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Amorphous Alloy Catalysis
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The activation and catalytic properties of Cu—Ti and Cu-Zr metal-
lic glass precursors in the dehydrogenation of 2-propanol differ
substantially. In contrast with Cu—Zr, Cu—Ti can only be activated
with HF solution. The pretreatment of Cu—Ti results in catalysts
with BET and copper surface areas one order of magnitude smaller
than those of Cu—Zr under the same conditions. Cu-Ti exhibits
decreasing catalytic activity, while Cu-Zr displays stable activity
in the course of the reaction. Crystallization of the metallic glasses
prior to HF treatment results in a weaker reactivity toward hydro-
gen fluoride for both alloys. Scanning electron micrographs of the
alloys reveal that HF etching results in surfaces with deep grooves,
and copper-rich flakes, a Raney—-Cu-like catalyst. Auger electron
spectroscopic studies show copper enrichment in the surface region
on both alloys after HF treatment. On the surface of Cu-Ti, mostly
Cu(Il) is detected, whereas Cu(0) and Cu(Il) coexist on
Cu-Zr. @ 1995 Academic Press, Inc.

INTRODUCTION

The development of the melt quenching method (1, 2)
led to amorphous alloys (metallic glasses) becoming avail-
able from the beginning of the 1980s and a large number
of studies have been reported on their unique chemical
and physical properties. Since polycrystalline bimetallic
catalysts are widely used (3-5), and there is a strong
structure dependence of the reaction rate in many reac-
tions, the use of amorphous alloys in catalytic syntheses
has likewise received considerable attention. The results
show that these alloys exhibit outstanding catalytic prop-
erties in many cases. Review papers have been published
on this topic (6, 7).

Cu-Zr metallic glasses have been tested as catalysts in
reactions such as the hydrogenation of CO (§-10), CO,

I Part VI: see Ref. (22).
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(10, 11), ethylene (12, 13) and 1,3-butadiene (14). Amor-
phous Cu-Zr catalyst precursors and Cu-Ti alloys have
been tested and compared only in the decomposition of
methanol (15, 16). We earlier studied the dehydrogenation
of 2-propanol over Cug,Zry alloys (17-22). In all of these
experiments, following various kinds of activation, the
amorphous alloys exhibit higher catalytic activity than
the crystalline catalysts used for comparison. During the
activation and reaction, the amorphous precursors under-
went substantial structural changes, resulting in crystal-
line catalysts with higher activity than that of the originally
crystalline alloy with the same composition.

Cu-Zr metallic glasses have been found to be excellent
catalyst precursors for the dehydrogenation of 2-propa-
nol. This corresponds to the literature finding that copper,
among other metals (23), catalyzes the dehydrogenation
of alcohols (24-27) and diols (28-34), the dehydration of
diols (35-37), and the hydrogenolysis of the C-O bond
(38-42). However, no data are available on Cu-Ti alloys,
one of the most obvious choices for comparison, except
for our earlier observation (22) that Cu-Ti in the as-re-
ceived and oxidized state dehydrates 2-propanol at 673 K.
The purpose of the present study was to obtain data on
a Cu-Ti amorphous alloy in the same test reaction used
previously to characterize Cu-Zr metallic glasses under
identical conditions. Surprisingly, the activation methods
(H,/473 K (10, 11), H,/573 K (17-19), H,0/500 K (8, 9)
HF/5 min (15, 16)) that resulted in high catalytic activity
for Cu-Zr catalysts (17, 18) were not effective for Cu-Ti
alloys, with the exception of HF treatment (21). In the
present paper we report on the use of a Cu-Ti amorphous
alloy activated with HF solution as catalysts, in the dehy-
drogenation of 2-propanol. We focus on the effects of HF
on the catalytic activity, structure, and surface of Cu-Ti
alloys. Their catalytic performance will be compared with
that of Cu-Zr metallic glasses by referring to the results
of previous catalytic tests (17). New results on the mor-
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TABLE 1

Results of Surface Area Measurements of the Amorphous and Crystalline Cu-Ti and Cu-Zr Alloys
after HF Treatment and after Reaction

BET surface area (m? g')

Cu(0) surface area (m? g™')

Time of After activation After activation
HF treatment After and reaction After and reaction
Catalyst Structure {min) HF treatment (24 h) HF treatment (24 h)*
Cu-Ti Amorphous — 0.01° —
1 0.01° —
3 - —.C
5 0.1 0.6 0.03 0.03 (0.03)¢
Crystalline — — —
5 0.01¢ 0.01*
Cu-Zr Amorphous — 0.01% 0.19
1 0.14 0.24
3 0.40 0.96
5 4.1 4.6 0.41 1.03 (1.00)4
Crystalline — 0.01° 0.45
5 0.06 0.28

@ After exposed to air catalyst samples were activated at 573 K in flowing hydrogen (30 ml min™') for 0.5 h before measurement.

b Detection limit.
¢ Not measurable, being under the detection limit.
4 Surface area determined in situ after reaction.
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FIG. 1. Conversion of 2-propanol over amorphous and crystalline
HF-treated Cu-Ti and Cu-Zr alloys as a function of time on stream
(T = 573 K). (O) Amorphous Cu-Zr treated with HF/S min; (@) crystal-
line Cu-Zr treated with HF/S min; (II) amorphous Cu-Ti treated with
HF/1 min; (=) amorphous Cu-Ti treated with HF/3 min; (OJ) amor-
phous Cu-Ti treated with HF/5 min; (B) crystalline Cu-Ti treated with
HF/3 min.

phology, surface structure, and depth profile of HF-
treated Cu-Zr alloys will also be discussed.

EXPERIMENTAL

Two-millimeter-wide, 100-um-thick CugZr;,y and
Cu,Tis, ribbons were produced by the melt quenching
method in air at a cooling wheel velocity of 2000 cm s/,

The catalytic tests were carried out in a flow-type
microreactor (573 K, about 50 mg alloy, 30 ml min~' hy-
drogen carrier gas). The vapor of 2-propanol was intro-
duced through a saturator. An ice-cooled trap was in-
serted between the reactor and the saturator to obtain
reproducible reactant flow. The reaction products were
subjected to GC analysis. A detailed description of the
experimental setup is given in (17). Kinetic studies were
performed using a small catalyst quantity and a high feed-
ing rate to ensure low conversion (below 10%).

TABLE 2

Catalytic Activity of HF-treated Cu~Ti and Cu-Zr Alloys in
the Dehydrogenation of 2-Propanol (HF Treatment, 5 Min)

Rate based on
catalyst mass

Rate based on
Cu(0) surface

Rate based on
BET surface

Catalyst (mol g™'s7) (mol m™2s™h 7Y
Cu-Ti 1.10 x 1074 1.83 x 1074 156
Cu-Zr 3.24 x 1074 0.70 x 107¢ 14
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FIG. 2.
(1000%).

The amorphous alloys were activated with 1 M HF so-
lution, washed with H,O, and put into the reactor while
still wet. They were allowed to dry at room temperature
in the carrier gas stream. The crystalline alloys were made
by annealing the metallic glass samples under helium at
773 K for 10 min. The complete crystallization of the orig-
inally amorphous alloys was proved by differential scan-
ning calorimetry (DSC) and X-ray diffraction (XRD).

BET surface areas were determined using nitrogen ad-
sorption at 77 K. The Cu(0) surface area of the catalysts
was measured by N,O titration based on the reaction of
nitrous oxide with Cu(0) species. The GC pulse method
(43), with the modifications suggested in (44), was used
(363 K, small sample size, large excess of N,O). When
the catalyst samples after reaction were exposed to air,
a reactivation in flowing hydrogen (573 K, 0.5h,
30 ml min~') was applied before surface measurements.

The structure of the alloys was tested by DSC (Per-
kin—Elmer DSC 2) and XRD (DRON 3 apparatus, CuKa
radiation). The surface of the alloys was investigated by
scanning electron microscopy (SEM) with an ISI DS 130
instrument, scanning Auger microscopy (SAM) with a
Perkin-Elmer PHI 660 unit, and X-ray photoelectron
spectroscopy (XPS) with a Perkin—-Elmer PH1 5300 appa-
ratus with 1253.6 eV MgKa radiation. A stainless-steel
sample holder with Mo mounting plates was used. The
Mo 3d,,, signals were used for calibration. For depth pro-
file measurements, a 3 kV Ar ion beam rastered over a

Scanning electron micrograph of a Cu-Zr sample after 5 min HF treatment. Both sides of the ribbon feature the same morphology

10 X 10 mm area and a 5 kV unrastered Ar ion beam were
used for XPS and SAM experiments, respectively.

RESULTS

Over both alloys, the dehydrogenation of 2-propanol
occurred selectively to acetone at 573 K. The formation
of 4-methyl-2-pentanone, a condensation product of ace-
tone, was detected only over Cu-Zr catalysts prepared
from amorphous precursors. The selectivity of this by-
product was always less than 5%. Over Cu-Ti, in turn,
a small amount of propene was formed.

Figure 1 summarizes the changes in activity of the amor-
phous and crystalline Cu~Zr and Cu-Ti precursors after
different HF pretreatments. Amorphous Cu-Zr exhibits
an induction period, followed by stable and high catalytic
activity. The previously crystallized Cu-Zr alloy displays
substantially lower activity which decreases in the course
of the reaction. The catalytic performances of Cu-Ti
alloys are weaker than those of the corresponding Cu-Zr
alloys. The activity vs time-on-stream curves exhibit max-
ima during the first 5 h of the run. The previously crystal-
lized alloys give similar curves with a lower activity than
that of the crystalline Cu-Zr alloys. The as-received
Cu-Ti alloys do not show catalytic activity. This is in
contrast to the as-received Cu-Zr alloys, which exhibit
continuously increasing catalytic activity during the
reaction (17).
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FIG. 3.

Scanning electron micrograph of an amorphous Cu-Ti sample after 3 min HF treatment. The horizontal bar above the magnification

value corresponds to the distance specified in wm; (A) outer side 1010x; (B) inner side 1010x; and (C) outer side 40,300x.

The results of BET and Cu(0) surface area measure-
ments are summarized in Table 1. The as-received alloys
have a very small surface area in the range of the geometri-
cal surface. After HF treatment, the amorphous Cu-Zr
exhibits large BET and Cu(0) surfaces, which are further
increased as a result of the reaction. The Cu-Ti alloys,
in contrast, exhibit an increase in surface areas one order

of magnitude smaller than that of Cu-Zr during the identi-
cal treatment. Crystallization does not bring about any
enhancement of the Cu(0) surface area. A relatively small
increase, as compared with that for the amorphous alloy,
can be monitored on crystalline Cu-Zr after HF treat-
ment. A further increase takes place during the reaction.
No similar changes are observed on Cu-Ti.



DEHYDROGENATION WITH Cu-Ti AND Cu-Zr AMORPHOUS ALLOYS

337

FIG. 3—Continued

Specific catalytic activities calculated using activities
determined at low conversion (below 10%) and the appro-
priate surface area values are summarized in Table 2.

In accordance with XRD measurements, DSC experi-
ments revealed the total crystallization of Cu-Zr alloys as
aresult of HF treatment (17). Only partial crystallization is
found in Cu-Ti alloys after HF treatment. This state is
conserved during the reaction, i.e., no further crystalliza-
tion can be detected as a result of the catalytic reaction.

The surfaces of the two sides of the as-received alloys
show the characteristics of metallic glasses prepared by
melt quenching methods (12, 18, 19) with the single wheel
technique. The inner sides feature small, parallel grooves
due to the contact with the cooling wheel. The outer sides
exhibit large randomly located hillocks. In the 0.1-1-um
size range; however, no characteristic features can be
found. Since Zr/ZrO, and Ti/TiO, dissolve in HF more
readily than Cu, HF treatment results in drastic changes in
surface morphology. On both sides of the Cu—Zr ribbons,
large flakes develop (Fig. 2). On Cu-Ti, round grooves
appear on the outer side, while the inner side resembles
the HF-treated Cu-Zr alloys (Fig. 3).

The surface morphology of HF-treated Cu-Ti alloys
was investigated by means of scanning Auger microscopy
combined with Ar ion sputtering. This was done by using
an unrastered 5 keV Arion beam resulting in a high sput-
tering rate. Scanning along the cross section of the crater
thus created allows study of the changes both in morphol-
ogy and composition at various depths. Figure 4 shows
scanning electron micrographs of the sputtered area at

various magnifications and locations. Figure 5 presents
the corresponding Auger spectra. In Fig. 4A, a bright and
a dark area are separated along a boundary line. This is
the region where HF penetrated the ribbon. Figure 4B
shows the boundary region at higher magnification. Flake
formation occurs as a result of HF etching. In the darker
areas, no flakes can be seen, but the round grooves can
still be traced (Fig. 4C). These are surrounded by hillocks
and cones of almost pure copper (Fig. 5, spectrum D).
Next to these, the smooth area contains both Cu and
Ti with the composition of the original amorphous alloy
(Fig. §, spectrum E).

The results of the XPS experiments are to be seen
in Figs. 6-9. The XPS multiplex spectra in the C 1s, Cu
2psj5, Ti 2py5 (o1 Zr 3ds5) and O 15 binding energy ranges
are plotted after each minute of Ar-sputtering, along with
the depth profiles, by using the integrated peak intensities
of these elements. Bombardment was carried out by using
a3-kV Arionbeam. Because of the poor spatial resolution
of the X-ray beam, the Ar ion beam was rastered to obtain
uniform depth. This resulted in a considerably lower sput-
tering rate than in the case of the SAM experiments, i.e.,
the data obtained relate to the near surface region of the
alloys. The multiplex spectra of each region are adjusted
to fit the scale, i.e., they are drawn in arbitrary units.

Copper concentration in the as-received Cu-Ti alloys
is negligible on both sides (Fig. 6). On the outer side, it
increases continuously in the depth range investigated.
On the inner side, there is a relative copper enrichment
as compared with the outer side. On the outer side, the
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FIG. 4. Scanning electron microscopic pictures of the outer side of an HF-treated Cu-Ti sample after 10 min Ar ion sputtering in the SAM
instrument. The scale bar is indicated on the bottom right of the pictures; (A) boundary region where HF penetrated the ribbon (90X); (B) flake
formation in the boundary region (1000x); (C) round grooves in the sputtered area (5000x).

intensity of the oxygen peak decreases continuously in
parallel with the continuously increasing intensity of the
Ti 2py, peak at 454 eV, characteristic of metallic Ti. Al-
though a considerable amount of Ti is oxidized on the
surface, the convoluted spectrum shows the presence of

metallic Ti as well. This effect is more significant on the
inner side, where mostly TiO, (457 eV) is found on the
surface. After 10 min of sputtering the composition
changes sharply to mostly metallic Ti (454 eV) at the same
depth as where the intensity of the oxygen peak drops.
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FIG. 4—Continued

There is no visible shift in the copper spectra; they are
characteristic of metallic Cu throughout the depth investi-
gated.

The XPS depth profiles of the two sides of an HF-
treated Cu-Ti alloy are shown in Fig. 7. There is copper
enrichment on both sides. The concentration of titanium
decreases substantially as a result of HF treatment with
a peak only in the range of the background noise. The
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FIG. 5. Auger spectra of the different surface species of HF-treated
sputtered Cu-Ti alloy shown in Fig. 4; (A) unsputtered area; (B) area
after 1 min sputtering; (C) AES spectrum of a flake; (D) cone structure
in the sputtered area; and (E) smooth area next to the cone structure.

alloy still contains some oxygen. We believe that this is
bound to Ti, because the copper signals show mainly the
presence of Cu(0) species in the bulk.

The XPS depth profiles of the two sides of the Cu-Zr
alloys after HF treatment are shown in Fig. 8. Similarly
as for the Cu-Ti alloys, copper enrichment is seen on
both sides, but its concentration does not increase contin-
uously toward the bulk. On the outer side, the Zr and O

C1s Cu2p,, T12p,, Ols
Outer Side | B o
o

© A o°
2 = o
7 < o

2] ag S
g oI5 e m:"&/é-év; ,
* = T 7 ;

e
Inner Side 0.
S g ol E|p gooeet
S | e P N R
8 =3 = x o Cu
Q | =7 y\ﬁw‘— ) © e T
O = & 2o
¢ St Bteonny
=4 T Ty — B RN,

o 10 20 30
Sputter Time (min)

295 285 960 930470 450 540 530

Binding Energies (eV)

FIG. 6. XPS multiplex spectra and depth profiles based on the inten-
sities of each component of the two sides of the as-received Cu-Ti
alloys. (A and C) multiplex spectra; (B and D) depth profiles; (A and
B) outer side, (C and D) inner side; (—) carbon; ( ) copper: ( )
titanium; () oxygen.
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FIG.7. XPS multiplex spectra and depth profiles based on the inten-
sities of each component of the two sides of the HF-treated Cu-Ti alloy.
(A and C) multiplex spectra; (B and D) depth profiles; (—) carbon; ( )
copper; () titanium; ( ) oxygen.

signals change in parallel until the concentration of oxygen
drops sharply. In this region, the Zr binding energy shifts
from that of the oxidized state (182 eV) to that of the
reduced state (179 eV). On the inner side, however, the
intensities of the Zr and O peaks change in parallel and
the Zr remains in the oxidized state throughout the depth
of the investigation.

In Fig. 9, the copper multiplex spectra of HF-treated
Cu-Ti and Cu-Zr alloys are compared on the surface
without sputtering and in the bulk after 30 minutes of Ar
ion sputtering. On the surface, Cu-Ti exhibits only Cu(1I)
species with the characteristic 2p;;,, peak at 933.6 eV, the
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FIG. 8. XPS multiplex spectra and depth profiles based on the inten-
sities of each component of the two sides of the HF-treated Cu~Zr alloy.
(A and C) multiple spectra; (B and D) depth profiles; (—) carbon; ()
copper; ( ) zirconium; () oxygen.

KATONA AND MOLNAR

Cu-Ti 204,
2P, \
Bulk :
3 A
£ : 200
2| st
. urface ..,
< *5”/\}/\“"/\ ~
< lcu-zr 9324
w
=
2 | Buk 19.8
Surface 'J?\
x10 4

T YT

975 965 955 945 935 925

Binding Energy (EV)

FIG. 9. Comparison of the Cu XPS multiplex spectra in the bulk
and on the surface of Cu-Ti and Cu~Zr alloys.

2p,,, peak at 953.6 eV, and the ‘‘shake-up’’ peaks due to
the paramagnetic feature of Cu(II). On the surface of the
Cu-Zr alloy, however, Cu(Il) and Cu(0) species coexist.
The deconvolution of the multiplex spectrum shows the
presence of Cu(0) with the characteristic 2py, and 2p,,,
binding energies at 932.4 and 952.2 eV, respectively.

DISCUSSION

The comparison of the catalytic performance of Cu-Ti
and Cu-Zr alloys in the dehydrogenation of 2-propanol
after HF pretreatment shows some differences in activi-
ties (conversion) and stabilities (Fig. 1).

One of the substantial differences between the two
amorphous alloys is the very difficult activation of Cu-Ti.
The as-received amorphous Cu-Ti alloys did not show
catalytic activity in the dehydrogenation of 2-propanol
at 573 K. Hydrogen treatment and activation with H,0
vapor, which resulted in high activity for Cu-Zr metallic
glasses (17), were not successful in the case of Cu-Ti
(20). All such methods of activation caused devitrification
of the amorphous state of Cu-Zr, as judged by either
DSC or XRD (17-19). However, the crystalline phase
formed during the reaction exhibited higher catalytic ac-
tivity (if compared on the basis of catalyst mass) than
that of the crystalline alloys prepared by annealing in an
inert atmosphere.

Literature evidence exists showing that the amorphous
Cu-~Zr catalyst precursors undergo substantial structural
changes during catalytic reactions resulting in the com-
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plete crystallization of their bulk (12, 17). The active form
of the catalyst develops in the course of the reaction. The
originally crystalline alloys exhibit considerably lower
catalytic activity. This can be explained if it is assumed
that the amorphous state is more reactive to form a mix-
ture of polycrystalline phases with better catalytic perfor-
mance. This is supported by our comparative findings on
Cu-Ti and Cu-Zr alloys.

During activation with hydrogen or water vapor, a con-
siderable amount of copper segregates onto the surface of
Cu-Zr alloys (9, 12, 17). We did not observe such copper
segregation in Cu-Ti alloys, showing that they are not
reactive from this point of view. Similarly, these methods
of activation did not result in crystallization in Cu-Ti
alloys, as judged by DSC and XRD. It is also seen that
the amorphous state itself is not active, and an appropriate
means of activation is needed to obtain catalytic activity.

Only HF treatment, the most drastic method, appears
to be a successful means of activating Cu-Ti alloys. Even
with this, the weight loss of Cu-Ti is about one-third that
of Cu-Zr, leading to the exposure of significantly less
copper. As aresult of this activation, only partial crystalli-
zation occurred as compared with the complete crystalli-
zation of Cu-Zr after identical treatment. The reactivity
of the crystallized alloys toward HF is strongly inhibited;
the time necessary to attain the same weight loss by dis-
solving TiO, (ZrO,) is tripled when crystalline ribbons
are treated.

The increase in catalytic activity of Cu—Zr samples in
time on stream can be attributed to the further increase
in copper surface. This is effected by hydrogen formed
during the reaction and evidenced by the higher Cu(0)
values measured after reaction (Table 1). Changes in the
relative amount of Cu(0) and Cu(lIl) species (vide infra)
may also affect catalytic activity which might be the rea-
son for the decreasing activity of the Cu-Tialloy. Another
possibility (suggested by one of the referees) can be an
SMSI effect (45, 46), although the temperature used in
the present study is apparently rather low compared with
that observed for Cu on TiO, catalysts (47, 48). However,
the small amount of water formed as a result of dehydra-
tion of 2-propanol can result in the formation of TiO, from
the amorphous phase still present. This in situ-formed
TiO, may be capable of wetting copper, contributing to
decreasing activities.

Since comparative studies have not been carried out,
one can only speculate about the reasons for the striking
difference in the activation of the two alloys. It is known
that Cu-Zr undergoes structural changes even at room
temperature. Our own experience shows that copper seg-
regation on the inner side of the ribbon takes place within
a few weeks after fabrication, manifested by the appear-
ance of the characteristic red color of copper. Auger elec-
tron spectroscopy, accordingly, indicates copper enrich-
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ment (19). Incipient crystallization and bulk amorphous
structure are detected by XRD and DSC, respectively.
No similar transformation of Cu-Ti is observed. The dif-
ference in electronic interactions due to different electro-
negativities of the two metals and the difference in size
of Ti and Zr may bring about chemical and structural
heterogeneities in Cu-Zr, facilitating easy activation. In
addition, oxygen present in our alloy samples due to fabri-
cation conditions (melt quenching in air) may also contrib-
ute to the difference in behavior of the two alloys. Particu-
larly, in situ formation of TiO, and wetting of copper
(SMSI effect) during attempted activations and reactions
may explain the difficulties in transforming Cu-Ti into an
active catalyst. In contrast, the structural changes already
taken place can induce the easy transformation of the
Cu-Zr precursor under various activation conditions to
generate active and stable supported copper catalysts.

The results of surface area measurements show sub-
stantial differences between the two alloys resulting from
the different sensitivity to activation. Surface areas mea-
sured on Cu-Ti alloys by the BET method and using N,O
titration are one order of magnitude smaller as compared
with Cu-Zr (Table 1). Rate data based on catalyst mass
and BET surfaces are quite similar (Table 2). Rates calcu-
lated with Cu(0) data, in turn, seem to be unreasonably
high for a heterogeneous catalytic reaction. This suggests
that metallic copper surface, in this case, may not be an
appropriate measure to represent the catalytically active
sites in the dehydrogenation of 2-propanol. Indeed, it was
already observed that both metallic and ionic copper play
roles in the reaction (49-51), although the role of different
oxidation states of copper is debated (52).

The XPS depth profile measurements suggest that in
the bulk of the Cu-Zr and Cu-Ti alloy copper exists
mostly in the metallic form. The oxygen is bound to Zr
or Ti due to their higher affinity toward O. This is sup-
ported by the parallel changes in the intensity and peak
shapes. In the bulk, oxygen exists mostly in the form of
ZrO, or TiO,, but their contributions to the XPS signal
are small as compared with the reduced form of Zr or Ti;
thus they are concealed in the slope or in the background.
The scanning Auger spectrum of the bulk (Fig. 5, spec-
trum E) demonstrates the presence of both oxygen and
carbon besides the main components of the alloys, while
HF treatment (which removes Ti preferentially) results
in removal of the oxygen peak, also (Fig. 5, spectrum D).
It should be mentioned that the carbon spectra on the
outer side of the as-received Cu-Ti alloy exhibit a peak
at 282 eV which is characteristic of the carbides. This can
originate from the method of alloy fabrication, since the
precursor alloys were melted in air and spun onto the
cooling wheel without use of a protective atmosphere.
This carbide peak is completely removed when HF treat-
ment is applied (Fig. 7).
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On the surface of Cu-Zr both metallic and ionic copper
can be found. It should be mentioned that it is rather
difficult to make a difference between Cu(0) and Cu(l),
since the difference between their 2p,, binding energies
is less than 0.5 eV. To distinguish the two species, investi-
gation of the CulL,M, M, Auger transition is used
(49-51), as well as the calculation of the Auger parameter
(a) (53, 54). In our case, in agreement with the results of
Cunningham et al. (49-51), the CuL;MM,; kinetic en-
ergy is found at around 920 eV which suggests that copper
is in the metallic state in the bulk. Therefore no evidence
is found for the presence of Cu(I).

SUMMARY

A comparison of Cu-Ti and Cu-Zr metallic glasses
reveals both similarities and differences, which can be
explained by taking into account the initial amorphous
states, which affect their chemical behavior. The amor-
phous state, in general, is more reactive toward HF and,
as a result of a dynamic interaction, the active form of
the catalyst emerges. This reactivity ceases when the
alloys are crystallized by annealing in an inert atmo-
sphere, i.e., crystallization strongly inhibits their solubil-
ity in HF.

In the case of Cu-Ti, AES experiments indicate that
only the chemical removal of Ti/TiO, with HF results in
a copper-rich surface. However, on this surface, a very
small amount of Cu(0) is detected by means of nitrous
oxide titration whereas XPS measurement indicates
mostly Cu(Il) species. In contrast, Cu-Zr catalysts pos-
sess the two species on their surfaces in comparable
amounts. No direct correlation is found between catalytic
activity and Cu(0) surface area determined by nitrous
oxide titration in alcohol dehydrogenation.
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