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Abstract: Vanadium can store large quantities of hydrogen (about 4 mass%). However, only half
of it can be reversibly absorbed. To avoid this issue, various partial substitutions were previously
proposed, such as Ni. In this work, we explore the synthesis of a Vg5Niys5 alloy by means of ball
milling, a simpler and more scalable method compared to arc or induction melting usually applied
for metal alloys. After ball milling the powders of the pure metals for 15 h in argon, SEM-EDX
measurements confirmed the stoichiometry of the synthesized material, which has a typical particle
dimension of the order of a few microns and is composed from the coalescence of nanometric primary
particles. XRD indicated a BCC crystalline structure with a typical grain size of ~3 nm. Hydrogen
can be absorbed without activation procedures at high temperatures. Up to H/M =~ 0.08, one can
observe the occurrence of a solid solution of hydrogen in the alloy, while at a higher hydrogen
content, the formation of a hydride is likely to occur. The maximum hydrogen content is H/M ~ 0.4
at the maximum investigated pressure in this study of p ~ 45 bar. Both the hydrogenation enthalpy
and entropy decrease as the hydrogen content increases, and the shape of the sorption isotherms is
different from that of VgsNij5 produced by induction melting, possibly because of the nanometric
dimensions of the particles produced by ball milling.

Keywords: ball milling; vanadium alloys; hydrogen storage; SEM-EDX; X-ray diffraction; pressure-
composition isotherms

1. Introduction

Pure vanadium can store large quantities of hydrogen, as it can reach the composition
of the dihydride, VH;. Due to the relatively low mass of vanadium, VH, has a high
storage capacity of about 4 mass%, which can also be reached at room temperature [1].
However, only about half of it can be reversibly absorbed /desorbed, as the V-H system has
a peculiar and complex phase diagram [1,2]. In fact, vanadium has three stable hydrides,
with compositions VHy 5, VH and VH, [1,2]. When measuring the pressure composition
isotherms, one can observe various pressure plateaus; however, the one corresponding to
the transition from the solid solution (« phase) to VHj 5 has an extremely low pressure,
on the order of 1 mbar [3,4]; therefore, it is extremely difficult to remove hydrogen at low
hydrogen concentrations. One way to partially mitigate the irreversible storage of hydrogen
in vanadium is the partial substitution of V with other metals, such as Ti, Cr, Ni, Fe, etc.,
which generally leads to a higher equilibrium pressure and a sloping plateau [3,5-7] in the
pressure composition isotherms.

Vanadium also displays one of the highest diffusion coefficients for hydrogen [8], mak-
ing this metal attractive for the production of membranes for hydrogen purification [9,10].
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However, the high solubility of hydrogen in vanadium tends to make it brittle and pul-
verizes it upon hydrogen absorption/desorption. The partial substitution of V with other
metals was also proposed [9] to avoid this drawback.

Recently, we investigated a VgsNiy5 alloy produced by induction melting, regarding its
hydrogen and deuterium sorption properties [11,12]. It must be noted that the V-H and V-D
systems have clear different phase diagrams, and this fact is also reflected in the Vg5Nij5
alloy [11,12]. Moreover, this V-Ni alloy also has very fast absorption/desorption kinetics,
suggesting that this material is a good candidate also for hydrogen purification [11,12].

The procedure to synthesize this sample required several steps in a vacuum induction
melting apparatus: firstly, a V45Niss alloy was melted at 1380 °C; then, the liquid was
heated at 1800 °C and the required quantity of pure V was added to reach the desired
composition [11]. Induction furnaces and arc melting are the most commonly used means
to synthesize metal alloys. In this work, we aimed to explore the possibility of using ball
milling to produce a V-Ni alloy, as this last method certainly requires both less equipment
and time. Indeed, ball milling has been largely used for the production of hydrides or
materials to be hydrogenated [13-15]. More than 20 years ago, the use of ball milling
revolutionized the field of hydrogen storage and opened the ground for the search and
use of new hydrides [13]. Ball milling allows for the incorporation of catalysts to facilitate
the kinetics of sorption and the decrease in the dimensions of the powders, so that the
diffusion processes of hydrogen can occur much easier and faster [14,15]. Moreover, this
method allows for the production of materials around room temperature, avoiding possible
decompositions at higher temperatures [14].

Some reports on the ball milling of V and V alloys are available. Orimo et al. produced
VHy (0.67 < x <0.82, depending on the milling time) in a reactive ball milling at room
temperature, using a pressure of hydrogen of about 1 MPa [16]. Incidentally, these authors
showed that the grain size can reach values as low as 10 nm, but the system does not reach
an amorphous state [16]. Krishnan et al. ball milled pure vanadium with different milling
agents that reacted with the metal and altered the microstructure [17]. Hout et al. produced
TiVp9Mn ;1 by ball milling [18], while Lototskyy could obtain ferrovanadium [19]. Zhang
et al. reported the synthesis of V-4Cr-4Ti powders by high-energy vibrating and planetary
ball milling [20]. The density of dislocation of powders synthesized by planetary ball
milling was much lower than in specimens produced by vibrating ball milling at a similar
input energy [20]. Finally, