dissolution of the crystalline alloy (Al70Cu20Fe10)

ing of quasicrystalline Al63Cu25Fe12 alloy and crystalline Al70Cu20Fe10 alloy.
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ig. 13. Atomic position of the refined model structure of Al71Pd21Mn8 quasicrystal
45] (isostructure of Al-Cu-Fe quasicrystal) projected normal to a 5-fold axis.

evelops skeletal Cu at the initial stage of the leaching in con-
equence of a rapid phase separation process. Assisted by the
xothermal reaction of the leaching and heavy stirring in the solu-
ion, the skeletal Cu aggregate is transformed into a Cu-enrichment
egion (Cu-layer) during the full leaching process. Consequently,
he crystalline Al-Cu-Fe alloy catalyst (C-AlCuFe) possesses a Cu-
ayer at its edge.

.5. Role of quasiperiodic structure

Al-dissolution test (Fig. 10) showed that the dissolution rate of
l was much lower for the QC alloy (Al63Cu25Fe12) compared to the
ate that was expected due to its Al content. The electrochemical
ehavior of an Al-Cu-Fe QC alloy in the same alkaline solution has
een reported [44], with a corrosion rate of the Al-Cu-Fe QC alloy
hat is significantly lower than that of crystalline alloys; this finding
upports our own results. We presume that the unusual dissolu-
ion behavior of the Al-Cu-Fe QC alloy is caused by its quasiperiodic
tructure. For the Al-Cu-Fe QC structure, the 5-fold planes are much
ore stable than other planes, as demonstrated by the frequent

bservations of pentagonal dodecahedral morphology [25]. There-
ore, the dissolution rate on the 5-fold planes of the Al-Cu-Fe QC
lloy dominates the leaching process. The recently refined model
tructure of an Al-Pd-Mn QC (isostructure of the Al-Cu-Fe QC) [45]
howed that the bulk structure of the QC consists of atomically
ense layers. The atomic position along a 5-fold axis of Al71Pd21Mn8
C is shown in Fig. 13. The model structure exhibits atomic dense

ayers of different composition, e.g., Al-rich dense layers whose
omposition contains more than ca. 80 at.% Al and Al-poor layers
hat contain less than ca. 60 at.% Al. There is a strong fluctuation
n the concentration of Al along the 5-fold axes. This fluctuation of
l has been verified by several surface studies on the 5-fold planes
f Al-Cu-Fe QC, whose surfaces always terminate at the layer with
high atomic density and Al contents of more than 80 at.% [3,46].

ince the concentration of Al dominates the leaching process of Al-
u-Fe alloys, as shown in Al-dissolution test (Fig. 10), the leaching

ould be blocked on the layers with poor Al content in the Al-Cu-

e QC structure and the overall dissolution rate would be slowed
own. We suggest that the Al-Cu-Fe QC structure contributes to a
ecrease in the dissolution rate of Al for the QC phase. On the other
and, normal crystalline phases have a structure that is stacked

[
[
[

[
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by atomic planes having the same stoichiometry. Hence, there is
less fluctuation of Al in crystal structures; therefore, the leaching
proceeds smoothly and quickly.

4. Conclusions

In this paper, we have described the catalytic properties of
the SRM, cross-sectional observation with TEM, and the leaching
behavior of the Al-Cu-Fe alloy catalysts prepared by leaching with
aqueous NaOH. This study demonstrates that the QC catalyst has a
higher catalytic activity and durability than the related crystalline
catalysts. The excellent performance of the QC catalyst is ascribed
to the formation of a homogeneous leached layer that is generated
by the leaching treatment. The dispersed Fe species in the homoge-
neous leached layer enhances the catalytic activity and suppresses
the aggregation of Cu. The microstructure of the leached layer is
predominantly controlled by the dissolution rate of Al upon leach-
ing. The slow dissolution rate of Al from the QC structure produces
a homogeneous leached layer with a high catalytic performance.
The Al-Cu-Fe QC is an effective precursor for the fabrication of a
high-performance catalyst via NaOH leaching.
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