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5

? E. BELIN-FERRE?", M-F. FONTAINE{, J. THIRION,

8 S. KAMEOKA, A.P. TSAI# and J.M. DUBOISTt

9

10

11 tLaboratoire de Chimie Physique Matiere et Rayonnement Bnité- Mixte-de Recherche 7614, 11 rue P.

12 et M. Curie,

" 75231 Paris Cedex 05, France

15 tInstitute for Multidisciplinary Research for Advanced Materials, 2-1-1 Katahira, Aoba-ku,

ig Sendai 980-8577, Japan

18 tfLaboratoire de Science et Génie des Matériaux et de Métallurgie, Ecole des Mines, Parc de Saurupt,

19 54042 Nancy, France

20

21

22 Abstract. We used X-ray emission spectroscopy to investigate the electronic structure of various

23 catalysts obtained by leaching a quasicrystalline Al-Cu-Fe compound in 5%Na,CO; aqueous solution.

24 The study of Al states confirmed that apenteaching Al is almost totally oxidised in the catalysts. Fe is

Sg not as much oxidised probably because it is embedded in Cu-Al,O3 grains. Cu is only partly oxidised.

27 However, frem-our-data it is not excluded that the catalytic activity could be due to a size effect that

28 prevents the formation of a band as in metallic Cu, and gives to the electronic structure an atomic-like

29 character. New measurements should be done from fresh specimens in order te—make—sure—that-ne

30 avoid further oxidation interferes with the Cu spectral distributions n-the-eatalysts.

31

32 . . .

33 Keywords: quasicrystals, catalysts, electronic structure, x-ray emission spectroscopy

34

gg Introduction

37

gg Al-Cu-Fe quasicrystalline compounds leached in a 5%Na,CO; aqueous solution exhibit high

0 performance catalytic properties for steam reforming of methanol [1, 2]. Annealing in air at 600°C

a1 enhances the catalytic activity, whereas it is decreased by further annealing in H, atmosphere. To

42 investigate which is the reason for this behaviour, we studied the electronic structure of such catalysts

43 using X-ray emission spectroscopy (XES) Fhis-technigae which probes partial electronie-distributions

44 densmes of states (DOS) around each chemlcal spe01es 1n a sample Here—we—ha*e—anal—ysed%&%p—

45 ¥ A-vartou 33 ection For details on

46 XES and the electronlc structure of quas1crystals see reference [3].

47

48

49 Experimentals

50

51

52 We have studied the-folowing several samples: (i) sample labelled A is a quasicrystalline Al-CuFe

53 Alg;CuysFep,; powder (grains < 150um) annealed for 24 hours at 800°C fer-hemegenisation-purposes,

54 (i1) sample B is powder A leached in a 5%Na,CO; aqueous solution and-washed-to-remeove-all-alkali

55 traees, (iii) sample C is powder B, annealed for 4 hours in air at 600°C, (iiii) sample D is powder C,

56 annealed at 600°C for 4 hours in H, atmosphere. The €a¥Kerx-ray diffraction patterns are dominated

57 by the peaks of the quasicrystalline compound, but also display for samples B, C and D diffraction

gg peaks of Al,O3, CuO and a -phase. Cu particles of about 10 nm in size were found to be dispersed at

60 the surface of the catalysts. Pure-metals—exides{Al,Osz-andFe304)-and-spinel-compounds{CuaAl04
apd-CuEe,0. -were-alsoanalysed-forcomparisonpurposes

http://mc.manuscriptcentral.com/pm-pml
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The XES spectral curves probe Al3s-d, Al3p, Cu3d and Fe3d states, respectively owing to the
transitions: valence band (VB) — Al2ps;, VB — Alls, VB — Cu2ps;; and VB — Fe2ps; levels.
The energy resolution was about 0.4 eV for Al spectra and 0.5 eV for Cu and Fe spectra and the
experimental accuracy between 0.1-0.2 eV. As the XES technique does not provide absolute DOS
values, each spectral curve is normalised to its own maximum intensity in the x-ray transition
energy scale. Pure metals, Al,O3, Fe304 and spinel compounds (CuAl,O4 and CuFe;04) were
also analysed for comparison purposes.

Results

Figure 1 shows the curves for Al3s-d and Al3p states.

The shapes of the Al3s-d curves of B, C and D samples {deft-side-panel) are very similar and depart
from the curve of sample A. They look like the curve for Al in Al,Os3. Inaddition-they but display a

faint feature around 71 eV in the energy range of a maximum of the curve of sample A. Clearly,
samples B, C and D are hlghly oxidised and show traces of non-oxidised materlal Fer—s—&mp}e—B—t-he

.« qe . qe 293 .

