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Abstract

Hydrogenation under high pressures up to 3 GPa and at elevated temperatures up to 393 K was used to introduce structural
changes in the bulk and on the surface of Cu–Zr amorphous alloys which then were examined by XRD and microscopy. The
hydrogenative pre-treatment at a high hydrogen fugacity followed by annealing at 623 K, aimed at desorption of hydrogen, and
an eventual exposure of the samples to air at room temperature to oxidize Zr, resulted in a distinct increase of catalytic activity in
the dehydrogenation of 2-propanol. A tentative mechanism to account for enhancing the catalytic activity induced by the above
combined pre-treatment including correlations between catalytic performance (activity, selectivity) and physical characteristics
(morphology, XRD features, Cu(0) specific surface areas) is discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Zirconium-containing amorphous alloys (AA) have
attracted quite significant attention in recent years as
precursors of efficient and durable catalysts for a num-
ber of technically important chemical reactions [1–6].
Various procedures of activation aimed at transform-
ing the original amorphous ribbons of low surface
area into efficient and stable catalysts have been de-
veloped. Among these, the most effective techniques
are aging in air, etching, i.e. partial dissolution of Zr
with dilute HF solution [7–10], and in situ activation
occurring during alcohol dehydrogenation over Cu–Zr
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[8], ammonia synthesis over Fe–Zr [11] or exposing
Zr-containing alloys (Cu–Zr, Au–Zr, Ni–Zr, Pd–Zr)
to CO2 hydrogenation [12–14] or CO oxidation con-
ditions [15,16]. As our own experiences with Cu–Zr
amorphous alloy ribbons have shown, electrochem-
ical modification is also an efficient pre-treatment
which significantly increases catalytic activities in the
dehydrogenation of alcohols [17–19].

In contrast, the effect of gaseous hydrogen at at-
mospheric pressure on the catalytic activity is found
to be moderate even after prolonged application at
elevated temperature [8,20–22]. Studies using such
hydrogenative pre-treatment [22–25] or charging the
sample electrochemically with hydrogen [26,27] have
indicated significant changes in both the bulk and the
surface structure. One can anticipate that the possible
changes in the catalytic activity of such pre-treated
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materials could be correlated with the newly devel-
oped structure containing small copper particles em-
bedded in the amorphous matrix. It is quite surprising,
therefore, that the effect of high pressure hydrogena-
tion of zirconium-containing amorphous ribbons on
their catalytic performance has not been investigated.
Hydrogen treatment at high pressure is known to
bring about significant structural changes in the bulk
and on the surface [28–30]. These changes result
from the dissolution of a large amount of hydrogen
in the amorphous matrix or, eventually, segregation
of its components, depending upon temperature. The
changes brought about by hydrogenation of Cu–Zr
alloys are as follows: (i) the samples become brit-
tle; (ii) the specific surface area increases; (iii) the
inter-atomic distances increase; (iv) Cu segregation
is enhanced because of the formation of Zr hydride.
Moreover, the high pressure hydrogen treatment of
Cu–Zr AA markedly reduces the temperature of
crystallization. Naturally, the crystallization products
differ significantly when the crystallization process
is carried out during high pressure hydrogenation
or in an inert gas atmosphere. Such a pre-treatment,
therefore, may be of interest as a useful process to
induce the necessary transformations leading to the
development of catalytically active materials.

In conclusion, an analysis of the relevant literature
data show that (i) hydrogen treatment of amorphous
Cu–Zr samples at atmospheric pressure induces im-
portant structural changes; (ii) samples, thus, prepared
may exhibit improved catalytic properties; (iii) struc-
tural changes brought about by hydrogen treatment at
high pressure are even more significant. It follows that
hydrogenation of Cu–Zr at high pressure may be ex-
pected to result in catalytic materials with even better
catalytic performance. The aim of this work, therefore,
is to examine the effects of a high pressure hydrogena-
tive treatment of Cu–Zr amorphous ribbons on their
structure and catalytic properties.

