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3)Institut Jean Lamour (UMR7198 CNRS-Université de Lorraine), Parc de Saurupt, 54011 Nancy Cedex,
France

(Dated: 28 April 2016)

The use of quasicrystals as precursors to catalysts for the steam reforming of methanol is potentially one
of the most important applications of these new materials. To develop application as a technology requires
a detailed understanding of the microscopic behavior of the catalyst. Here we report the effect of leaching
treatments on the surface microstructure, chemical composition and valence band of the icosahedral (i -)
Al-Cu-Fe quasicrystal in an attempt to prepare a model catalyst. The high symmetry fivefold surface of a
single grain i -Al–Cu–Fe quasicrystal was leached with NaOH solution for varying times and the resulting
surface was characterized by x-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy
(UPS), scanning electron microscopy (SEM) and atomic force microscopy (AFM). The leaching treatments
preferentially remove Al producing a capping layer consisting of Fe and Cu oxides. The subsurface layer
contains elemental Fe and Cu in addition to the oxides. The quasicrystalline bulk structure beneath remains
unchanged. The subsurface gradually becomes Fe3O4 rich with increasing leaching time. The surface af-
ter leaching exhibits micron sized dodecahedral cavities due to preferential leaching along the fivefold axis.
Nanoparticles of the transition metals and their oxides are precipitated on the surface after leaching. The size
of the nanoparticles is estimated by high resolution transmission microscopy (TEM) to be 5-20 nm, which
is in agreement with the AFM results. Selected area electron diffraction (SAED) confirms the crystalline
nature of the nanoparticles. SAED further reveals the formation of an interface between the high atomic
density lattice planes of nanoparticles and the quasicrystal. These results provide an important insight into
the preparation of model catalysts of nanoparticles for steam reforming of methanol.

I. INTRODUCTION

Quasicrystals (QCs) have long-range ordered struc-
tures with no translational symmetry. They are inter-
metallic compounds (IMCs) with a specific chemical com-
position and possess classically forbidden rotational sym-
metries such as fivefold and tenfold. Quasicrystalline
structure was first observed in 1982 during investiga-
tions of rapidly solidified Al-Mn alloys, which displayed
icosahedral symmetry in the diffraction pattern1. QCs
show physical properties that differ from those of struc-
turally simple intermetallic compounds or amorphous al-
loys. These can include low coefficients of friction, high
hardness, low surface energies, substantial wear resis-
tance, low thermal and electrical conductivity. So far
their use is restricted to niche applications2–5.

A potentially attractive industrial application of QCs
is in heterogeneous catalysis, specifically the steam re-
forming of methanol for hydrogen production6–10. Most
quasicrystals contain catalytically active elements (for
example, Pd, Cu, Fe, Ni), while also being brittle enough
to facilitate high surface area through crushing. The
steam reforming of methanol is being investigated for
its benefits as a reaction for mobile hydrogen produc-
tion for methanol fueled, hydrogen fuel cell powered
vehicles11. Intermetallic compounds are also being inves-
tigated widely within the steam reforming of methanol

and other hydrogenation reactions. IMCs provide the
opportunity to use better suited materials to achieve
the same catalytic behaviour as currently used materials.
There is growing evidence to support the idea that being
able to tune a materials electronic and atomic structure
allows the material to have highly desirable results. With
IMCs it has been possible to guarantee the dispersion of
active sites by using an active species located regularly
in a periodic lattice12. It has also been shown that IMCs
can be chosen to mimic the electronic structure of good
catalysts with excellent results13.

Currently, Cu based catalysts are used industrially for
the steam reforming of methanol but suffer from thermal
instability and rapid degradation due to sintering of Cu
particles which reduces the surface area of the catalyst14.
In previous work performed by Tsai et al., Al-based qua-
sicrystals were found to show desired activity and sta-
bility for the reaction once powdered samples had been
chemically treated in NaOH6,9,10,15–18. These materials
also contain no precious metals and therefore are rela-
tively cheap to manufacture. This leaching treatment
was initially used to remove the passivating oxide layer
arising from the surface Al, although the study showed
the removal of Al metal from the quasicrystal also. When
the Al-Cu-Fe quasicrystal was leached, all that remained
in the surface region, as determined by x-ray diffraction
(XRD), were Cu and Fe oxides in the form of nanoparti-
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cles. These nanoparticles are believed to be responsible
for the catalytic activity, whereby the Fe species act to
disperse the active Cu species and inhibit sintering.

This type of leaching process is more commonly used
in the production of Raney catalysts, and in the case
of steam reforming of methanol, especially Raney Cu
catalysts19,20. The leaching treatment in these materials
allows the removal of Al species leaving behind a porous
skeletal structure of Cu catalyst. Leached QCs have been
shown to have a higher surface area, higher surface area
of Cu and greater Cu dispersion across the surface10. In
reaction studies leached QC catalysts have been found to
produce more H2 in comparable conditions. It is known
that while sintering of Cu in Raney catalysts begins at
even low reaction temperatures, Cu in QC catalysts has
been shown to remain dispersed, and remarkably stable.
This was attributed to either the dispersing presence of
Fe or the interaction with the QC structure10.

The Al-Cu-Fe approximants, which are periodic but
have local structure and chemical composition similar to
QCs, show less advantageous behaviour after treatment
in comparison to the quasicrystal. A higher Al dissolu-
tion rate in the crystalline samples, because of homoge-
neous distribution of Al, produces layers of Cu species
and not the desired dispersal of the active sites, leading
to unfavorable activity16.

The inherent complexity associated with quasicrystals
combined with the limitations of surface science tech-
niques on powdered samples have made the understand-
ing of the changes associated with the surface difficult
to determine. It was with this motivation that our ex-
periment focused on recreating the treatments carried
out by Tsai et al., on simplified model systems. These
model systems are single grain crystals with well ori-
ented and well understood surfaces. Nanoparticles of the
catalytically active metals are produced on the surface,
through an adaptation of the leaching treatment. We
have employed x-ray photoelectron spectroscopy (XPS)
and ultraviolet photoelectron spectroscopy (UPS) to in-
vestigate the influence of leaching treatment on surface
chemical composition and valence band structure of the
fivefold surface of i -Al-Cu-Fe QC. The microstructure of
the surface after leaching is also investigated by transmis-
sion electron microcopy (TEM), scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM).
Selected area electron diffraction (SAED) is used to es-
tablish the epitaxial relationship between the nanopar-
ticles and the underlying quasicrystal. The results pre-
sented below provide insight into the requirements for the
preparation of model catalysts for the steam reforming of
methanol.

II. EXPERIMENTAL PROCEDURE

A single grain sample of i -Al63Cu24Fe13 was grown by
the Bridgman method and cut along the fivefold surface.
The orientation of the surface was confirmed through

low energy electron diffraction (LEED), before leaching
treatments were conducted. For LEED measurements,
the surface was prepared as described in Ref.21. Before
each leaching treatment, the surface was freshly polished
with diamond paste of successively finer grades, from 6
to 0.25 µm. Leaching was performed by placing droplets
of NaOH with 10 mol conc. (40% wt.) on the surface
with a pipette, and maintaining the droplet against the
process of evaporation. Leaching times of 1, 2, 4, 6, 8
hours were used to investigate the effect of leaching time
on surface chemistry. After each leaching, the surface was
thoroughly washed with methanol and distilled water in
an ultrasonic bath.

Following chemical treatment, the crystal was placed
in UHV (10-10 mbar) for XPS and UPS measurements.
The sample was placed in the fast entry lock of the system
and pumped down for 12-14 hours before being inserted
into the analysis chamber.

Micro structure of the surface after leaching treatment
was analyzed by SEM, AFM and TEM. The surface was
freshly prepared (polished, leached and washed) before
each microstructure analysis. TEM was carried out on
a thin strip of the leached sample (10 µm thick) using
a FEI-Tecnai 20 G2 electron microscope at 200 keV em-
ploying imaging and diffraction modes. The thickness
of the leached area in the strip was less than 1 µm as
estimated from the brightness of the transmitted beam.

The sample used for the TEM and SAED measure-
ments was different from the one used for the other ex-
periments. The sample was grown as described in Ref.22.
The composition was i -Al63Cu25Fe12, which was very
close to the first sample. XRD confirmed the single icosa-
hedral phase of the sample, as the case of the other sam-
ple. The sample consisted of multi-grains with grain size
of 30-50 µm. The TEM results analyzed here were ob-
tained from single grains. The sample was leached with
the same method as before. Although the orientation of
the surface was random in this sample, the sample could
be adjusted in SAED experiments in order to probe the
interface parallel to the fivefold surface. The SAED pat-
terns presented in this report were obtained with a tilt
angle of about 2◦ from the beam normal. Therefore, the
surface orientation of the chosen grains was almost five-
fold.

III. RESULTS AND DISCUSSION

This section is organized as follows. We first present
different methods of surface preparation, particularity
the effect of washing of the leached surface by water and
methanol, in Section III A. The surface chemical com-
position of the leached surface investigated by XPS is
discussed in Section III B and III C. The effect of leach-
ing time on chemical composition is analyzed in Section
III D. UPS results on the valence band structure of the
leached surface is given in Section III E, while the struc-
ture of the leached surface characterized by SEM, AFM
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Al 2p Cu 2p3/2 Fe 2p3/2 O 1s C 1s Cu L3M45M45

Elemental 72.823 932.6 706.924 531.0 284.9 918.6

Clean quasicrystal 72.9 933.8 707.0 n/a n/a 918.1

Leached n/a 932.7 711.0 530.2, 532.0 284.9 917.1

Leached + Sputtered n/a 932.7 707.0, 710.0 530.4 n/a 918.6

Fe3O4 n/a n/a 710.624 530.124 n/a n/a

Fe2O3 n/a n/a 711.024 529.824 n/a n/a

Cu2O n/a 932.525 n/a 530.525 n/a 916.526

CuO n/a 933.825 n/a 529.625 n/a 917.826

TABLE I. Binding energies (eV) of Al, Cu, and Fe core levels in various forms: elemental, oxides, clean i-Al-Cu-Fe quasicrystal,
quasicrystal after leaching treatment (2 hours) and subsequent sputtering. The last column presents kinetic energies of the Cu
LMM Auger transition. Data taken from the literature23–26 are referenced. The rest of the data are from this work.

FIG. 1. (a) Cu 2p and (b) Fe 2p XPS spectra (Al Kα source)
from the fivefold i-Al-Cu-Fe surface after leaching (1 hour),
followed by water and methanol, and methanol-only washing
procedures.

and TEM is presented in Section III F. Finally, the in-
terfacial relationship between the leached surface and the
bulk studied by SAED is discussed in Section III G.

A. The Effect of Post-Leaching Treatments

Sonic cleaning using methanol is a standard procedure
for UHV experiments. However, we were unable to re-
move species related to the remains of the leaching so-
lution from the surface by this method. XPS from the
surface cleaned with methanol showed a shift in the Na
1s core level binding energy, and many features in the O
and C 1s peaks. This indicates the presence of salts and
oxides as a result of the leaching solution. The XPS spec-
tra were completely dominated by the peaks associated
with the Na core levels, plus large O and C peaks such
that the core levels of the expected quasicrystal compo-
nents were not visible (Figure 1). The NaOH solution
was dissolved after washing with deionized water. This
then allowed the use of methanol cleaning, in line with
usual UHV/surface science methods.

The surface after leaching, followed by washing with
water, yielded an XPS spectrum exhibiting the core level

FIG. 2. C 1s XPS peak (Mg Kα source) from the surface
after leaching (2 hours) and subsequent sputtering in UHV.
A spectrum of the clean quasicrystal surface prepared in UHV
is also given for comparison. Solid curves correspond to the
results of a fit as described in the text.

peaks of the constituents of the quasicrystal. However,
the surface was still heavily contaminated from being ex-
posed to air before insertion into UHV. This led to scans
lacking in intensity and diffuse peaks. Sputtering the
surface using 2 keV Ar+ for 30-40 min removed the ph-
ysisorbed species of both C 1s and O 1s (Figure 2), im-
proving the resolution of the peaks. The O 1s core levels
will be discussed in Section III B. As shown in Figure
2, the C 1s peak could be fitted with three components
corresponding to the C 1s core levels of C-C, C-O and
C=O compounds27. All of these peaks are removed by
sputtering.

