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Abstract Effects of calcination on catalytic activity for

steam reforming of methanol (SRM) over an Al–Cu–Fe

quasicrystal (QC) leached with NaOH aq. have been

investigated in terms of microstructure with X-ray dif-

fraction and transmission electron microscope (TEM).

Calcination at 600 �C in air drastically improved the cat-

alytic activity of the leached QC. TEM observations on

cross-section of the samples revealed that cubic CuxFe3-x-y

AlyO4 spinel was formed at the outermost layer of the

leached QC after calcinations. Prior to the catalytic reac-

tion, the CuxFe3-x-yAlyO4 spinel decomposed to a com-

posite where fine Cu nanoparticles dispersed in (Fe,Al)3O4

matrix under H2 treatment at 300 �C. Drastic increase in

catalytic activity is responsible for the fine Cu nanoparti-

cles in the composite. The Cu nanoparticles sit along

the same orientation with (Fe,Al)3O4, e.g., Cu [013]//

(Fe,Al)3O4 [013] and Cu [200]//(Fe,Al)3O4 [400]. This

orientation relationship may stabilize the Cu nanoparticles

through a bonding of Cu–O–Fe.

Introduction

Quasicrystals (QCs) were discovered in 1984 by Shecht-

man et al. [1] and are typically binary, ternary, or quater-

nary intermetallic compounds. They have well-ordered

structure without periodicity, and posses rotational sym-

metries forbidden in crystallography (i.e., 5-fold and 10-

fold symmetries). These extraordinary materials not only

have unique structure, but also have unusual properties

such as high electrical resistance, high hardness, and low

friction coefficient [2]. They cannot be applied as structural

materials owing to their brittle nature at ambient temper-

ature. While, high surface area is generally required for a

catalyst and the brittleness of QCs allows them to crush to

obtain fine particles with high surface areas. Moreover,

many QCs have a good composition which includes a

catalytic active element, such as Pd, Ni, or Cu. Therefore,

they have potential to be catalyst.

Some studies of the application of QC for catalysis have

been reported. Thin film of Al–Cu–Fe QC were applied for

synthesis of carbon nanotubes [3] and Ti-based QC powder

showed high activity and selectivity for the oxidation of

cyclohexane [4]. Tsai and Yoshimura [5, 6] first employed

leaching treatment with alkali solution in the preparation of

catalysts from Al–Cu–Fe QC alloys. Recently, several

Al-based QCs (Al–Cu–Fe [7–9], Al–Cu–Ru [10], Al–Ni–Co

[11]) have been applied to catalyst by employing an alkali-

leaching treatment. This Al leaching process with alkali

solution is the same as that which by the one is applied to

Raney catalysts which are made from Al-based alloys [12].

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) [7].

A leached region composed of active metal nanoparticles is

created by selectively dissolving Al from Al-based QC
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alloys by means of leaching. Although the leached region

dominates the catalytic activity and stability of leached QC

catalysts, it is difficult to observe the leached region with

TEM owing to narrow electron transparency area. Thus, for

a long time the origin of high activity for leached alloys

including Raney catalysts remained unclear. Sample

preparation for TEM observation has been a key factor to

understand high activity responsible for microstructure for

catalysts synthesized by leaching. Smith et al. [13] have

observed the porous Cu of a Raney Cu catalyst using a

focused ion beam (FIB) miller and a TEM. Nevertheless,

this method cannot avoid the damage induced by focused

Ga ion beam irradiation. Recently [14, 15], we have suc-

ceeded in observing cross-sectional microstructure of lea-

ched regions with 100-nm thick on a catalyst particle using

a resin-embedded sample and Ar ion milling method. This

has opened the door to understand the origin of catalytic

activity in terms of metallurgical microstructures.

More recently, we further found significant enhance-

ment of catalytic activity arose from calcinations in a

leached Al–Cu–Fe QC alloy. This phenomenon is in con-

trast to that observed in typical catalysts where sintering

induced by calcinations and consequently a serious deac-

tivation occurred. If the contribution of microstructure

change induced by calcination on catalytic properties was

clear, we would be able to employ the same principle to

design new alloy catalysts intentionally. In this article, we

study the modification of the microstructure induced by

calcinations (and/or reduction) by means of TEM obser-

vation on cross-sectional leached Al–Cu–Fe QC alloy

particles. We discuss the contribution of change in

microstructure on catalytic activity and suggest a plausible

model to understand their relationship.

Experimental

Precursor QC alloy preparation

Al–Cu–Fe QC (Al63Cu25Fe12 at%) alloy ingots were pre-

pared by melting mixtures of pure elements with purities of

99.9 wt% Al, 99.9 wt% Cu, and 99.9 wt% Fe in an argon

atmosphere using an arc furnace. An annealing treatment

for 24 h at 800 �C under vacuum was applied to the as-cast

ingots. Subsequently, powdered alloys were obtained by

crushing and screening the annealed ingots to a particle

size of 20–53 lm.

Catalyst preparation

Leached Al–Cu–Fe QC alloys were prepared by alkali

leaching of the precursor alloys (2 g), which were leached

in a 5 wt% NaOH aqueous solution (120 mL) for 4 h at

room temperature to remove the Al (OH/Al = 3.1). The

concentration of dissolved metal ions in the leaching

solution was analyzed by ICP spectrophotometer (Perkin-

Elmer, Optima 3300). Upon the leaching, ca. 60% Al in the

precursor QC alloy dissolves into the leaching solution. No

any Cu and Fe were detected by ICP analysis. The NaOH-

leached powders were filtered out and thoroughly washed

with distilled water until no alkali was detected in the fil-

trate and dried at 50 �C overnight. Finally, the resultant

powders were calcined at 600 �C for 3 h in air.

For comparison, CuFeAlO4 and CuO were also studied.

CuFeAlO4 spinel was synthesized from stoichiometric

oxide mixture of CuO, Al2O3 ([99.5% purities; NanoTek,

Kanto Chemical Co.), and a-Fe2O3 ([ 99.5% purity;

NanoTek, C.I. Kasei Co.). The mixture were calcined in

air at 1,100 �C for 12 h. CuO was precalcinated in

air at 600 �C for 3 h. In addition, a Cu/ZnO catalyst

(Cu:Zn = 3:7 mol ratio) was prepared by a conventional

coprecipitation method. A mixed aqueous solution of

copper and zinc nitrate (1.0 mol/L) and an aqueous solu-

tion of sodium carbonate (1.0 mol/L) were simultaneously

added dropwise to distilled water while being stirred. The

formed precipitates were then aged at room temperature for

48 h, and were then filtered, washed with distilled water,

dried at 120 �C overnight, and calcined at 350 �C for 3 h in

air.

Sample characterization

The bulk structures of each sample were identified by

means of X-ray diffraction (XRD). High resolution XRD

measurements were carried out using the high brilliant

synchrotron radiation in BL15XU (k = 0.65297 Å) of

SPring-8 at the Japan Synchrotron Radiation Research

Institute. Normal XRD measurements were performed

using Cu Ka (k = 1.543 Å) operating at 40 kV and 30 mA

(Rigaku, RINT 2500). Using a surface area analyzer (BEL

Japan, Belsorp-mini), specific BET surface areas of the

catalyst particles were determined by their N2 adsorption at

-196 �C. Temperature-programmed reduction (TPR) was

carried out using 50 mg of catalyst from room temperature

to 400 �C at a heating rate of 4 �C/min in 5% H2/Ar flow

(30 mL/min). N2O titration measurements were carried out

with a conventional pulse titration method [16]. The N2O

titrations were calculated from the total amount of N2O

consumption at 90 �C. Prior to the N2O chemisorptions,

each catalyst was reduced in 5% H2/Ar for 1 h at 250 �C in

a conventional flow reactor.

Steam reforming of methanol reaction

SRM reactions (CH3OH ? H2O ? 3H2 ? CO2) were

carried out in a conventional flow reactor at atmospheric
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pressure. All the catalysts were pretreated in the flow

reactor with 50% H2/N2 at 300 �C for 20 min. The stan-

dard reaction conditions were 32% of methanol, 48% of

H2O, and N2 (balance) at a liquid hourly space velocity of

60–70 h-1 (GHSV = 76,000, CH3OH/H2O = 2/3) with a

catalyst bed weight of 0.2 g (density = 1.3 g/cm3). The

gas products after water trapping were monitored by an

on-line gas chromatograph (TCD) (Shimadzu, GC-14B).

