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Ni based amorphous materials have great potential as hydrogen puriﬁcation membranes. In the present work
the melt spun (Ni0.6Nb0.4−yTay)100−xZrx with y=0, 0.1 and x=20, 30 was studied. The result of X-ray diﬀraction
spectra of the ribbons showed an amorphous nature of the alloys. Heating these ribbons below T < 400 °C, even
in a hydrogen atmosphere (1−10 bar), the amorphous structure was retained. The crystallization process was
characterized by diﬀerential thermal analysis and the activation energy of such process was obtained. The
hydrogen absorption properties of the samples in their amorphous state were studied by the volumetric method,
and the results showed that the addition of Ta did not signiﬁcantly inﬂuence the absorption properties, a clear
change of the hydrogen solubility was observed with the variation of the Zr content. The values of the
hydrogenation enthalpy changed from ~37 kJ/mol for x=30 to ~9 kJ/mol for x=20. The analysis of the
volumetric data provides the indications about the hydrogen occupation sites during hydrogenation, suggesting
that at the beginning of the absorption process the deepest energy levels are occupied, while only shallower
energy levels are available at higher hydrogen content, with the available interstitial sites forming a continuum
of energy levels.

1. Introduction
Novel Ni-Nb-Zr amorphous alloys are potential candidates as
hydrogen permeation membranes to separate H2 from CO2 and other
gases obtained from water shift reaction of coal-derived syngas [1].
Typically, commercial Pd/Pd-23Ag (at%) crystalline membranes are
widely used for this purpose, but due to the high cost of Pd,
replacement with inexpensive metals/alloys is necessary. In this
framework, the amorphous alloys formed from a combination of Ni
and one or more early transition metals show great promise for this
application [1]. In particular, the hydrogen permeability of
(Ni0.6Nb0.4)80Zr20 and (Ni0.6Nb0.4)70Zr30 membrane were 8.3×10−9
and 1.4×10−8 mol m−1s−1Pa−0.5 measured in pure hydrogen at 400
and 450 °C, respectively [2]. These values are comparable to those
measured for pure Pd or Pd-23%Ag (1–2×108 mol m−1s−1Pa−0.5 at
450 °C). The addition of other alloying metals in the Ni-Nb-Zr systems,
such as Ta, Hf or Co, has been exploited in order to ﬁnd possible higher

hydrogen permeation values or a better resistance to embrittlement [1].
Previous studies reported that the addition of Ta in Ni-Nb-Zr amorphous ribbon increases the devitriﬁcation temperature associated with
decrease in embrittlement [3,4]. Moreover, it has been previously
reported that with the addition of Ta, permeability undergoes only a
moderate decrease: for example (Ni0.6Nb0.3Ta0.1)80Zr20 and
(Ni0.6Nb0.3Ta0.1)70Zr30 exhibit permeability as 3.8×10−9 and
1.2×10−8 mol m−1 s−1 Pa−0.5 respectively at 450 °C [2]. However, in
Ta added Ni-Nb-Zr alloys the permeability performances degrade as a
function of time more slowly than in Ta-free membranes, possibly due
to the stabilizing eﬀect of Ta [2]. Therefore, the Ta containing alloys
seem to have some advantages in comparison with Ta-free membranes.
The permeability of the amorphous membranes is the key parameter for their potential use in the production of ultrapure hydrogen;
however, one should also consider that permeability is strictly linked to
hydrogen solubility. First of all, it must be considered that during the
permeation tests and the application as puriﬁcation membranes, these
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amorphous materials undergo hydrogenation. Moreover, the knowledge of the hydrogenation properties is fundamental, since the formation of hydrides under certain operation conditions can lead to eventual
failure of the membrane because of increased brittleness, and indeed it
is a well know limitation of the Pd-based membranes [1]. Finally,
solubility and permeability can be obtained one from the other
mathematically, as the hydrogen ﬂux through a membrane is linked
to the shape of the pressure composition isothermal curves of the
material [3].
Some previous studies on hydrogen solubility on membranes for
hydrogen puriﬁcation are available. Pd and Pd-Ag alloys with various
contents of Ag were investigated by Flanagan et al., by Hara et. al. and
by Serra et al. [4–6]. A hydrogenation enthalpy of ~40 kJ/mol is
reported [4–6]. The hydrogen solubility in other alloys containing Pd,
such as Pd-V and Pd-M-Al (M= Rh, Ni, Pt, Cr, Ag), was investigated by
Alimov et al. and by Wang et al.[7,8].
Many studies of the solubility of hydrogen in membranes for
hydrogen puriﬁcation concern vanadium based alloys, as V possesses
one of the highest hydrogen diﬀusion coeﬃcients. Binary, ternary and
even quaternary V alloys were studied [9–14]. In one case a semiempirical methodology for predicting the permeability and solubility of
hydrogen in metallic alloys was proposed and compared with experiments [13].
Only a few reports about the solubility of hydrogen in amorphous
membranes based on Ni, Nb and Zr are available [15,16]. Hao et al.
reported pressure-composition curves measured at 573 K for Ni60Nb40,
(Ni0.6Nb0.4)50Zr50 and (Ni0.6Nb0.4)70Zr30[16]. The hydrogen content
increases as the Zr content increases, reaching 1.1 mass% for
p≈0.6 MPa [16]. Also Yamaura et al. showed a pressure-composition
curve of (Ni0.6Nb0.4)70Zr30 measured at 573 K, and, moreover, introduced methods combining density functional theory calculations and
statistical mechanics to make predictions of the properties of interstitial H in amorphous metals [15].
However, to the best of our knowledge, a systematic investigation of
the
hydrogen
absorption
and
formation
enthalpies
of
(Ni0.6Nb0.4−yTay)100−xZrx materials is still missing. In order to ﬁll the
lack of such information, in this study we measured the activation
energies for crystallization of two Ta containing membranes by
diﬀerential thermal analysis (TGA-DTA) and we also measured the
hydrogen absorption properties of four (Ni0.6Nb0.4−yTay)100−xZrx ribbons with y=0, 0.1 and x=20, 30 by volumetric method. The absorption
data also provided indications about the hydrogen occupancy in the
membrane, which is one of the controlling parameters for the hydrogen
permeation through the bulk of the alloy membranes.