Once the sample is sputtered, the surface no longer re-
sembles the surface that would take part in the reaction.
As such, strong conclusions regarding the catalytic activ-
ity of the sputtered surface should be avoided. The sput-
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tering process does however, provide the opportunity to
study the subsurface region, and potentially the interface
between the QC and resulting species above. The clean-
ing process (washing with water followed by methanol)
was the same for all of the experiments.

B. Effect of Leaching on Surface Chemical Composition

The surface chemical composition after different sur-
face treatments was determined by analyzing the XPS
spectra. XPS spectra from the clean (sputter-annealed),
leached and leached-sputtered surfaces are compared in
Figure 3. The core level binding energies of the species
after each treatment are presented in Table I and com-
pared with those from pure metals and their oxides.
The core level binding energies were analyzed by fitting
the peaks using a Gaussian-Lorentzian curve and Shirley
background subtraction. An example of such a fit is given
in Figure 2. The uncertainty in the given core level bind-
ing energies is estimated to be 0.1-0.2 eV. Each of the
core levels of each species is discussed below.

Removal of Al from the Surface

As shown in Figure 3 (a), the Al 2p peak of the clean
surface disappears after leaching. The Cu and Fe core
levels are still detected. This confirms the selective dis-
solution of Al from the surface. XPS spectra shown in
Figure 3 were taken after 2 hours leaching. Other data
show that the Al 2p peak of the clean surface is already
removed after 1 hour leaching. Longer exposure to the
leaching solution modifies the composition of the Cu and
Fe species in the surface, which will be discussed in Sec-
tion III D. The Al core levels of the clean surface were
not detected even after sputtering, indicating the absence
of Al in the subsurface region too. Although no Al of the
clean surface was observed, a trace of aluminium oxide
is detected. This was evidenced by a shift of the Al 2s
peak to a higher energy (not shown). The Al 2p peak of
the oxide overlaps with the Cu 3p peaks and thus it is
difficult to identify the oxide contribution by analyzing
the Al 2p peak. A trace of Al oxide was detected even
after the surface was sputtered.

Identification of Cu Species

The Cu core levels are shifted to a lower binding energy
after leaching (Figure 3 (a) and (c)). The Cu 2p3/2 is
shifted to 932.7 eV, which is close to the binding energy of
elemental Cu or Cu2O. The Cu 2p core level in elemental
Cu and in Cu2O is separated only by 0.4 eV28. Thus, it
is difficult to distinguish the two species by XPS with
the given experimental resolution. However, they can
be distinguished by comparing the Cu Auger transition

peak, as the Cu LMM Auger peaks of the two species are
separated by about 2 eV26.

The Cu LMM Auger peak from the leached surface is
observed at 917.1 eV kinetic energy (Figure (3)d), which
is close to the Cu LMM transition for Cu2O or CuO26.
However, we rule out the formation of CuO based on the
observed Cu core levels. The Cu 2p for CuO is expected
to be shifted to higher binding energy by 1.2 eV with re-
spect to elemental Cu but no shift is expected for Cu2O.
We did not observe a shift in Cu 2p, confirming the ab-
sence of CuO. After sputtering, only a trace of Cu2O is
detectable and a new peak appears at 918.6 eV, which is
the characteristic energy of elemental Cu. This suggests
the presence of elemental Cu in the subsurface region.

Identification of Fe Species

An XPS spectrum from the clean i -Al-Cu-Fe surface
shows the Fe 2p3/2 peak at 707.0 eV (Figure 3 (b)). The
peak appears at almost the same binding energy as el-
emental Fe24. The Fe 2p3/2 peak is shifted to higher
binding energy after leaching, which is attributed to the
formation of Fe oxides. After sputtering, an additional
peak emerges, as in the case of the Cu species discussed
above. This new peak appears at the same position as
elemental Fe, or Fe in the i -Al-Cu-Fe QC. Since no other
evidence of the underlying quasicrystal can be identified
by XPS following leaching and even after sputtering, we
conclude that this peak must be due to elemental Fe, and
not from the quasicrystal. If the bulk is probed, Al, the
dominant constituent, should also be detected. But Al
was not detected after sputtering as discussed above.