The catalytic activities of the SRM were evaluated by the

H2 production rates per BET surface area (lmol/s/m-cat
2 ),

and per N2O titration (lmol/s/lmol (N2O)).

Cross-sectional observation with TEM

TEM specimens for cross-sectional observation were pre-

pared 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 80 �C for 4 h, the resins were

thinned with a focused Ar ion miller (JEOL, EM-09100IS).

TEM analysis was carried out with a JEOL 2010 micro-

scope with an operating voltage of 200 kV. The composi-

tion of the catalyst powders was analyzed by an EDS

spectrometer, which is an Oxford link system that which

was attached onto the TEM.

Results and discussion

Effect of calcination on catalytic activity for SRM

reaction

Figure 1a shows catalytic activity expressed with H2 pro-

duction rates per surface area as a function of reac-

tion temperatures for SRM reaction (CH3OH ? H2O ?
3H2 ? CO2) over NaOH-leached Al–Cu–Fe QC alloys

with and without calcination at 600 �C. Cu catalyst is

known as one of promising catalysts for this reaction. The

product gas contained H2 and CO2 as the major compo-

nents for SRM reaction catalyzed by two samples shown in

Fig. 1a, indicating that these two samples are basically Cu

catalysts but have different distribution and particle size of

Cu which are account for difference in activity. The H2

production rates of the leached QC alloys were increased

by about five times over all reaction temperatures after

calcination at 600 �C. Figure 1b shows methanol conver-

sions as a function of time on-stream at 320 �C. The sta-

bility of the leached QC after calcination was comparable

to that of the Cu/ZnO catalyst. These imply that calcina-

tions promoted generation of large number of effective Cu

species (i.e., fine Cu nanoparticle) exposed to reaction. The

enhancement induced by calcinations is not observed in

conventional Cu based mixed catalysts (e.g., Cu/ZnO/

Al2O3) whose catalytic activities gradually decreased with

an increase in calcination temperatures [17, 18].

Calcination behavior of leached QC

Figure 2 shows powder XRD patterns for precursor QC

alloy and NaOH-leached QC alloy with and without cal-

cination at 600 �C. The precursor alloy consists of a mostly

quasicrystalline (QC) phase [19]. Before calcination (as

leached), the peaks of Cu and Cu2O were observed in the

diffraction patterns. After calcination, those of CuO were

appeared mainly and there were many weak peaks which

cannot be assigned in the normal XRD measurements.

In our previous papers [14, 15], we have directly

observed cross-sectional microstructure of NaOH-leached

Al–Cu–Fe QC alloy before calcination by a TEM as shown

in Fig. 3, and confirmed that a leached layer composed of

homogeneous mixture of oxides containing Cu, Fe, Al,

which was formed at the outer layer of the particle and

precursor QC phase persisted in the core area. The leached

layer/unleached QC ratio was around 55% assumed by

TEM images. With this in mind, Fig. 4 shows the cross-

sectional microstructure of NaOH-leached Al–Cu–Fe QC

Fig. 1 a H2 production rates

per surface area as a function of

reaction temperatures for SRM

reaction of NaOH-leached

Al–Cu–Fe QC alloys with and

without calcination at 600 �C

and b methanol conversions as a

function of time on-stream at

320 �C over leached Al–Cu–Fe

QC with calcination and

Cu/ZnO catalyst
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alloy after further calcination at 600 �C (hereafter calcined

QC). Figure 4a shows bright field image where the

homogeneous leached layer with uniform thickness of

about 500 nm was maintained in the particles. The selected

area electron diffraction (SAD) pattern (Fig. 4a, inset)

obtained from the core of particle has verified the presence

of the QC phase in the particles even after the calcination.