2. Experimental

2.1. Materials and microscopic examinations

Cu–Zr AA ribbons (60Cu–40Zr or 50Cu–50Zr)
produced by melt spinning method were 4 mm wide
and ∼40�m thick. Two kinds of the ribbons were

used for the investigations: freshly cast, or aged in
air for 8 months up to 12 years, with a visible par-
tial devitrification. 2-Propanol was purchased from
Aldrich.

X-ray diffraction (XRD) analysis was carried out
by a Rigaku diffractometer using Cu K� radiation.
The samples were examined with an optical micro-
scope, and an electron microprobe Cameca Semprobe
SU30 instrument equipped with wavelength/energy
dispersive spectrometry (WDS/EDS) and scanning
electron microscopy (SEM) facilities. This equip-
ment enabled us to monitor surface morphology and
composition.

The following surface corrosion/devitrification
products were analyzed:

1. the surface oxide zone on both sides of the ribbon;
2. the red islands formed at the wheel side of the

ribbons;
3. carefully polished cross-sections of the surface

zone of the ribbon. To obtain such a cross-section
a piece of the ribbon was mounted into epoxy to
protect the peculiar structure of the wheel side,
and then carefully polished to reveal the structure
of the cross-section.

The specimens after the microscopic examinations
were subjected to hydrogenation under high pres-
sure and subsequently to a catalytic test as described
below.

2.2. Hydrogenation under high pressure

A high pressure piston–cylinder apparatus de-
scribed elsewhere [28,31] was used for hydrogen or
deuterium compression up to about 3 GPa. The tem-
perature of the apparatus was controlled up to 393 K;
for higher temperatures samples were heated in a
special small electric furnace placed in the pressure
vessel. H/Cu–Zr ratios were determined by elemental
analysis or by mass spectrometry.

2.3. Heat treatment/air exposure

Some of the hydrogenated samples were addition-
ally heat treated in helium at 623 K to desorb hydro-
gen. The resulting material was then exposed to air at
room temperature for controlled time intervals in or-
der to allow Zr to oxidize.
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2.4. Catalytic test

Dehydrogenation of 2-propanol was chosen to test
the changes in the catalytic activity of the Cu–Zr
ribbons. About 15 mg of either the as-received, aged
or the pre-treated ribbon samples was loaded into a
glass microreactor. 2-Propanol was fed by a micro-
feeder into a stainless steel evaporator, where it was
mixed with hydrogen (used in order to activate Cu–Zr
ribbons). Then the gas mixture (2-propanol/hydrogen
molar ratio= 0.018) was introduced into the reactor
kept at 573 K. The total flow rate was 10 ml min−1.
The reactor temperature was controlled to an accu-
racy of 0.5 K by using a microprocessor based con-
troller (Selftune plus, LOVE Controls). The effluents
sampled by a pneumatic gas sampling system were
analyzed by GC (Shimadzu 8A equipment, thermal
conductivity detector, CWAX 20M column, 343 K,
25 ml min−1 flow rate of helium carrier gas). The gases
used were of high purity (hydrogen= 99.9990%,
helium = 99.996%). Calculations were made by
applying a Data Apex Chromatography Station for
Windows 1.5.

The Cu(0) surface area of the samples was measured
by N2O titration at 363 K based on the reaction of
nitrous oxide with Cu(0) species using the GC pulse
method. A short hydrogen treatment (30 min at 563 K)
was applied before measurements.

3. Results and discussion

Examinations of the as-received ribbons confirm
the previous investigations [19,30,32], specifically,
the freshly fabricated Cu–Zr amorphous alloys are
covered by a thin (0.6–0.8 nm) ZrO2 layer which is
not visible at the magnification applied, but it is well
detectable with AES [32]. This layer is defective at
the wheel side. When the ribbon is kept in air (aged)
oxidation proceeds there with a concomitant Cu seg-
regation. This devitrification process results in the
development of a “sandwich structure” of crystalline
Cu/ZrO2 bilayer or multilayer [19,32]. The thickness
of such a devitrified zone is about 2–3�m, thus, not
exceeding 10% of the original thickness of the ribbon
[32]. The bulk of the ribbon, however, remains amor-
phous, hence highly homogeneous, with no visible
microscopic contrast. The surface features of such a

Fig. 1. A typical optical micrograph of a cross-section of a Cu–Zr
ribbon aged in air for 12 years. The thickness of the devitrified zone
(rough surface Cu layer plus violet, seen here as black, smooth
ZrOx under-layer) does not exceed∼10% of the total thickness
of the ribbon. The inside of the ribbon remains homogeneous
(amorphous) without any visible microscopic contrast.

Cu–Zr sample aged in air for 12 years are presented
in Fig. 1.

As indicated in Section 2, samples were treated with
either hydrogen or deuterium with the aim of explor-
ing possible isotope effects. However, no distinct iso-
tope effect was observed with respect to morphology,
structure (as determined by XRD), and Cu segregation
phenomena. Consequently, only the results of hydro-
genative pre-treatment will be discussed.

The hydrogen treatment at 302 K of ribbons with
this devitrified zone on top resulted in an extremely
slow absorption kinetics even at pressures as high
as 2.7 GPa. For example, after 100 h of exposure the
H/Cu–Zr ratio for 50Cu–50Zr was as low as 0.07.
It was found, however, that after the mechanical re-
moval of the thin (2–3�m) devitrified surface layer,
the hydrogen absorption process accelerated consider-
ably [30]. An increase in temperature resulted in the
same effect. All further investigations, therefore, were
performed at elevated temperatures with samples with-
out the surface devitrified zone to enhance the entry
of hydrogen into the bulk of the AA.
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Fig. 2. XRD pattern for 50Cu–50Zr amorphous alloy: (a) before hydrogenation; (b) after hydrogenation at 373 K, 1 GPa for 3 days.

For 50Cu–50Zr alloy a 75 h exposure to 1.1 GPa
hydrogen at 373 K resulted in the attainment of an
atomic ratio of H/Cu–Zr= 1.2, whereas at 302 K this
ratio was only about 0.3. The samples undergoing hy-
drogen treatment became brittle. The high brittleness
of these samples provided an easy way to obtain a
material with a high specific surface area, since they
disintegrate into small pieces at a simple touch. How-
ever, new surface areas open up for further oxidation
of Zr resulting in devitrification with concomitant Cu
segregation.

Fig. 2(a) shows the typical XRD pattern of a
50Cu–50Zr amorphous ribbon, with no devitrified
surface layer on top. Only a broad maximum, char-
acteristic of an amorphous phase is visible. Fig. 2(b)
represents the XRD pattern after hydrogenation un-
der a high pressure (373 K,pH2 = 1 GPa, 3 days).
Hydrogen charging has shifted the broad amorphous
peak to lower angles, thus, indicating an increase in
the inter-atomic distances within the alloy due to hy-
drogen absorption. Moreover, distinct diffraction lines
from crystalline Cu appear, suggesting a partial crys-
tallization of copper. Similar changes were observed
for the other alloy with a different Cu content.

Fig. 3 shows micrographs of a hydrogenated sample
(393 K,pH2 = 0.12 GPa, 70 h) which was additionally

annealed for 30 min at 623 K to desorb hydrogen. Ap-
parently, absorption and desorption of hydrogen re-
sulted in a partial devitrification on both sides of the
ribbon. Distinct particles (red) of Cu are visible. On
the free side, they are smaller by a factor of 2–3 than
those on the wheel side (compare Fig. 3(a) and (b)).

Fig. 4 represents the results of the catalytic tests
(activities in the dehydrogenation of 2-propanol) for
a 60Cu–40Zr amorphous ribbon. In Fig. 4(A) cat-
alytic properties of the samples without hydrogenative
pre-treatment are collected. It is seen that the activity
of the catalyst after oxidative treatment is practically
identical with that of the as-received alloy. The third
set of data refers to the catalyst sample with the thin
devitrified surface layer mechanically removed. This
sample exhibits almost negligible activity. These data
indicate that the oxidized surface layer plays a crucial
role in activity, but a simple oxidation is not an effec-
tive method to increase catalytic efficiency.

Fig. 4(B) gives the results of catalytic tests for the
hydrogen-treated samples. Catalytic efficiency of the
hydrogenated ribbon is distinctly lower than that with-
out any preceding hydrogenation (compare Fig. 4(A)
plot a with Fig. 4(B) plot a). Thus, the rather homo-
geneous Zr–Cu–H ternary amorphous alloy with the
expanded inter-atomic distances between the metal
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Fig. 3. Morphology of a 40Cu–60Zr glassy ribbon after hydrogenation at 393 K,pH2 = 0.12 GPa, 70 h, then annealed for 30 min at 623 K
to desorb hydrogen. Visible particles of crystalline Cu (red) are clearly distinguishable at the surface: (a) wheel side; (b) free side.

atoms and the embedded therein small clusters of
partly crystallized Cu is not an efficient catalyst for
the test reaction.

The specific surface areas of the two catalyst sam-
ples show some interesting changes. The as-received
alloy does not have any measurable Cu(0) surface. In
contrast, the used sample does exhibit a Cu(0) sur-
face area of 0.17 m2 g−1. The development of a stable
working catalyst from an amorphous precursor under
reaction conditions with the concomitant increase in
specific surface is a well-known phenomenon [2]. The

interaction of reactant molecules with the surface, and
the effect of hydrogen and oxygen impurities present
are suggested to account for the observed changes.
This phenomenon is even more pronounced for the
hydrogen-treated sample: the catalyst after reaction
has a Cu(0) surface area of 0.50 m2 g−1. What is sur-
prising, however, is that this catalyst is inferior to the
untreated, but aged sample despite the larger specific
surface area.

A probable explanation is the following. Dehydro-
genation of alcohols is known to require active sites
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Fig. 4. Efficiency for the conversion of 2-propanol as a function of reaction time over a 1-year old amorphous 60Cu–40Zr alloy. (A)
Before any pre-treatment, plot a (×); after oxidative pre-treatment (473 K, 3 h), plot b (�); after the mechanical removal of the devitrified
Cu/ZrOx surface layer, plot c (�). (B) The ribbon additionally modified by hydrogenation (393 K,pH2 = 0.12 GPa, 70 h), plot a (�);
pre-treated as in plot a followed by annealing at 623 K for 5 h in flowing helium and additionally exposed to air for 2 days, plot b (�);
pre-treated as in plot b, but with longer air exposure (9 days), plot c (�).

composed of two surface entities. The reacting alco-
hol chemisorbs on a metallic site (Cu atom) resulting
in the formation of a surface alkoxide group, but the
adsorption of hydrogen formed requires the participa-
tion a surface oxygen. The cleavage of the C–H bond
to yield the product carbonyl compound, again, takes
place with the interaction of copper. This interpreta-
tion is supported by surface science studies [33,34]
and by data showing synergism between copper and
its oxides in dehydrogenation [35]. We may suggest
that the large amount of hydrogen charged into the
AA and released during reaction serves as an oxygen
scavenger thereby preventing the formation of surface
oxide sites necessary for alcohol chemisorption to start
the dehydrogenation process.

However, after further pre-treatment, specifically,
after desorption of the hydrogen at 623 K and subse-
quent exposure to air, the catalytic efficiency of the
material gradually increases (compare plot a with plots
b and c in Fig. 4(B). As seen the catalytic efficiency
of the hydrogenated ribbon is higher than that with
the thin surface oxide layer removed, but is distinctly
lower than the activities after air exposure). These re-
sults point to the beneficial role of oxidation of Zr in
the overall catalytic process. One may suggest that at
least a partial oxidation of a large, freshly developed
surface of a rather brittle Cu–Zr material leads to the
segregation and, eventually, precipitation of copper to
the surface and a suitable arrangement of the Cu ac-
tive centers on a ZrOx support (compare also Fig. 3(a)
and (b)). This surface rearrangement certainly should

include the coalescence of Cu crystallites, that is, an
increase in particle size. This conclusion seems to be
in agreement with specific surface area data indicat-
ing that after heat treatment, exposure to air and re-
action, Cu(0) surface areas diminish (values smaller
than 0.1 m2 g−1 were measured).

Selectivities of the catalytic transformation of
2-propanol were also measured (Table 1). As seen,
in addition to acetone the product of dehydrogena-
tion, products of secondary reactions are also formed.
It was already noted in our first paper disclosing
the catalytic properties of amorphous Cu–Zr alloys,
that methyl isobutyl ketone the product of a mul-
tistep transformation is always formed in various
amounts [8]. The process starts with the dimerization
of acetone to yield diacetone alcohol (DAA) (step 1)
which readily undergoes elimination of water to form
mesityl oxide (MO) (step 2). The carbon–carbon dou-
ble bond of mesityl oxide is hydrogenated to yield
methyl isobutyl ketone (MIBK) (step 3). Furthermore,
the carbon–oxygen double bond of the latter product
may also be hydrogenated to methyl isobutyl carbinol
(MIBC) (step 4).

(1)

(2)
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Table 1
Selectivities in the dehydrogenation of 2-propanol over a 1-year old amorphous 60Cu–40Zr alloya

Sample Acetone MIBKb MIBCc

As-received 89.9 6.7 3.4
Oxidized (473 K, 3 h) 90.1 8.1 1.8
Hydrogen-treated (393 K,pH2 = 0.12 GPa, 70 h) 96.8 3.2 0
Hydrogen treatment followed by annealing
(623 K, 5 h in He) and air exposure (2 days)

87.7 9.4 2.9

As above, but with longer air exposure (9 days) 86.6 9.4 4

a For reaction conditions, see Section 2.
b MIBK: methyl isobutyl ketone.
c MIBC: methyl isobutyl carbinol.

(3)

(4)

We showed in a detailed study [36] that formation
of MIBK requires bifunctional catalysis. Dimerization
of acetone is catalyzed by basic sites, in this case, by
ZrO2. Elimination of water is a facile process at the
reaction temperature applied. Finally, copper is an ac-
tive metal in both hydrogenation reactions. Selectivity
data collected in Table 1 provides an important piece
of information about the relative activity of the two
catalytic functions of the various catalyst preparations.
The high selectivity of acetone formation shows that
copper is very active, whereas the number and strength
of basic active sites of ZrO2 are low. The high activ-
ity of copper is also manifested (i) by the fact that the
intermediate MO is not detected and (ii) by the forma-
tion of the other by-product MIBC. Noteworthy is the
lack of MIBC over the sample which underwent only
the hydrogen treatment (Table 1, entry 2). This indi-
cates, in general, the relatively low activity of metallic
active sites of this sample just as in the main reaction,
in the dehydrogenation of 2-propanol.

4. Summary and conclusions

Hydrogenation of Cu–Zr AA under high pressures
and at temperatures up to 373 K results in an ex-

pansion of the inter-atomic distances in the bulk of
the Cu–Zr amorphous alloys, brittleness of the bulk
material, and formation of some surface microcracks
where a partial Cu segregation and crystallization can
start. This material exhibits low catalytic activity in
the dehydrogenation of 2-propanol in spite of a large
specific surface area developing in the catalytic reac-
tion. However, after desorption of hydrogen at 623 K
and subsequent air exposure at room temperature,
the catalytic activity increases with exposure time.
This points to the role of Zr oxidation to generate Cu
active centers of suitable size and arrangement on a
ZrOx support for the catalytic process.
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