Because of peak broadness, it is not possible to pre-
cisely determine the position of the Fe 2p peak of the ox-
ide. However, it is clear that after sputtering the Fe 2p3/2
peak is shifted to a lower binding energy by about 1 eV.
This shift can be explained if the top layers are predomi-
nantly Fe2O3 and the subsurface contains Fe3O4. The Fe
2p peak of Fe2O3 is expected to appear at higher bind-
ing energy than Fe3O4 (Table 1). Sputtering removes
the top layers of Fe2O3 and thus exposes the subsurface
Fe3O4. We cross-checked the existence of both oxides by
analyzing the O 1s core level, which we describe below.

Analysis of O Core Levels

Fitting the O 1s peak is challenging because of the
presence of multiple oxides and hydroxides. Neverthe-
less, the O 1s peak after leaching can be fitted by five
components (Figure 4). By comparing the peak posi-
tions with XPS results from Fe nanoparticles dispersed
on a glass substrate29, we suggest that peaks 1 and 4 are
due to Fe2O3 and water, respectively. Peak 3 is related
to hydroxide and/or defects in the Fe2O3 lattice29. Peak
2 is contributed by Cu2O25. The binding energy of peak
5, which is weaker in intensity, is close to the O 1s core
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FIG. 3. (a) Al 2p/Cu 3p, (b) Fe 2p, (c) Cu 2p, and (d) Cu LMM spectra (Mg Kα source) from the fivefold i-Al-Cu-Fe surface
after leaching (2 hours) and subsequent sputtering. Results from the clean surface are also given for comparison.

FIG. 4. O 1s XPS core level (Mg Kα source) from the surface
after leaching (2 hours) and subsequent sputtering in UHV.
The spectrum from the clean quasicrystal surface prepared in
UHV is also given for a comparison. Solid curves correspond
to the results of a fit as described in the text.

level of FeO30. However, it is difficult to confirm the ex-
istence of FeO by analyzing the Fe core levels because
of low peak intensity. After sputtering, the water and
hydro-oxide peaks are removed. Nevertheless, a contri-
bution from Cu2O is still detectable, in agreement with
the Auger result discussed above. The O 1s peak after
sputtering can be fitted with only three components: O
1s of Cu2O, Fe3O4 and defective oxygen sites of Fe3O4

29.

C. Layered Structure Formed by Leaching

Based on the surface chemical composition analyzed
above, we propose a model structure of the surface
yielded by leaching and subsequently washing with wa-
ter. The surface consists of layers of different composi-
tions. The top layers contain Fe2O3 and Cu2O, while the
subsurface layer contains elemental Cu, Fe, Fe3O4 and a
trace of Cu2O. Fe2O3 is expected to form an overlayer
in Fe-based compounds upon oxidation24. We affirm the
formation of the layered structure based on the fact that
only the oxide species were observed before the surface
was sputtered, while the elemental species emerged only
after sputtering. Our hypothesis is that the top oxide lay-
ers are removed by sputtering, exposing subsurface layers
to be detected by XPS. Fe2O3 is not observed after sput-
tering and Cu2O is significantly reduced. This indicates
the absence of Fe2O3 and only a trace of Cu2O in the
subsurface region.

After the leaching experiments, the surface was pol-
ished and prepared in UHV by sputtering and annealing,
and was examined by LEED and STM. The surface ex-
hibited quasicrystalline LEED patterns characteristic of
the clean surface. Similarly, STM yielded atomic reso-
lution characteristic of the original surface. This indi-
cates that leaching occurs only in a limited depth from
the surface. This is expected from the previous leach-
ing experiments of powder samples. The cross-sectional
TEM study showed that the dissolution of Al is restricted
to a certain thickness (about a half of µm in the given
experiment)16 because of the inhomogeneous distribution
of Al inherent to the quasicrystallinity of the sample stud-
ied. We also find the thickness of the leached area is less
than 1 µm as described in Section II.
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FIG. 5. (a) Al 2p/Cu 3p, (b) Fe 2p, (c) Cu 2p, and (d) Cu LMM Auger spectra (Mg Kα source) from the fivefold i-Al-Cu-Fe
surface after leaching for different times and subsequent sputtering. (e) Change in composition of the top surface layers (top)
and subsurface (bottom). The composition of the subsurface was deduced from XPS spectra given in (b) and (c). (f) Illustration
of the surface and subsurface composition after leaching and sputtering.

FIG. 6. Valence band spectra of the fivefold i-Al-Cu-Fe sur-
face after leaching for different times taken with He-I radia-
tion. The angle of incidence was 45◦.