It was also observed that the formation of cubic b phase

(i.e., B2 phase of Al(Fe,Cu)) at local region in the core (not

shown). Figure 4b shows bright field image around the

leached layer of the calcined QC. Figure 4d is a SAD

pattern taken from the surface of the leached layer of

Fig. 4b. The SAD corresponds to [111] incidence of FCC

lattice (a = 8.3 Å) which has a similar structure of Fe3O4

spinel with space group of Fd�3m (a = 8.396 Å). Figure 4c

is a dark-field image excited by the 2–20 reflection of

Fig. 4d. The bright contrast in the image corresponds to the

spinel structure with 50-nm thick on the surface of

the particle. The cross-sectional observation verified the

formation of the spinel structure on the surface of the

calcined QC. Figure 5 shows XRD pattern using high

brilliant synchrotron radiation for the calcined QC, where

reference data of Fe3O4 (PDF#19-0627) are also shown for

comparison. Using synchrotron radiation, a number of

weak peaks were clearly observed and can be assigned

owing to high intensity compared to conventional XRD

(Fig. 2). The peaks consisted of CuO, b phase, QC phase

(precursor), and spinel phase with similar structure to

Fe3O4. The high resolution XRD result reconfirmed the

formation of the spinel phase isostructural to Fe3O4 in

the calcined QC. It was found that the diffraction peaks of

the spinel phase were at a higher reciprocal Q vectors

compared with those of Fe3O4 as shown in the inset of

Fig. 5. The Fe3O4 has an inverse-spinel structure in which

the tetragonal site is occupied by Fe3? and the octahedral

site by an equal share of Fe2? and Fe3? (see Fig. 6).

Composition analysis with EDS (Fig. 4e) showed the

presence of Cu and Al in addition to Fe and O in the spinel

phase on the calcined QC. Fe2? and Fe3? of Fe3O4 can be

partially or completely substituted by Cu2? and Al3?,

respectively, without changing spinel structure. The sub-

stitution by Cu2? and Al3? arises a decrease in lattice

constant in the spinel structure [20, 21], because effective

ionic radii of octahedral Cu2? (0.73 Å), Al3? (0.53 Å), and

tetrahedral Al3? (0.39 Å) are smaller than those of octa-

hedral Fe2? (0.77 Å), Fe3? (0.65 Å), and tetrahedral Fe3?

(0.49 Å), respectively [22]. The lattice constant of the

spinel phase on the calcined QC estimated from the XRD

result (Fig. 5) is shown together with those of cubic spinel

phases in Cu–Fe–Al–O system in Table 1. The lattice

constant of the spinel phase on the calcined QC is quite

close to that of Cu0.95Fe1.05AlO4 [23]. The XRD and TEM

results confirmed the formation of CuxFe3-x-yAlyO4 on the

calcined QC. Shimoda et al. [24] have also reported that

cubic CuxFe3-x-yAlyO4 spinel was formed by heat treatment

of pre-reduced CuFe2O4–Al2O3 composites in air at

500–700 �C, in consistent with our results. Considering the

content of Cu in the leached layer of leached QC alloy, it is

reasonable that a part of Cu is incorporated in CuxFe3-x-y

AlyO4 spinel and the rest forms CuO upon calcinations as

shown in Figs. 4 and 5.

Reduction behavior of calcined QC

Figure 7 shows H2-TPR (temperature-programmed reduc-

tion) profile from room temperature to 400 �C for the

calcined QC. The profile of the calcined QC consisted of a

major peak appearing at temperature around 200 �C. It was

reported that the reduction peaks of CuO and CuxFe3-x-y

AlyO4 also appeared around 200–300 �C [24, 25]. These

results indicate that the reduction peak of the calcined QC

was ascribed to the reduction of two components, i.e., the

Fig. 2 Powder X-ray diffraction patterns for (a) precursor QC alloy,

(b) NaOH-leached Al–Cu–Fe QC alloy (before calcination), and

(c) after calcination at 600 �C

Fig. 3 Bright field image of cross-section of NaOH-leached Al–Cu–

Fe QC alloy before calcination (inset electron diffraction pattern

obtained from the leached layer)
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reduction of CuO and CuxFe3-x-yAlyO4. Figure 8 shows the

powder XRD patterns for the calcined QC after H2

reduction at 300 �C. Those of CuO and CuFeAlO4 powders

after reduction are also shown for comparison. Upon the

reduction of the calcined QC, metallic Cu and (Fe,Al)3O4

were observed. CuFeAlO4 powder was also reduced to

Fig. 4 a Bright field image of

cross-section of NaOH-leached

Al–Cu–Fe QC alloy after

calcination at 600 �C, b bright

field image around the leached

layer, c dark-field image using

2–20 reflection of cubic spinel,

d selected area diffraction

(SAD) pattern, and e EDS

spectrum obtained from the

spinel in (b)