3 These are

The shapes of the Al3p curves for samples B, C and D ¢rightside-panel); also signifieantly depart from
the curve of sample A and are similar to the-eurve that of alumina. Henee;—againthesamples—are

highly-exidised. Still, the wing on B, C and D curves around 1558-1560 eV, the energy range where
the-intensity—inereases—up-to of the maximum in curve A, is slightly less hollow than in for Al;Os.
Accordingly, there exists some contribution from non-oxidised material in this energy range. The
curves of sp1nel CuA1204 }S—Siﬂii-l-a-ﬁte—t-h-&t—ef and A1203 are analogous However,thepeakat 1539

amples—sives—an—indication—that-theirelectroni yetures—although-similar—are notidentical. The
peak at 1539 eV due to a transition from VB hybridised (O2s - Al3p) states —Al 1s, is of higher
intensity in the spinel than in oxide. Hence their electronic structures although similar, are not
identical.

At-this-peint—itappears-that Thus, Al whatever the specimen, except in powder A, is highly oxidised.
In bulk fcc Al, the depths sampled by the excitation beam for investigating Al3s-d and Al3p states

respectively, are of the order of 0.3 to 0.5 um and surface contribution, especially contribution of the
oxide, amounts to at most a few per cent of the total signal. For powders, it is not straightforward to
quantify preeisely the importance of oxidation. Since powder grains represent a large surface

http://mc.manuscriptcentral.com/pm-pml
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contribution to XES data, it makes sense to assume that the oxide contribution dominates the spectra.
Actually, it could be estimated frem-the-eurves to be of the order of 90% the total signal.

CuFe 04 . Figure 2 displays the Cu3d distribution curves in the various samples. Within
experimental accuracy, the curves of spinels CuFe;O4 and CuAl,O4 are identical.

In our experimental conditions, the bulk Cu sampled depth is approximately 17 nm. Accordingly, ere
expeets-that the whole of Cu grains are probed in the catalysts during XES-measurements:

The shape of curve A is reminiscent of that of pure Cu, but narrower due to the alloying effect [3]. The
curves of the catalysts exhibit faint satellites at the same energies as in Cu,0 [4] fer (sample B) or and
as— both CuyO and CuO [4] fer (sample C). The shape of curve D is more like that of CuO [4]
(Insert in Fig. 2 right panel) with—a—<lear—satelite—around-935-eV. In the spinels no satellite is
observed (ig3rightside-paneh which stresses a different electronic structure than in oxides. Because
of the satellites, for comparing the full widths at half maximum intensity of the curves (FWHM), one
has to consider the low energy part of the spectral distribution and its symmetric with respect to the
pesitien—-of the maximum. Fhe-corresponding—valuesaregivenin Values are in Table 1 together with
the energies of the maxima of the curves and the satellites. The-datafor- CaO-and-Ca,O-are-obtained
fromreference-3. The data of reference 4 are obtained from the same experimental setup.

Table 1

Sample Max Cu 3d Energy of Satellites FWHM

+0.15eV +02eV +01eV

+02eV
Cu 930.10 932.8 935.7 3.0
CuO 929.30 931.8 934.7 2.0
CuO 929.70 931.2 2.0
CuAl,O4 (spinel) 930.40 2.0
CuFe;04 (spinel) 930.40 2.0
Quasicrystal : sample A 929.50 931.5 9344 2.0
Leached : sample B 929.50 931.2 9344 2.0
Leached+annealed : sample C 929.60 931.2 934.6 2.0
Leached+annealed+H; : sample D 929.50 928.8  931.6 934.6 2.6

Within our experlmental precmon except for fcc Cu and sample D, the FWHM of the curves are the

the—eﬂes—fer—ﬂae—twe—eaﬂdes—They—differ—fer—the—spme}s— The maxima of the curves of the three

catalysts differ from the spinels and are at energies intermediate between those for the two

oxides. Eromthe x- ray diffraction pattern show CuO peaks, shea-ld—ee&t&b&t&te—t—h%spee&a espe(nally
in sample C he ~ :

http://mc.manuscriptcentral.com/pm-pml
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eatalysts—and-mayhidden—anyotherspeeifieit-Thus one may expect that the oxide contribution is
significant to the spectra of these catalysts and may hide other specificities.

In contrast, the curve of sample D is wider thanferthe-others. In—additionthis—eurve It shows one
marked feature at9291+0-2-eV namely close to the value for CuO. One explanation is that the curve
of sample D results from the add1t10n of a CuO contnbu‘uon to the genulne distribution due—te of
catalyst D. o e A
}ewef—t-lﬁr&n—m—s-amp}e—e Actually, the CuO peaks in the dlffractlon pattern of sample D are of lower
intensity than in sample C. Here;—we—must-underline—that Note that the catalysts were kept in air.
Because they are not reactive in the same way, oxidation upon ageing may have taken place and differ
from one sample to the other (the catalytic power of sample D against methanol reforming is slightly
lower than that of sample C).

Another change of slope is seen at about 928.5 £ 0.2 eV on the D spectral curve (Fig.2 right panel.
Hence, this curve shows 3 features. It is known that in Ni nano-sized metallic particles, the 3d ban, d is
no longer metallic-like, but shows 5 features which are ascribed to the 5 d individual orbitals [5]. A
similar behaviour may occur in the Cu catalysts that are less than 10 nm in size but this effect may be
hidden because of oxidation.

At-this-stage; It is difficult to ascertain whether partial oxidation or size effect are responsible for the
shape of the spectral curves of the catalytic samples. We ignore whether the nanometric Cu particles
have an ‘“atomic-like” behaviour that could be responsible for their catalytic properties. New
experiments are under way, using fresh catalysts kept in argon atmosphere to avoid ageing in air and
getting better insight into their genuine electronic structure

Figure 3 displays the Fe3d curves in the catalysts, powder A, pure bcc Fe, and-alse-oxide Fe3;04 and
spinel CuFe;04. Many more scans than for sample A were required by all catalysts to achieve

equlvalent background t0-31gnel ratlo Fer—all—eat&l—ysts—te—ebt&m—an—eqbwa}em—baekgfemad—te—

. To interpret this
observatlon we suggest that Fe atoms are embedded 1ns1de Cu- A1203 grains. This is supported by the
fact that the x-ray diffraction patterns show no contribution due to Fe.

Table 2 collects the-data—eorrespondingto-these-measurements the energy values of the maximum of
the La band (VB—Fe2psp,), the FWHM, the ratio between Lo and LJ peaks (this—transition

LB corresponds to VB—Fe2p;,2) and the energy distance between the two La and L3 sub-bands.

Table 2
Sample Max Lo FWHM Lo/Lp ratio LB-La
+0.15eV +01eV +0.2 +0.2eV
+0.2eV

Fe 704.95 5.1 2.1 12.4
Quasicrystal : sample A 706.54 4.4 33 13.0
Leached : sample B 706.78 5.0 2.5 114
Leached+annealed : sample C 707.56 5.4 2.3 11.3
Leached+annealed+H, : sample D 707.32 5.4 2.2 11.6
Fe304 705.40 52 2.1 12.0
CuFe;04 (spinel) 706.50 54 1.9 114
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The values for samples A, B, C and D differ from the reference compounds: whereas for
compound A the position is quite close to that of Fe in spinel CuFe;0y, this is no longer true for
the other samples. The value of the Lo/Lf ratio is completely different in compound A from the
values for pure Fe, spinel or oxide. The electronic structure of the catalysts differs from that in
bce Fe or Fe30y4, the Fe oxidation number tends towards that in CuFe;0y.

The spectral curves of catalysts D and C display a marked feature at the energy of the maximum in

the oxide Fe3O4 less pronounced for sample C—Sample—C—also—exhibitssuch—a—shoulderbutless
pronounced: As—aresult—thereis—aslisht Accordingly—there-is—afaint broadeningof the-eurves—with
respeet-to-sample B-as—seenfrom-the FWHM—values. Note that oxidation may occur upon ageing of

the samples during—the—thermaltreatments—ofthe—samples—or, since there is no visible Fe oxide
contribution in the x-ray diffraction pattern of the catalysts. -i-may-depend-

Conclusion

Our XES study of Al states has confirmed that Al is oxidised to at least abeut 90% in the catalysts. Fe
is not as much oxidised, probably because it is embedded in Cu-Al,O3 grains. For Cu, it cannot be
excluded frem-eur-data that the catalytic activity of samples B, C and D arises from a size effect that
prevents the formation of an electron band and gives an "atomic-like" character to the electronic
structure. To ascertain this interpretation, measurements must be repeated with catalytlc samples kept
in an inert atmosphere i

distributions. to avoid further oxidation modifies their spectral distributions.
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Figure captions

Figurel. From bottom to top: Al 3s-d (left side panel) and Al 3p (right side panel) distribution curves
in sample A (full line) and Al,O; (dashed line), samples B (triangles), C (diamonds) and D (dots). In
the right side panel the upper full line refers to CuAl,O, spinel

Figure 2. Left side panel: from bottom to top, Cu 3d distribution curves in sample A (full line) and
pure fcc Cu (dashed line), samples B (triangles), C (diamonds) and D (dots). Right side panel: Cu 3d
spectral curve in sample D (full line) and spinel CuFe,O, (diamonds). The bars labelled 1, 2 and 3
show the energies of the maxima of CuO, Cu,O and Cu distributions, respectively. In the insert, from
bottom to top, Cu 3d distribution curves in CuO and Cu,O, respectively [4].

Figure 3. Fe 3d distribution curves in bcc Fe (dashed lower curve), FezO4 (thin lower line) and spinel
CuFe;0y4 (thick lower line). At upper coordinates, from bottom to top, are shown the same spectra in
samples A (no symbol), B (triangles), C (diamonds) and D (dots). From left to right, the vertical lines
mark the maximum of the Fe Lo distribution (see text) in the pure metal, oxide and spinel (dashed
line).

Table captions

Table 1. FWHM and energies of the features of Cu 3d spectral curves

Table 2. Energies values of the features of the Fe 3d spectral curves
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