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Abstract: To illuminate the intrinsic surface activity of Zrs, sCuy;9Ni46TisAl}g alloy in its glass and nanocrystalline states, hydrogen
absorption and desorption in both states was investigated by gas chromatographic analysis. The results show that the
Zrs, 5Cuy79Ni46TisAlyg alloy in the nanocrystalline state can absorb a larger amount of hydrogen than that in glass state at room
temperature after activation. According to the desorption process and surface state, the significant change in absorption induced by
crystallization is proposed to result from that the glassy alloy has a higher desorption energy, which can adsorb gas physically and
nonselectively, and is difficult to activate, while the nanocrystalline alloy can absorb much hydrogen due to the inter-atomic or
intra-atomic electron transfer, which accelerates the kinetics of the catalytic reaction for the dissociation of molecular hydrogen into

atomic hydrogen.
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1 Introduction

The intrinsic surface activity of Zr-based metallic
glasses is most important for the study of their oxidation
rule[1-2] and their potential application, e.g. as
penetrators[3—6], as materials for hydrogen or deuterium
storage[7], or as catalysts[8—9]. The oxidation of
Zr-based metallic glasses and nanocrystalline alloys
shows that the nanocrystalline alloys are better in
oxidation resistance, as compared with their glassy state
[1-2]. The possible reason is that the glassy state
possesses a higher free energy and therefore also a larger
driving force for oxidation. However, in many hydrogen
storage alloys, their hydrogen storage capacity in the
amorphous state is lower than that in the crystalline state;
and in many cases, the hydrogen absorption rate is
dozens of times higher in the crystalline state than that in
the amorphous state[10—11]. From the free energy
consideration, it is not easy to explain the large
difference between the two states. On the other hand, a
key difference between the two states in hydrogen
storage properties is the activation, that is, the
amorphous alloy is more difficult to activate. Additional

investigation is thus required to clarify the difference in
surface activity through hydrogen absorption between
metallic glasses and nanocrystalline alloys.

Zr-Ti-Cu-Ni alloys containing early transition
metals(ETM) and later transition metals(LTM) are
among the best glass-forming alloys[12—13]. For
example, the metallic glass Zrsy sCuy;79Nij6TisAlj alloy
has been investigated widely, with its glass transition
temperature 7,=683 K (400 C), and the first crystalliza-
tion temperature Ty;=713 K (440 °C), based on the DSC
study at a heating rate of 10 K/min[14]. These features
make them good candidate materials for hydrogen
storage. Generally speaking, the hydrogenation of
hydrogen storage materials includes the following stages:
1) molecular hydrogen physisorption on the metal
surface, 2) dissociation of the molecules, 3) adatom
migration and chemisorption, 4) diffusion of the
hydrogen through the hydride layer being formed, and 5)
chemical reaction at the hydride/alloy interface. The
former three stages are referable to the surface reaction
and not associated with the bulk factor. Also, the former
three stages are directly related to the activating process.
The dynamic pulse method is a useful way to measure
surface activity in situ. In this work, the intrinsic surface
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activity of Zrs sCu;79Nij46TisAlyy alloy in its glass and
nanocrystalline states was illuminated.

2 Experimental

Ingots of Zrs; sCuy79Nij46TisAly (mole fraction, %)
were prepared by arc melting the constituent elements on
a water-cooled copper hearth in a titanium gettered argon
atmosphere and casting into a copper mold with a
diameter of 7 mm. Both XRD and metallographic
examination indicated that the alloy ingot was in the full
glass state. For obtaining nanocrystalline alloy, the cast
alloy was heat treated at 500 ‘C for 8 h. The powder
samples of metallic glass and nanocrystalline alloy were
filed from the corresponding bulk materials at ambient
atmosphere just before testing in gas chromatograph in
order to lessen surface oxidation. The morphology of the
powder samples was studied by optical microscopy, and
the structure of the powder samples before or after test
was detected by XRD with a Cu K,, radiation.

The hydrogen absorption test was conducted by a
dynamic pulse method[15] and the amount of hydrogen
absorption V(H,) (mL/g) was calculated as following:

n-A-Y 4,
PKHZ):———TZL——XOJI775M4 (1)
where n is the count of H, uptake pulse, 4 is the area
under the recorded saturation peak, 4; is the area under
the recorded ith peak and M is the mass of the sample
(€92

Some samples absorbed hydrogen during purging

with Ar+5%H, and heating at a programmed temperature.

To study the activation process, the desorption process
was recorded during purging with argon and heating at a
programmed temperature.

3 Results

Figs.1(a) and (b) show the X-ray diffraction patterns
of the samples just after crushing from the bulk alloys.
As expected, the cast alloy is glassy, while the
heat-treated alloy is in nanocrystalline structure[16—17].
Since the phase separation process is only dominant in
the early stages of annealing[17], the morphology of the
peaks arising from the nanocrystalline phases does not
change a lot after the test of absorption hydrogen during
purging with Ar+5%H, and heating at a programmed
temperature (Figs.1(c) and (d)). However, the positions
of the peaks shift to lower angle due to solution
hydrogen after the test.

Fig.2 shows the morphologies of metallic glass and
nanocrystalline powders after the test of hydrogen
absorption during purging with Ar+5%H, and heating at

a programmed temperature. It exhibits similar in size and
shape between the metallic glass and the nanocrystalline
samples, indicating that both powder samples have the
same specific surface. However, a slight devitrified
surface layer is observed in metallic glass sample, while
no obvious devitrified surface layer is revealed in
nanocrystalline sample after test.

Fig.3 shows the thermal desorption spectra(TDS)
for the activation of both samples heated at a rate of 20
K/min in purged argon. It can be clearly seen that the
area under the desorption peaks of metallic glass is larger

20 30 40 50 60 70
20/(°%)
Fig.1 XRD patterns of samples: (a) metallic glass and (b)
nanocrystalline counterpart just after crush; (c) metallic glass
and (d) nanocrystalline counterpart after testing in Ar+5%H,
(Solid circles indicate peaks from fcc nanocrystalline phase,
open squares indicate quasicrystalline phase[17])

n iy

Fig.2 Morphologies of metallic glass (a) and nanocrystalline
counterpart (b) after test of hydrogen absorption during purging
with Ar+5%H, and heating at programmed temperature
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Fig.3 Thermal desorption spectra of ZrsysCuy79Nij6TisAljg
alloy: (a) Metallic glass; (b) Nanocrystalline counterpart

than that of nanocrystalline one. Since these samples do
not take any absorption test except the exposure to air
before the activation test, the amount of adhesive gas is
larger on the surface of the glassy powder than that on
the surface of the nanocrystalline powder. In addition,
the metallic glass needs to heat to about 550 ‘C in order
to desorb gas completely, while the nanocrystalline one
desorbs gas completely only after heating to 450 C.
Because Ty, of the metallic glass Zrsy sCu;79Nijs6TisAljg
is 440 °C[14], the activation temperature for the metallic
glass is chosen to be 400 C.

After activation, the hydrogen absorption was
recorded (in Fig.4) using Ar as carrier gas and a number
of H, pulse injected into the flow reactor[15]. It is
obvious that in the nanocrystalline state the alloy absorbs
a larger amount of hydrogen than that in the metallic
glass state. The amount of the absorbed hydrogen is
0.744 mL/g for the nanocrystalline state, which is about
30 times larger than that for the metallic glass state
(0.022 mL/g).

Figs.5 and 6 show the hydrogen absorption curves
obtained during purging with Ar+5%H, and heating at a
programmed temperature. The hydrogen absorption
peaks are downwards the baseline, while the gas
desorption peaks are upwards the baseline. If the samples
are not activated, the curves show a desorbing gas peak
besides the absorbing hydrogen peaks (see Fig.5).
Fig.5(b) is the amplified morphology of Fig.5(a). The
desorbed peak for the metallic glass is much higher than
that for the nanocrystalline one, which is consistent with
the previous results shown in Fig.3. In addition, after the
gas is desorbed, the glassy alloy can first absorb
hydrogen faster than the nanocrystalline alloy between
405 C and 454 C, ie. between 7, and Ty. The
behavior in this stage is some ambiguous. More
investigation is in progress. However, above T, the
metallic glass begins to crystallize and in the mean time
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Fig.4 Progress of H, absorption at room temperature for glassy
(a) and nanocrystalline counterpart (b) after activation

can absorb hydrogen as same as the nanocrystalline alloy
does. If the samples are activated after heating to 400 C,
the curves only show the peaks of absorbing hydrogen
(Fig.6). The metallic glass also shows a retarded
absorption until 7,. The total amount of hydrogen
integrated through the absorption peaks per gram is same
between metallic glass and nanocrystalline alloy.

4 Discussion

Chemisorption on solid metal surfaces involves a
number of reaction steps occurring in a sequential
manner, such as molecular gas physisorption on the
metal surface, dissociation of the molecule, adatom
migration and chemisorption, and solution. There are two
factors affecting the chemisorption: structural and
electronic[18]. However, the structural factor is expected
to be more remarkable than the electronic factor in the
first step, i.e. molecular gas physisorption on the metal
surface. For example, the desorption energy of molecules
adsorbed on step site of kinked surfaces, such as a Pt
(557) surface in fcc, is much larger than that for the sites
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Fig.5 Absorbing hydrogen curves during purging with
Ar+5%H, and heating at programmed temperature without
activation (Fig.5(b) is amplification of ellipse in Fig.5(a))
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Fig.6 Absorbing hydrogen curves during purging with
Ar+5%H, and heating at programmed temperature after

activation

on a uniform surface, such as a Pt(111) surface in fcc
[19]. The desorption energy of the sites on lattice
imperfections of surfaces also becomes larger[19]. The
step sites of kinked surfaces or the sites on lattice

imperfections of surfaces are extensively reactive in
adsorbing molecular gas[18]. The physisorption is
nonselective and commonly weak. On the contrary, the
electronic factor is thought to be the most important one
in the dissociation of the molecule[20]. The dissociative
adsorption is selective and commonly strong. According
to theory and experimental data on single component
systems, the existence of d holes (a high d type local
density of states) at the Fermi energy is essential in the
dissociative adsorption process of molecular hydrogen
[21]. As an H, molecule approaches a metal surface, its
1 o, orbital feels Pauli repulsion from the tails of the s
electrons in the metal. If the metal has d holes, an s
electron can be promoted to the d band, reducing the
Pauli repulsion, and thereby reducing the subsequent
energy barrier[22]. In addition, to dissociate H,
molecule, the adsorbate orbitals should be split by strong
interactions with the sharper d-band. This implies that
the outer s electron should be less and d-band should be
nearly full. As expected, transition metals, like Ni and Pd,
readily dissociate and adsorb hydrogen, while for noble
or simple metals, like Cu or Al, H, dissociation is an
activated process[23].

It is well known that the difference between metallic
glass and nanocrystalline states is obvious. The surface
structure of metallic glass is fully disordered, while the
nanocrystalline one is ordered. From the consideration of
adhesive energy, the desorption energy of molecules
adsorbed on the metallic glass surface is much higher
than that for the nanocrystalline surface. Therefore, the
amount of adhesive gas on the surface of glassy powder
is much lager than that on the surface of nanocrystalline
powder, and the end temperature of glassy powder
desorption is higher than that of nanocrystalline powder,
as shown in Fig.3 and Fig.5. Hence, the physisorption on
the surface of metallic glass seems strong. Since the
powders were filed from the bulk materials and
inevitably exposed to air, the adhesive gas may be
mainly oxygen. In addition, slight oxidization is
observed after heating, from the morphologies (Fig.2).
However, as shown in Fig.6, even after heating to 400
‘C, in order to desorb molecular gas, the metallic glass
also shows a retarded absorption until 7. The activity of
hydrogen absorption for metallic glass is inert compared
with that for nanocrystalline one.

In comparing the hydrogen properties of amorphous
glass and its crystalline counterpart, many researches
[24—27] did not mention the gas adsorption process prior
to hydrogenation. However, a phenomenon similar as our
results revealed in the hydrogen adsorption by milled Cg
[28]. The more this amorphous phase exists in the
sample, the more amount of hydrogen adsorption is
observed.

The hydrogenation in amorphous and crystalline
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alloys has been widely investigated[29—-31]. However,
the conclusions differ greatly. For example, the
hydrogenation in benzene, amorphous Ni-B has little
active center due to the disorder array of Ni and B
though it has larger specific surface area, while the
nanocrystalline Ni;B benefits to hydrogenation due to the
definite surface array and electron transfer between Ni
and B[29-30]. Our results also show that the amount of
absorption hydrogen for the nanocrystalline powder is 30
times larger than that for the metallic glass, as shown in
Fig.4. This phenomenon is also consistent with our
previous work that the atomic ordering can accelerate the
catalytic activity to dissociate molecular hydrogen into
atomic hydrogen and therefore promote hydrogen
absorption due to the large number of electrons in d band
of Ni[32—34]. The electronic structure of this alloy in
both metallic glass and nanocrystalline states should be
investigated further. Since the study of amorphous alloys
as catalysts[35], many amorphous alloy catalysts have
been developed, especially for Ni-based amorphous
alloys[36]. They proposed that the amorphous alloys
exhibit excellent activity due to the fine particle, high
free energy and longer distance in Ni—Ni bond. But
comparing the intrinsic catalytic activity between
amorphous and crystalline alloys, the condition should
be same. We rule out these factors such as powder size
and suggest that the nanocrystalline alloy is more active
than metallic glass in absorption hydrogen after
activation.

5 Conclusions

1) The Zrs;5Cu79Niy6TisAlyy alloy in the
nanocrystalline state can absorb a larger amount of
hydrogen than that in glass state at room temperature
after activation.

2) The glassy alloy can adsorb gas physically and
nonselectively, and therefore it is difficult to activate.

3) The nanocrystalline alloy can adsorb less gas
physically, but can absorb much hydrogen due to the
inter-atomic or intra-atomic electron transfer, which
accelerates the kinetics of catalytic reaction for the

dissociation of molecular hydrogen into atomic
hydrogen.
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