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Since hydrogen is known to be one of the most efficient embrittling atomic species, cath-
odic hydrogen charging was used in an attempt to modify the structure, composition and
morphology of Cu-Ti amorphous alloy ribbons. Various methods of analysis such as
X-ray electron microanalysis, SEM, XRD and electrochemistry, with varying lateral res-
olution and different information depths, as well as catalytic tests, were used to follow the
changes within the ribbons and at the surface, and their interrelations with catalytic activ-
ity. The activity in a test reaction (dehydrogenation of 2-propanol) was enhanced up to a
conversion level of 66%, which is much higher than that obtained with all other pre-treat-
ments previously applied.
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Investigations of the surfaces of amorphous Cu-Ti alloy ribbons exposed to air at
room temperature in a laboratory atmosphere (ageing in air/corrosion), even for sev-
eral years, have shown that this method does not enhance surface segregation of Cu,
and thus appears to be inefficient in transforming a Cu-Ti ribbon precursor into a cata-
lytically active substrate. This behavior, confirming the high stability of Cu-Ti amor-
phous alloy, is in contrast to that of Cu-Zr and Cu-Hf, which are prone to
devitrification and a concomitant Cu-segregation with ageing. In fact, the ease of
structural changes of Zr-based amorphous alloys (AAs) induced by various tech-
niques [1,2] has been utilized to transform A As of low surface area into active and sta-
ble catalyst materials.

In addition to the devitrification occurring during ageing [3], an in situ activation,
that is, activation under reaction conditions, was shown in numerous cases to be bene-
ficial [4-7]. The interaction of the reacting molecules with the constituents of the al-
loys may induce segregation and the formation of materials with high specific
activity. Hydrogen and oxygen are two highly effective reagents in such processes.
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Indeed, oxidation of zirconium during reactions was found to be the main driving
force in generating an active metal-on-zirconia catalyst of high surface area [6,7].

Hydrogen is one of the most universal embrittling atomic species, responsible for
degradation of ductility, toughness and resistance to subcritical crack growth in a va-
riety of crystalline [8,9] and amorphous [10] metals. Hydrogen treatment at high
pressure is known in general to bring about significant changes in the bulk and on the
surface of amorphous alloys [11-15]. Some Zr and Ti based metallic glasses have
been considered as hydrogen storage materials where the potential embrittling effects
of “internal” hydrogen are of significant concern [10,16]. Indeed, hydrides of Zr and
Tiare easily formed. The H/M atomic ratio even in Zr or Ti-based AAs may attain val-
ues as high as 1.4 [11]. The Zr hydrides formed have a higher volume, and the lattice
strain generated brings about segregation of Cu to the surface and the formation of a
unique surface morphology [11,15,17-20].

The otherwise detrimental deterioration by hydrogen charging of the mechanical
properties of amorphous alloys containing Zr or Hf appeared to be beneficial in the
process of activation of Cu-Zr or Cu-Hf AA for catalysts [11] and for SERS (Surface
Enhanced Raman Scattering) active substrates [22]. Catalytic efficiency with conver-
sions of about 50% was attained for a 60Cu-40Zr amorphous alloy after high-pressure
hydrogen charging and subsequent exposure to air [11]. High-resolution microscopic
investigations and Scanning Auger Mapping (SAM) suggested that small Cu clusters
were attached to the ZrO, substrate, that is, a peculiar type of “catalyst on a support”
was formed. Thus, there was a large population of Cu with ZrO, boundaries available
on the surface, which could have a beneficial effect on the catalytic process, provid-
ing both “Cu” and “O” active species at the surface for the catalytic process of
dehydrogenation of aliphatic alcohols [22,24]. This material proved to be also an ex-
cellent SERS substrate. Analysis of the corresponding SERS spectra [22,24] suggests
that some electron deficient Cu clusters were present on the surface; their beneficial
role in the catalytic process is suspected [22,23]. Moreover, hydrogen charging of
Cu-Hf amorphous alloys resulted in a conversion of 88% while the BET specific sur-
face area attained only 7.4 m?/g [25]. Thus, an attempt was made to use hydrogen
charging as a possible means of transforming a rather stable Cu-Ti AA into an effi-
cient catalyst. Cathodic hydrogen charging was chosen for its simplicity as a pretreat-
ment procedure. It is known that during electrolytic hydrogen evolution, a part of the
adsorbed hydrogen dissolves in a metal lattice. Mismatch of lattice parameters at the
metal/hydride boundary for crystalline materials brings about a generation of numer-
ous defects. A similar phenomenon is observed also for AAs.