D. Effect of Leaching Time on Chemical Composition

XPS spectra from the surface after leaching at different
times from 1 to 8 hours are compared in Figure 5 (a-d).
The spectra were taken after the surface was sputtered
and thus provide information from the subsurface region
of the leached surface. The core level positions of Cu and
Fe are not affected by increasing the leaching time. How-
ever, there is a change in surface chemical composition.
The variation in the composition deduced from the XPS
spectra for different leaching times is shown in Figure 5
(e), bottom. The composition was determined using the
area of the Cu 2p and Fe 2p peaks after Shirley back-
ground subtraction and using the photoemission cross
section, instrumental response and inelastic mean path
of photoelectrons.

The content of Fe3O4 increases with leaching time,
while elemental Fe and Cu decreases. After 6 hours we
can no longer identify Fe metal, which was possible af-
ter shorter treatments. Elemental Cu is still detectable
even after 8 hours leaching. This may be because the
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FIG. 7. (a) SEM image of the fivefold i-Al-Cu-Fe surface after
leaching at 8 hours showing fivefold cavities across the surface
(30 kV beam energy). (b) Dodecahedral cavity observed on
the surface after leaching at 8 hours (30 kV beam energy)
(c-d) AFM images of precipitate nanoparticles on the surface
visualized in both 2D and 3D (leaching time 8 hours). AFM
images were obtained in ambient conditions, not in UHV.

subsurface Fe gradually oxidizes with leaching time and
becomes rich in Fe3O4. After 8 hours of leaching the
surface is predominantly Fe3O4.

The change in composition in the surface region was
also analyzed using XPS spectra from the leached sur-
face, i.e., without sputtering. In contrast to the subsur-
face region, the Cu species increases and Fe species in
the surface region decreases with increasing leaching, es-
pecially after 6 hours leaching (Figure 5 (e), top). The
influence of leaching time has not been systematically
studied on the powder samples. However, the powder
sample leached by 5 mol concentration of NaOH for 12
hours exhibited the Cu species6,9 and there are no reports
of identification of elemental Fe.

E. Effect of Leaching on Valence Band

UPS measurements were performed from the surface
after leaching for different times and subsequently sput-
tering in UHV (Figure 6). The valence band spectrum
from the clean quasicrystal surface shows two peaks cor-
responding to the Cu 3d band (at about 4 eV) and the
Fe 3d band near to the Fermi level31. After leaching for
2 hours, three peaks appeared in the valence band. The
peak at about 5 eV is attributed to Fe3O4

32, the peak at
around 2.5 eV to elemental Cu33 and the peak near to the
Fermi level to elemental Fe32. With increasing leaching
time, the spectra demonstrate the increase in the Fe3O4

intensity and the gradual removal of elemental Cu and
Fe peaks, in agreement with the XPS results discussed
above.

F. Microstructure of the Leached Surface

The microstructure of the surface was characterized by
SEM, AFM and TEM. SEM revealed that after leach-
ing the surface develops micron sized pentagonal holes
with predominantly identical orientation (Figure 7 (a-
b)). Longer exposure to the leaching solution yields do-
decahedral cavities. The formation of the dodecahedral
cavities can be explained if the surface is preferentially
leached along all fivefold planes, and not limited to the
fivefold plane parallel to the surface34. We recall that
the icosahedral quasicrystal has six fivefold axes inclined
at 63.4◦ from each other. Further detail of the surface
microstructure at different leaching times has been de-
scribed previously34.

A closer look at the surface after leaching reveals the
presence of nanoparticles on the surface. In our previous
report, we were unable to image the surface with suffi-
cient magnification to successfully resolve the nanoparti-
cles. In this study, we use TEM and AFM to get infor-
mation on particle size. AFM images reveal the porous
nature of the surface after leaching (Figure 7 (c-d)), in
agreement with high resolution SEM. The root mean
square roughness of the surface estimated from the 10
µm × 10 µm AFM image is about 30 nm, although in
some places the roughness is much larger. Particles of two
different sizes can be identified in AFM; the brighter fea-
tures have larger lateral size than the grey features. The
small particles are predominant. The size of the large
particles is up to about 200 nm. The small particles are
of approximately 20 nm size, which is comparable to the
particle size observed on the leached powder by Tsai et
al6. This size is also in good agreement with our TEM
results, which are discussed below.