Fig. 5 Powder XRD pattern using high brilliant synchrotron radiation

for NaOH-leached Al–Cu–Fe QC alloy after calcination at 600 �C.

Reference data of Fe3O4 (PDF #19-0627) are also shown for comparison Fig. 6 Crystal structure for Fe3O4
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metallic Cu and (Fe,Al)3O4. These indicate that the CuxFe3-x-y

AlyO4 spinel on the calcined QC was reduced to metallic

Cu and (Fe,Al)3O4 after H2 reduction, in addition to the

reduction of CuO to metallic Cu.

Figure 9a shows the bright field image of the calcined

QC after H2 reduction at 300 �C. Large metallic Cu par-

ticles ([100 nm) were clearly observed on the spinel layer

of the reduced particle. Figure 9b is a dark-field image

formed by the 2–20 reflection of metallic Cu. The bright

contrast in the image corresponds to metallic Cu. It should

be noted that very fine Cu particles (ca. 10 nm) were dis-

persed in the spinel layer, which are supposed to be

account for high catalytic activity. The fine Cu particles in

the spinel layer are generated from the reduction of CuxFe3-x-y

AlyO4. This can be inferred from that which the diffraction

peaks of Cu were much broadening when the precursor was

CuFeAlO4 in the XRD patterns (Fig. 8). Whereas, large Cu

particles on the spinel layer are generated from the

reduction of CuO.

Active species of calcined QC for SRM reaction

Table 2 summarizes the physical properties and catalytic

activities for SRM of leached QC alloy with and without

calcination and those of related catalysts are also shown for

comparison. Although mean crystallite size of Cu was large

for the calcined QC, that of Cu particles observed in the

spinel layer (Fig. 9b) was as small as those of Cu/ZnO and

CuFeAlO4. As above mentioned, CuO and CuxFe3-x-yAlyO4

spinel were formed on the calcined QC. Among the related

samples, CuO powder showed the lowest activities and

CuFeAlO4 spinel showed the highest activities in terms of

H2 production rate per surface area and per N2O titration.

Moreover, the activities of calcined QC were comparable

to those of CuFeAlO4 spinel. This indicates that the fine Cu

particles generated from CuFeAlO4 spinel showed higher

level activity for SRM reaction. It is confirmed that the

active species for SRM of the calcined QC is the fine Cu

particles generated from CuxFe3-x-yAlyO4 spinel after H2

reduction. The formation of CuxFe3-x-yAlyO4 spinel is a key

factor for the enhancement of catalytic activity of the

calcined QC. The CO selectivity of the catalysts except for

CuO (under detection limit due to low activity) was the

same level in this condition.

Recently, Cu-containing spinel (e.g., CuM2O4 type

spinel) showing high performance in SRM [25], DME

reforming [26], water gas shift reaction [27], and CO

oxidation [28] have been reported. In previous reports, it

has been commonly indicated that the active sites respon-

sible for reactions are highly dispersed Cu species gener-

ated from Cu-containing spinel. However, the origin of

high catalytic activity for the dispersed Cu species was not

clear. The CuxFe3-x-yAlyO4 spinel formed at the calcined

QC is a good sample to understand this origin. Figure 10a

is a SAD pattern taken from the spinel layer in Fig. 9,

being assigned to [013] incidence of (Fe,Al)3O4. Apart

from the diffraction spots responsible for (Fe,Al)3O4

Table 1 Lattice constant of cubic spinel phases in Cu–Fe–Al–O

system

Cubic spinel phase a (Å) Space group Reference

Fe3O4 (magnetite) 8.3970 Fd�3m [31]