EXPERIMENTAL

Materials and microscopic examination. Cu samples were prepared from a 0.5 mm thick Cu sheet
0£99.99 % purity. 70Cu-30Ti and 60Cu-40Ti amorphous alloy ribbons, 2—4 mm wide and ~40 um thick,
freshly cast, or partially devitrified, were used.
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The samples were examined with an optical microscope and a scanning electron microscope
(HITACHI 3500N). To monitor surface morphology and composition, X-ray microanalysis was per-
formed by using an electron probe X-ray micro analyser (CAMECA SEMPROBE SU-30), equipped with
both WDS and EDS (NORAN Voyager 3100) spectrometers. Line and local area analyses (distribution of
all the elements) on the sample surfaces on the wheel side of the ribbon, as well as on polished cross sec-
tions of the ribbons, were performed at 7 kV and 15 kV. This method provides an information depth of ~1
um at a lateral resolution of ~1 um. See elsewhere [3] for details.

X-ray diffraction. Structural changes within the amorphous ribbons due to cathodic hydrogen treat-
ment were followed with a RIGAKU X-ray diffractometer.

Electrochemical pretreatment and investigation. Amorphous samples were hydrogen charged in
order to increase their catalytic activity for the dehydrogenation of 2-propanol. Cathodic charging in 0.5
M H,SO 4ati=constup to—200 mA/cm? was applied during time intervals from 20 min up to 9 h. Two dif-
ferent options of hydrogen charging were used: — moderate and elevated current density to produce large
effects within a short time — low current density (not higher than —2 mA/cmz) and prolonged but con-
trolled charging time to produce subtle effects. The latter procedure in particular seemed to be most prom-
ising, as the investigations of Gebert et al. [26,27] show that even very small amounts of hydrogen,
introduced at a current density as low as—1 mA/em?, already produce distinct and well resolved crystalli-
zation, thus inducing segregation of small, but detectable amounts of the components of the pretreated
amorphous alloys [26,27]. Our own recent results have shown that this procedure was efficient in trans-
forming Cu-Hf amorphous alloys into stable, efficient (~90%) and selective (~95%) catalysts [25]. The
Cu-Ti samples were then annealed and exposed to air for a prolonged time to desorb hydrogen and to al-
low the other element to oxidise. The H/M ratio was determined by elemental analysis. Details are given
elsewhere [25]. After cathodic charging, the samples were anodically polarized with dE/dt =5 mV/s from
E=-0.2 Vupto E=+0.2 V to remove Cu segregated on the surface. This procedure was a kind of a strip-
ping voltammetry [28], which made it possible to examine the amount of Cu by monitoring the anodic
charge consumed for the “anodic stripping”. Details are given elsewhere [3]. All potentials are quoted
with respect to a saturated calomel electrode (SCE).

Catalytic test. Dehydrogenation of 2-propanol was chosen to test the changes in the catalytic activ-
ity of the pretreated Cu-Ti ribbons; this is “a model reaction” for dehydrogenation of aliphatic alcohols.
About 10 mg of the as received (aged) or electrochemically pre-treated ribbon samples was loaded into a
glass micro reactor. 2-Propanol was fed by a micro feeder into a stainless steel evaporator, where it was
mixed with hydrogen (99.999%). Then the gas mixture (2-propanol/hydrogen = 0.018) was introduced
into the reactor, which was maintained at 300°C. The total flow rate was 10 ml min " The reactor tempera-
ture was controlled to an accuracy of 0.5°C by using a microprocessor-based controller (Selftune plus,
LOVE Controls). The effluents sampled by a pneumatic gas sampling system were analysed by GC
(Shimadzu 8 A equipment, thermal conductivity detector, CWAX 20M column, 100°C, 30 ml min~! flow
rate of hydrogen carrier gas). Calculations were made using a Data Apex Chromatography Station for
Windows 1.5. The specific surface area of Cu’ was measured with the aid of' N, O titration [29,30], based
on the reaction of nitrous oxide with Cu’ species using the GC pulse method.