Figure 8 (a) shows a representative TEM microstruc-
ture of a thin strip of the sample after leaching at 8 hours,
where the leached and un-leached areas are marked by ‘B’
and ‘A’, respectively. Nanosize particles are observed in
the leached area, which are clearer in the high magnifi-
cation image given in Figure 8 (b). The particle size was
found to be 5-20 nm, which agrees well with the AFM
results and powder samples6.

G. Interface between nano particles and quasicrystal

The interfacial relation between the nanoparticles and
the underlying quasicrystal was determined by compar-
ing SAED patterns from the leached and un-leached ar-
eas. SAED patterns recorded by scanning the electron
beam across the co-existing leached and un-leached ar-
eas are shown in Figure 8 (c, d). As expected, the un-
leached region yields patterns characteristic of the icosa-
hedral quasicrystal. However, the leached area produces
rings, instead of spots, (Figure 8 (d)). The ring patterns
suggest that the leaching treatment yields nano-grain mi-
crostructures aligned randomly on the quasicrystal inter-
face.
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FIG. 8. (a) Bright field microstructure of the i-Al-Cu-Fe quasicrystal after leaching for 8 hours. ‘A’ and ‘B’ mark the
un-leached and leached areas, respectively. (b) Highly magnified image of the leach region ‘B’. (c-d) Selected area electron
diffraction (SAED) patterns from region ‘A’ (c) and ‘B’ (d). (e) Comparison of SAED patterns from the leached and un-leached
area.

The reciprocal lattice vectors (k-vectors) of the rings
are consistent with those for elemental Cu and Fe, Cu2O
and Fe3O4. The rings are indexed in Figure 8 (e). We
also find that the k-vectors of some of the rings match
with those of the quasicrystal. The strongest diffraction
spots from the quasicrystal, at 3.1 Å−1 (= k0), coincide
with the Cu(111) and Fe(110) rings with a mismatch of
only 2-3%, which is within the experimental uncertainty.
The matching of the k-vectors suggest the formation of
an interface between the fivefold surface and high atomic
density planes of Cu(111), Fe(110) and Fe(200). This is
in agreement with the conclusion drawn from the XPS
results that the subsurface region after leaching is richer
in elemental Cu and Fe than the oxide. Cu(111) and
Fe(110) are the highest atomic density planes, Cu and Fe
having fcc and bcc structure, respectively. Fe(200) has
the second highest atomic density in the Fe bcc struc-
ture. Similarly, the fivefold surface of the i -Al-Cu-Fe QC
terminates at high density planes of the bulk structure.
This suggests that the interface is formed between the
high density planes of nano-particles and the quasicrys-
tal. We recall that the i -Al-Cu-Fe quasicrystal powder
shows higher thermal stability than metal catalysts in
steam reforming of methanol6. We suggest that the inter-
face between high density planes may provide this higher
stability.

IV. CONCLUSIONS

We have studied the effect of leaching treatments on
the microstructure, chemical composition and valence
band of the i -Al–Cu–Fe quasicrystal. The fivefold sur-
face of the single grain i -Al–Cu–Fe sample was leached
with NaOH solution for varying times and the resulting

surfaces were characterized by XPS, UPS, SEM, AFM,
TEM and SAED. The leaching treatments preferentially
remove Al, producing a capping layer of Fe and Cu ox-
ides. The subsurface layer contains the transition metal
species in addition to the oxides, while the quasicrys-
tal structure beneath remains unchanged. The surface
gradually becomes rich in Fe3O4 with increasing leach-
ing time. The leached surface displays facets and cavities
exhibiting fivefold symmetry and a common orientation.
This is explained by preferential leaching along the five-
fold axes. The surface after leaching is porous and con-
tains nanoparticles. The size of the particles is 5-20 nm as
confirmed by AFM and TEM. SAED confirms the forma-
tion of nanoparticles of Cu, Fe, Cu2O and Fe3O4. The
interface is formed between high atomic density lattice
planes of the nano particles and the quasicrystal. The
formation of such an interface may provide a greater sta-
bility to the nanoparticles during catalytic reactions.
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