CuFe2O4 (coprospinel) 8.369 Fd�3m [32]

Spinel @ calcined QC 8.32 – This study

Cu0.95Fe1.05AlO4 8.3235 Fd�3m [23]

FeAl2O4 (hercynite) 8.15579 Fd�3m [33]

Fig. 7 H2-TPR (temperature-programmed reduction) profile for

NaOH-leached Al–Cu–Fe QC alloy after calcination at 600 �C

Fig. 8 Powder X-ray diffraction patterns for NaOH-leached Al–Cu–

Fe QC alloy with calcination at 600 �C followed by H2 reduction at

300 �C. Those for CuFeAlO4 and CuO powder after reduction were

shown for comparison
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matrix, a number of spots due to metallic Cu were also

clearly identified as shown in Fig. 10b which is also con-

taining [013] incidence of Cu. There is one orientation

relationship between (Fe,Al)3O4 matrix and Cu particles

where Cu [013]//(Fe,Al)3O4 [013] and Cu (200)//

(Fe,Al)3O4 (400), and thus the fine Cu particles took the

same direction as (Fe,Al)3O4 matrix. This orientation

relationship could be described as the illustration shown in

Fig. 10c, which was observed very often in the (Fe,Al)3O4

spinel layers in the sample. Since both Cu and (Fe,Al)3O4

spinel are FCC structure, this orientation relationship are

acceptable. This unique relationship indicates that the fine

Cu particles generated from CuxFe3-x-yAlyO4 interact with

(Fe,Al)3O4 spinel matrix. This interaction of Cu with spinel

matrix may stabilize active Cu nanoparticles against sin-

tering upon catalytic reaction and it gives rise to high

catalytic activity for SRM. In our previous paper [29], we

have observed the same orientation relationship of Cu to

Fe3O4 in reduced tetragonal CuFe2O4 spinel. The CuFe2O4

reduced by H2 showed a self-assembled microstructure that

exhibited fine dispersion of Cu within the porous Fe3O4

matrix and high catalytic activity and stability for SRM.

Eguchi et al. [30] have reported that lattice matching at the

interface between Cu and Fe3O4 in reduced CuFe2O4 and

they have proposed a strong chemical interaction at the

interface. From these reports and our results, we propose

that one of the active sites of spinel structures in Cu-Fe–

Al–O system is Cu species generated from the reduction of

a spinel where Cu are oriented along the same direction

with Fe3O4 (or (Fe,Al)3O4) matrix. One of the proposed

configuration of several layers of Cu {111} on the {111}

surface of Fe3O4 (or (Fe,Al)3O4) in reduced CuFe2O4 (or

CuxFe3-x-yAlyO4) spinel where Cu are oriented along the

same direction with Fe3O4 (or (Fe,Al)3O4) is illustrated in

Fig. 9 a Bright field image of leached area of NaOH-leached Al–Cu–Fe QC alloy with calcination at 600 �C followed by H2 reduction

at 300 �C, b dark-field image using 2–20 reflection of Cu

Table 2 Physical properties and catalytic activities for SRM of NaOH-leached Al–Cu–Fe QC alloy with and without calcination at 600 �C and

those of related catalysts for comparison

Catalyst Cu crystallite

sizeb (nm)

BET surface

area (m2/g-cat)

N2O titrationd

(lmol/g-cat)

H2 production ratee CO

selectivitye

(%)per catalyst weight

(lmol/s/g-cat)

per surface area

(lmol/s/m-cat
2 )

per N2O titration

(lmol/s/lmol(N2O))

Leached QC 21 20.0 116.8 306.9 15.3 2.63 1.3

Leached QC with

calcination

31 (10)c 5.0 126.6 405.0 81.0 3.20 1.2

Cu/ZnOa 10 57.3 262.2 372.2 6.5 1.42 1.5

CuO 66 2.4 12.2 15.4 6.4 1.26 –

CuFeAlO4 13 1.7 67.7 242.2 142.4 3.58 1.2

a Prepared by coprecipitation method (Cu:Zn = 3:7 mol ratio)
b The crystallite size was obtained for Cu (200) peak of XRD of fresh samples (after reduction with 50% H2/N2 at 300 �C for 20 min) by

Scherrer equation
c The crystallite size of fine Cu particles in the spinel layer (Fig. 9b) observed with TEM
d Total amount of N2O consumption at 90 �C
e Reaction temperature at 300 �C
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Fig. 11. A strong Cu–O–Fe bonding may be expected in

this configuration because of the proximity of Cu to O

atoms in line and high symmetry. We anticipate that an

orientation relationship of Cu and matrix will be observed

in other Cu-containing spinel (e.g., CuAl2O4) and it would

be the major contribution to those catalytic activities and

stabilities.