RESULTS AND DISCUSSION

Samples activated cathodically at > —10 mA/cm?. Microscopic examinations
of the 70Cu-30Ti amorphous ribbons confirmed their high stability. Only a minute
amount of segregated Cu was observed on the wheel side, whereas the free side was
smooth. However, some “circular” precipitates could be distinguished (Fig. 1) at the
surface. Careful XRD examinations revealed that these precipitates consisted of a
CusTi phase (see Fig. 2). It is worth noting that this phase appeared to be particularly
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susceptible to hydrogen absorption. After cathodic hydrogen charging, the Cu;Ti re-
flections disappeared in the XRD pattern (Fig. 2). Furthermore, a broad maximum
was developed, suggesting a partial amorphisation of these crystalline precipitates, in
addition to the broad signal originating from the matrix, which had probably been pre-
viously obscured by the strong signal from crystalline Cu;Ti. Moreover, reflections
corresponding to crystalline Cu appeared, suggesting a concomitant segregation of
Cu. Because of the Cu;Ti reflections present in the XRD pattern before hydrogena-
tion, it was not possible to distinguish whether the absorbed hydrogen caused a pro-
nounced expansion of the interatomic distances in the amorphous phase, as was
observed e.g. for Cu-Zr AA [11].

20pm

Figure 1. A typical micrograph of a free side of 70Cu-30Ti AA ribbon. Circular second phase branches
are distinguishable, corresponding to CusTi phase.

Cathodic hydrogen charging, in contrast to high pressure hydrogen charging [22],
resulted in a peculiar morphology of the segregated Cu on the surface of the ribbon.
There is a strong tendency to form a layer of Cu on top of the original ribbon surface.
Fig. 3ashows a typical electron microprobe mapping of 70Cu-30Ti surface after cath-
odic hydrogen charging ati=—115 mA/cm? for 7.5 h. The Cu surface layer is clearly
distinguishable; it is rather brittle and thus exhibits a few cracks where the original
surface of the AAribbon is visible underneath. After stripping a part of the Cu layer, a
well-developed morphology of its reverse side is visible (Fig. 3b).

In order to quantify the amount of Cu segregated at the surface due to hydrogen
charging, anodic Cu stripping was performed. Fig. 4a shows some examples of an-
odic scans of the ribbon cathodically hydrogen charged previously for 1h, but at vari-
ous cathodic current densities ranging from —10 mA/cm? up to —200 mA/cm?. One
can see that, evidently, the higher the cathodic charge used previously for hydrogen
charging, the more charge necessary to remove the segregated Cu. These results sug-
gestthat there is a close relation between the two phenomena. Indeed, the more hydro-
gen charging, the more Cu was forced to move to the surface of the ribbon and
segregated there. Fig. 4b illustrates the effect of cathodic hydrogen charging on aver-
age hydrogen uptake by Cu-Ti AA, as well as on the secondary effect of Cu segrega-
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Figure 2. XRD pattern of 70Cu-30Ti ribbon (a) without any pretreatment (b) after cathodic charging.
Sharp peaks at 20 =48.8905 and 51.8874 corresponding to Cu,Ti phase (embedded into amor-
phous Cu-Ti alloy) are well distinguishable (a). They disappear after hydrogen charging (b).
while, distinct peaks corresponding to crystalline Cu appear.

tion (Q.a) on the ribbon surface due to an engagement of Ti to H. Two options are
illustrated in Fig. 4b: charging at a constant current density of—115 mA/cm? with time
varying from 1 to 8 h, or charging at a constant time equal to 1 h, with current densities
varying from 10 to 200 mA/cm?. The corresponding values of Qga, (t) and Qg (i) are
given in the graph. The amount of Cu segregated during this process is expressed as
the amount of charge Qc, necessary to anodically strip off the Cu layer formed on the
ribbon surface (compare Fig. 4a).

Fig. 5 summarises the catalytic activity of the ribbons cathodically hydrogen
charged ati = 10 mA/cm?, as well as those pretreated with hydrogen under high pres-
sure. The effect of the electrochemical method of hydrogen charging was superior,
however, only at the beginning of the catalytic reaction. Therefore, more work was
definitely needed to further enhance both the activity and stability of the catalyst
made from 70Cu-30Ti ribbons. In order to achieve this goal an attempt was made to
use low cathodic current density hydrogen charging.
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Figure 3. (a) Distribution of Cu (L), O (K,) and Ti (K,) on the surface of 70Cu-30Ti AA after cathodic
charging ati=—115 mA/cm’ for 7.5 h; X-ray electron microprobe results. The upper left mi-
crograph shows a secondary electron image of the surface examined by the electron
microprobe. (b) Image of the reverse side of the Cu layer stripped from the surface after the
cathodic charging; a well-developed rough morphology is visible.

Samples activated cathodically ati < -2 mA/cm?. Cathodic charging ati <2
mA/cm? resulted in a sample with increased catalytic activity. Under these experi-
mental conditions the segregated Cu exhibited a rather good adhesion to the ribbon.
However, morphology, which was considered to be favourable in previous studies
[18,22,24,25], was not observed, which indicates, therefore, that a mechanism differ-
ent from that suggested previously [23] is operative here. Catalytic activity up to 58%



Modification of catalytic activity of Cu-Ti amorphous... 1385

25
- pretreatment: cathodic hydrogen charging, A 10 mA/cm?
0.5M H,SO,, t=1h; F B 20 mA/cm’
20 1 _ anodic Cu stripping 0.5M H,SO,, dE/dt = Cc 80 mA/cm’
5mV/s D 120 mA/cm®
15 1 E 160 mA/cm’
F 200 mAlcm’
z Cu70Ti30
E 101
5 -
0 -
-5 T T T T T T T T T T

026 -02 -015 -0,1 -0,05 0 0,05 0,1 0,15 0,2 0,25 0,3
E [V] Ag/AgCI
Figure 4a. Current density vs. potential in the course of anodic stripping of the Cu layer formed on the

Cu-Tiribbon during a preceding cathodic hydrogen charging. Cathodic pre-treatment varied
from —10 to —200 mA/cm? t =1 h. Anodic Cu stripping at dE/dt = 5 mV/s.
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Figure 4b. Effect of cathodic hydrogen charging Q.. on average hydrogen uptake by Cu-Ti AA, as well
as on asecondary effect of Cu segregation on the ribbon surface due to engagement of Ti to H.
A measure of the amount of Cu segregated during this process is expressed by the amount of
charge Qcynecessary to anodically strip off the Cu layer thus formed on the ribbons surface.

conversion was observed at the beginning, which, however, dropped to 15-20% (see
below). Further efforts, therefore, were required to understand the reasons for deacti-
vation. Such understanding may enable the development of catalysts, which retain
the initial efficiency for a longer period of the catalytic reaction.

After prolonged hydrogen charging, a sufficient amount of Cu was segregated
and was consequently detectable with an X-ray electron microprobe (a morphology
similar to that shown in Fig. 3). A careful inspection of the composition maps sug-
gests that after subsequent air exposure Cu was oxidized, as the areas enriched in Ti
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Figure 5. Catalytic activity of Cu70Ti30 AA, presented as conversion vs. time:

A before any pre-treatment;

B after hydrogen charging at 10 kbar, 70 h, T = 140°C;

® after hydrogen charging at 5 kbar, 1 h, T =350°C (H/M atomic ratio = 0.73);

@ after cathodic charging at i = 115 mA/cm? for 6 h — solution: 0.5 M H,SO, (H/M atomic

ratio = 0.45).

coincide with those not enriched in oxygen. This behavior is completely different
than that of chemically modified Cu-Zr amorphous alloys where formation of Cu
clusters on an oxide support (ZrO,) was observed after hydrogen charging and air ex-
posure.

Elemental analysis has revealed that the amount of hydrogen in the material was
rather high (H/M ~ 1.04) after 52 h of charging at i = 1 mA/cm?. It should be empha-
sized, however, that the local hydrogen content is expected to be substantially differ-
ent from the average. Hydrogen concentration maximizes at the thin surface layer
probably as titanium hydride, which then blocks a further hydrogen entry. It is well
known that the diffusion coefficient, such as in Pd hydrides, is several orders of mag-
nitude lower than in the a-phase, mainly because of the interstices blocking effect
[31]. Hydrogen charging, therefore, affects primarily the surface layer, which is rele-
vant to catalysis.

Since low current density proved to be useful in increasing catalytic activities,
prolonged hydrogen charging from 24 h up to 98 h was applied. Now, stable catalytic
activities with conversion values up to 66% could be observed (Fig. 6) at excellent
selectivities to acetone formation of about 95%. The suggestion may be made that un-
der the conditions investigated, the unique chemistry of the surface and the porosity
induced by hydrogen charging contribute to the excellent catalytic performance ob-
served.

One may surmise that absorption of hydrogen by the amorphous alloy material
can create and expand microvoids. These would interact to produce large stresses,
which could generate microcracks. If the latter intersect free surfaces, the cracks
formed could serve as entry points creating an easy path for hydrogen penetrating into
the bulk of the amorphous material in the course of prolonged hydrogen charging.
These processes would increase porosity, thereby generating high area surfaces
where the catalytic reaction could take place.
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Figure 6. Catalytic activity of Cu-Ti amorphous alloys after cathodic hydrogen charging at low current

density (< —2mA/cm?) over varying charging time from 28 h up to 98 h:
€28h, AS52h, @ 72h, m98 h.

Surface science studies [32] and data acquired by catalytic [33] and kinetic stud-
ies [34] indicate that dehydrogenation of alcohols over Cu requires active sites com-
posed of two surface entities. The reacting alcohol chemisorbs on a metallic site (Cu
atom) through its O atom, which results in the weakening of the H-O bond (Scheme,
showing the process on the example of 2-propanol is given below). Bond breaking
leads to the formation of a surface alkoxide group, but the adsorption of hydrogen
formed requires the participation of surface oxygen. The surface alkoxide then de-
composes by the interaction of a second surface Cu to form adsorbed H and the prod-
uct carbonyl compound.

Me Me Me Me Me Me Me
Me_ | Me_ | Me_ | \/ \

/C\ /C\ /C\ ‘/C\ C\\
e ind S o nd S B i
| | | ! |

—Qu—Qu—0—- —Cu—Qu—0 —Cu—Qu—0— —Qu—Cu— —Cu—Qu—

—Me stands for methyl radical; -~CHj3;
Scheme of dehydrogenation of 2-propanol

The catalytic action of the substrate, as above, is a result of partial charge transfer
between the various entities on the substrate and in the adsorbed molecule according
to the electronegativity of individual atoms.

This mechanism ascribes in fact the weakening of the corresponding 3 bonds in
the aliphatic alcohol interacting with 3 surface entities Cu’, Cu®"and O%~. However,
our recent investigations suggest that the mechanism of the catalytic reaction can be
different. This suggestion is based on the following experimental results:
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— we observed a stable or even increased conversion with time, while the specific
copper surface area (Cu’) is decreasing [11],
— we observed an appreciable, stable conversion of 88% over Cu-Hf [25], while the
specific surface area of Cu’ was zero,
— the present results show that for Cu-Ti conversion reaches 66%, while the segre-
gated Cu layer peels off, and only a minute amount of Cu is present on the surface,
— Cuatoms are necessary to initiate the reaction, as TiO2 itself exhibits no catalytic
activity for the reaction concerned.
Anew mechanism should involve interaction of the reacting molecule with Cu®",
Ti%", and O°", surface entities. High resolution microscopy and local surface analysis
are required to get an insight into the reaction mechanism.

CONCLUSIONS

Cathodic hydrogen charging has been shown to be a superior method of modifica-
tion of a rather stable 60Cu-40Ti AA. The catalyst thus formed is characterized by
high and stable catalytic activity with a maximum conversion of 66%. The outstand-
ing catalytic performance achieved by this pretreatment as well as the characterisation
of the catalysts discussed show that the earlier model of the catalytic dehydrogenation
of alcohols should be modyfied in this case.
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