Fig. 1. X-ray diﬀraction plots of Zr30, Ta7Zr30, Zr20 and Ta8Zr20 samples at room
temperature before hydrogen exposure.

rates, between 4 and 20 °C/min, were used for each sample in order to
calculate the activation energy of the crystallization process. The
hydrogen absorption curves of Zr20, Ta8Zr20 and Ta7Zr30 were
recorded by the home-made Sieverts apparatus at Sapienza
University of Rome described in Ref. [19,20]. The experiments were
performed on specimens with a mass of ~300 mg. For sample Zr30 a
diﬀerent home-made fully automated Sieverts apparatus [21] was used
at University of Nevada, Reno.
3. Results and discussion
3.1. X-Ray diﬀraction measurements on as produced and
hydrogenated ribbons
To ascertain whether the ribbons are fully amorphous, we performed X-ray diﬀraction (XRD) analysis on Zr20, Zr30, Ta8Zr20 and
Ta7Zr30. Room temperature XRD patterns were obtained in asprepared melt-spun condition without any addition of hydrogen
(Fig. 1). All the samples showed a broad hump with the highest
intensity at 2θ~38°. The crystalline Bragg peaks of Si visible in the
spectra of Zr20, Ta8Zr20 and Ta7Zr30 are due to the addition of
internal standard sprinkled on the samples. Similar results have been
observed by Qiang [22].
In the next set of experiment, we examined the Ta8Zr20 and
Ta7Zr30 samples under hydrogen atmosphere at 300–400 °C and 1–
10 bar to observe if there are any structural changes. X-ray diﬀraction
results showed the nature of the amorphous material did not change
signiﬁcantly with the addition of hydrogen in the above mentioned
conditions (Figs. 2a and b). In case of Ta7Zr30 we even varied the time
and did not observe any structural changes (Fig. 2a).

2. Materials and methods
The alloy buttons of (Ni0.6Nb0.4−yTay)100−xZrx (x=20 or 30; y=0 or
0.1 compositions) were prepared by arc melting in a puriﬁed argon
atmosphere at AMES Laboratory Iowa, USA. A melt spinning apparatus was used to fabricate these glassy membranes at the CSIRO
laboratory, Brisbane, Australia. Typically the amorphous ribbons were
~30–70 µm thick and 30 mm wide [2,17]. In the paper we will use the
following labels to indicate the four samples here investigated: Zr20
((Ni0.6Nb0.4)80Zr20),
Ta8Zr20
((Ni0.6Nb0.3Ta0.1)80Zr20),
Zr30
((Ni0.6Nb0.4)70Zr30) and Ta7Zr30 ((Ni0.6Nb0.3Ta0.1)70Zr30). The X-ray
diﬀraction patterns were obtained using a PANalytical X′Pert pro θ-θ
diﬀractometer. The ribbons were not coated with Pd. This instrument
was equipped with a heating stage with Anton Paar XRK 900.
Hydrogen gas was introduced into the heating chamber via a homemade volumetric apparatus. The sample was placed inside the chamber
and ﬁrst evacuated using the turbo pump PFEIFFER model number
TSH071E. Simultaneous TGA-DTA measurements were conducted by
means of a Setaram Sensys Evolution 1200 TGA system [18] under a
high purity argon ﬂux (60 ml/min) at ambient pressure. For each
experiment, a sample mass of ~10 mg was used. Diﬀerent temperature

3.2. The crystallization process
A Diﬀerential Thermal Analysis apparatus was used to determine
the crystallization temperature of Ta added alloys. The crystallization
temperature (Tc) of the alloys without any Ta had already been
measured in our group; Tc, and the activation energies, Ea, of the
(Ni0.6Nb0.4)80Zr20 were 583 °C and 549 kJ/mol, respectively, while for
(Ni0.6Nb0.4)70Zr30 they were Tc=535 °C and Ea=542 kJ/mol [19,23].
The samples (Ni0.6Nb0.4−yTay)100−xZrx with y=0.1 and x=20, 30,
here investigated for the ﬁrst time, show more than one exothermic
peak (see Fig. 3). In the case of the Ta7Zr30, one can observe two well
deﬁned peaks in Fig. 3, while for Ta8Zr20 three peaks are visible
(Fig. 3). All of them shift towards higher temperature as the heating
rate is increased, indicating a thermally activated character of all
127
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Fig. 4. Kissinger plots for the peaks of the Ta containing samples.

20 °C/min (Peak 1 in panel a of Fig. 3). Moreover, a broader and less
well deﬁned peak is present above 600 °C (Peak 2 in panel a of Fig. 3).
The DTA traces of Ta8Zr20 show three peaks in the temperature range
between 550 and 700 °C (labeled as peak 1, 2 and 3 in Fig. 3, panel b).
It must be noted that for all samples the crystallization starts at
temperatures higher than 500 °C, a temperature well above the
maximum temperature (400 °C) at which the following measurements
of hydrogen solubility are conducted, so we can be sure that the
samples are in their amorphous state, in agreement with the results of
XRD measurements reported in the previous Section.
In order to obtain quantitative information about the activation
energy of the subsequent steps of crystallization, we constructed the
Kissinger plots [26] for the two peaks of Ta7Zr30 and the three peaks
of Ta8Zr20 (Fig. 4). Regarding Ta7Zr30, the Kissinger plot provides a
value of Ea~556.1 ± 0.1 kJ/mol for the ﬁrst process and Ea~352 ± 9 kJ/
mol for the second one. In the case of Ta8Zr20 the activation energies
of the crystallization steps are found to be 580 ± 40 kJ/mol, 444 ± 8 kJ/
mol and 400 ± 70 kJ/mol, respectively for peak 1, 2 and 3. The present
measurements conﬁrm that crystallization occurs at lower temperatures as the Zr content is increased [15,17]. Moreover, the activation
energies of the Ta containing samples are comparable to those of the Ta
free membranes [19,23].

Fig. 2. X-ray diﬀraction plots of Ta7Zr30 under hydrogen environment of up to ~ 10 bar
at 300 °C (panel a) and of Ta8Zr20 under hydrogen environment of up to ~10 bar at
400 °C.

processes. The fact that one observes more than one peak for the
crystallization process is not surprising, as many previous investigations of the crystallization process of amorphous membranes for
hydrogen puriﬁcation reported that it can occur in subsequent steps,
as in the present case [2,17,23–25].
In particular, the Ta7Zr30 sample displays a sharp peak which
shifts from ~520 to ~540 °C as the temperature rate is varied from 4 to

Fig. 3. DTA curves of the Ta containing samples measured at 4, 10 and 20 °C/min.
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Fig. 5. p-c isotherms of the amorphous membranes.

performed. Indeed, in many cases hydrogenation of Ni-Nb specimen
was previously obtained by means of electrolytic charging [32,33]. Only
some limited indications from previous papers can be obtained.
Indeed, Conic et al. [34] measured the hydrogen absorption in ZrNb-Ta alloys in the temperature range between 400 and 700 °C at a
hydrogen pressure of 1 bar using the volumetric method and found that
the hydrogen concentration decreases as T increases, as in our present
study. By means of electrolytic charging, Jayalakshmi et al. [32]
attained higher hydrogen content in Ni-Nb-Zr-Ta alloys with a higher
concentration of Zr, as in the membranes presently investigated.
Similarly Kirchheim et al. [35] and Yamaura et al. [15] reported that
in the binary system Ni-Zr the H/M ratio increases with Zr addition;
the H/M ratio for our alloy without Ta additions is similar to Yamaura's
data [15].

3.3. Hydrogen solubility
The solubility of hydrogen in the membranes was measured by
obtaining pressure – composition isotherms at diﬀerent temperatures
in the range 300−400 °C; these temperatures are well below the
crystallization temperature (Fig. 3). The maximum measured pressure
was in the range 13–14 bar, as shown in Fig. 5.
One can note in Fig. 5 the absence of pressure plateau with the
increasing pressure, as typically observed in crystalline hydrides [27]. In
the case of an ideal hydrogen solid solution, hydrogen absorption would
be described by the Sieverts law: XH = KH (PH2 )1/2 , where XH is the atomic
fraction of hydrogen, PH2 is the equilibrium pressure and KH the Sieverts
law coeﬃcient [28]. In general hydrogen capacity is higher at lower
temperature. The plotted square root of pressure vs H/M did not yield a
linear relation indicating it does not follow the Sieverts law (results not
shown). The absence of any pressure plateau in the isotherms of the
amorphous materials has been also theoretically described by means of
mean ﬁeld approximation and Stoner-type condition [29,30]. Other
investigators observed the same feature in amorphous Zr60Al10Ni30
samples and attributed the absence of pressure plateau to the variation
of the site energy of the occupied hydrogen atoms and to the continuous
structural changes during hydrogenation [31].
The data for Zr20 alloy membrane showed a very slow kinetics of
hydrogenation, possibly due to the oxidation of the surface, and
therefore only the p-c isotherm at 400 °C was obtained.
For each membrane, the hydrogen solubility at ﬁxed p decreases as
T increases; for example, in the case of Zr30 at the maximum pressure
one obtains H/M~0.52 for T=300 °C and H/M~0.42 at T=400 °C. At
ﬁxed p and T, the hydrogen content is higher in the membranes with a
higher Zr content: one obtains a maximum H/M ~0.5 at 300 °C for
Ta7Zr30 and a maximum H/M of ~0.33 at the same temperature for
Ta8Zr20. Moreover, the curves of the membranes containing the same
amount of Zr are close one to the other, when measured at the same
temperature.
A direct comparison of the hydrogen absorption properties of the
presently studied membranes with previous literature cannot be easily

3.4. The hydrogenation enthalpy
In the case of crystalline materials, for which a pressure plateau is
observed in the p-c isotherms, one can calculate ΔHhyd from the slope
of the van't Hoﬀ plot of ln(p) vs 1/T, where p is the plateau pressure at
temperature T(K) [36]. However, the pressure-composition isotherms
of the presently studied amorphous materials do not exhibit any
plateau. In this case, one can estimate the hydrogenation enthalpy,
ΔHhyd, from the van't Hoﬀ plots ln(p) vs 1/T at constant values of H/M
[36]. In order to obtain the values of p at ﬁxed values of H/M at the
various temperatures, an interpolation of the experimental data using
beta splines was performed by means of a program implemented with
the Labview routines. Fig. 6a shows the van't Hoﬀ plot for Zr30 sample
and the best ﬁt curves for H/M values ranging from 0.34 to 0.42 in step
of 0.02. Enthalpies vary slightly, from 41 to 33 kJ/mol. A mean value of
ΔHhyd~37 ± 4 kJ/mol is estimated from the hydrogenation absorption
measurements for the Zr30 sample. For Ta7Zr30, the hydrogenation
enthalpy decreases from 31 kJ/mol at H/M=0.24–27 kJ/mol for H/
M=0.34. For the Ta8Zr20 membrane, ΔHhyd increases as H/M
decreases from ~8 kJ/mol at H/M=0.16 to ~14 kJ/mol at H/M=0.10.
It is worth noting that the enthalpy values calculated for Ta8Zr20
129
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4. Conclusions
(Ni0.6Nb0.4−yTay)100−xZrx membranes were studied by combining
several techniques, which provided indications about their structural
and hydrogen absorption properties. The high temperature and
elevated pressure structural data for both Ta containing alloys show
similar trends under hydrogen atmosphere in the pressure between 1
and 10 bar, and in particular prove that the amorphous structure is
maintained also after hydrogenation at 400 °C. The crystallization
temperature and the activation energy for crystallization obtained by
means of DTA measurements are very similar for Ta-containing and
Ta-free sample. The analysis of the volumetric data provides the
hydrogenation enthalpies of the samples in their amorphous state.
Moreover, they provides indications about the hydrogen occupation
sites during hydrogenation, suggesting that at the beginning of the
absorption process the deepest energy levels are occupied, while only
shallower energy levels are available at higher hydrogen content, with
the available interstitial sites forming a continuum of energy sites.
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