In general, Cu-containing spinel phases are prepared by

calcinations at high temperatures (e.g., above 900 �C for

CuFe2O4). However, the present study reveals that CuxFe3-x-y

AlyO4 spinel is readily formed on the surface of leached QC

alloy with calcination at 600 �C. Homogeneous mixture of

oxides containing Cu, Fe, and Al in the leached layer of lea-

ched QC alloy would be easy to form CuxFe3-x-yAlyO4 spinel

with calcination at lower temperatures. This is an advantage of

QC alloy while used as a precursor for catalyst.

This study could be simply understood as follows. The

Al–Cu–Fe QC provided an environment for the formation

of CuxFe3-x-yAlyO4 spinel through leaching and consequent

calcinations, and the resultant CuxFe3-x-yAlyO4 spinel was a

good precursor for generating active Cu nanoparticles

those accounted for high catalytic activity.

Conclusions

We have studied evolution of microstructure of NaOH-

leached Al–Cu–Fe QC alloy upon calcinations in air and its

effects on catalytic activity. Conclusions are summarized

in the following.

(1) A drastic increase in catalytic activity by about five

times for SRM reaction over the NaOH-leached

Al–Cu–Fe QC alloy was induced by calcinations in

air at 600 �C.

(2) Cross-sectional observation with TEM revealed that

the formation of the cubic CuxFe3-x-yAlyO4 spinel

structure at outermost layers of the leached QC alloy

was induced by calcinations.

(3) All the samples were subjected to activation in H2 at

300 �C prior to catalytic reaction. Upon this pre-

treatment, the spinel structure decomposed to a

composite structure with fine Cu nanoparticles dis-

persed in (Fe,Al)3O4 matrix, which gave rise to high

activity. Drastic increase in catalytic activity is

responsible for the fine Cu nanoparticles in the

composite through the formation of CuxFe3-x-yAlyO4

spinel structure.

(4) There is an orientation coincidence between the Cu

nanoparticles and the (Fe,Al)3O4 matrix, where Cu

are oriented along the same direction with the matrix,

e.g., Cu [013]//(Fe,Al)3O4 [013] and Cu (200)//

(Fe,Al)3O4 (400). This orientation relationship may

stabilize the Cu nanoparticles through a bonding of

Cu–O–Fe, against sintering of Cu upon catalytic

reaction.

Fig. 10 a Selected area

diffraction (SAD) pattern

obtained from the spinel layer

in Fig. 9a, b indexing of the

pattern, and c illustration

describing the orientation

relationship between Cu and

(Fe,Al)3O4

Fig. 11 Proposed configuration of several layers of Cu {111} on the

{111} surface of Fe3O4 in reduced CuFe2O4 spinel, where Cu are

oriented along the same direction with Fe3O4; a side view and b top

view

J Mater Sci (2011) 46:2242–2250 2249

123



Acknowledgements The authors thank Dr. D. Morikawa at Tohoku

University for his valuable comments and suggestions and thank Prof.

M. Terauchi at Tohoku University for his support. The synchrotron

radiation experiments were performed at the BL15XU in SPring-8

with a help of Dr. Y. Matsushita and Dr. M. Tanaka (NIMS) and

approval of the Japan Synchrotron Radiation Research Institute

(JASRI). This work was supported by Global COE Program ‘‘Mate-

rials Integration, Tohoku University,’’ Ministry of education, culture,

sports, science and technology (MEXT)-Japan.

References

1. Shechtman D, Blech I, Gratias D, Cahn JW (1984) Phys Rev Lett

53:1951

2. Tsai AP (1990) In: Stadnik ZM (ed) Physical properties of

quasicrystals. Springer, Berlin, p 5

3. Kajiwara K, Suzuki S, Sato H, Hata K (2009) Z Kristallogr 224:5

4. Hao J, Cheng H, Wang H, Cai S, Zhao F (2007) J Mol Catal A

271:42

5. Tsai AP, Yoshimura M (2001) Appl Catal A 214:237

6. Yoshimura M, Tsai AP (2002) J Alloys Compd 342:451

7. Kameoka S, Tanabe T, Tsai AP (2004) Catal Today 93–95:23

8. Tanabe T, Kameoka S, Tsai AP (2006) Catal Today 111:153

9. Ngoc BP, Geantet C, Aouine M, Bergeret G, Raffy S, Marlin S

(2008) Int J Hydrogen Energy 33:1000

10. Highfield J, Liu T, Loo YS, Grushko B, Borgna A (2009) Phys

Chem Chem Phys 11:1196

11. Ngoc BP, Geantet C, Dalmon JA, Aouine M, Bergeret G,

Delichere P, Raffy S, Marlin S (2009) Catal Lett 131:59

12. Raney M (1927) US Patent 1 628 190

13. Smith AJ, Munroe PR, Tran T, Wainwright MS (2001) J Mater

Sci 36:3519. doi:10.1023/A:1017984618032

14. Tanabe T, Kameoka S, Sato F, Terauchi M, Tsai AP (2007)

Philos Mag 87:3103

15. Tanabe T, Kameoka S, Tsai AP (2010) Appl Cat A 384:241

16. Evans JW, Wainwright MS, Bridgewater AJ, Young DJ (1983)

Appl Catal 7:75

17. Gines MJL, Amadeo N, Laborde M, Apesteguia CR (1995) Appl

Catal A 131:283

18. Saito M, Tomoda K, Takahara I, Murata K, Inaba M (2003) Catal

Lett 89:11

19. Tsai AP, Inoue A, Masumoto T (1987) Jpn J Appl Phys 26:1505

20. Tsvigunov AN, Apolenis AV, Annikov VE, Raikova VM (2007)

Glass Ceram 64:429

21. Lee SH, Chae KP, Lee YB, Oh KS (1990) Solid State Commun

74:1

22. Shannon RD, Prewitt CT (1969) Acta Crystallogr B 25:925

23. Vanderstraten PJM, Metselaar R (1980) J Appl Phys 51:3236

24. Shimoda N, Faungnawakij K, Kikuchi R, Fukunaga T, Eguchi K

(2009) Appl Catal A 365:71

25. Kameoka S, Tanabe T, Tsai AP (2005) Catal Lett 100:89

26. Tanaka Y, Kikuchi R, Takeguchi T, Eguchi K (2005) Appl Catal

B 57:211

27. Tanaka Y, Utaka T, Kikuchi R, Takeguchi T, Sasaki K, Eguchi K

(2003) J Catal 215:271

28. Severino F, Brito JL, Laine J, Fierro JLG, Agudo AL (1998)

J Catal 177:82

29. Kameoka S, Tanabe T, Tsai AP (2010) Appl Catal A 375:163

30. Eguchi K, Shimoda N, Faungnawakij K, Matsui T, Kikuchi R,

Kawashima S (2008) Appl Catal B 80:156

31. Oneill HS, Dollase WA (1994) Phys Chem Miner 20:541

32. Nickel EH (1973) Can Miner 11:1003

33. Hill RJ (1984) Am Miner 69:937

2250 J Mater Sci (2011) 46:2242–2250

123

http://dx.doi.org/10.1023/A:1017984618032

	Evolution of microstructure induced by calcination in leached Al--Cu--Fe quasicrystal and its effects on catalytic activity
	Abstract
	Introduction
	Experimental
	Precursor QC alloy preparation
	Catalyst preparation
	Sample characterization
	Steam reforming of methanol reaction
	Cross-sectional observation with TEM

	Results and discussion
	Effect of calcination on catalytic activity for SRM reaction
	Calcination behavior of leached QC
	Reduction behavior of calcined QC
	Active species of calcined QC for SRM reaction

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


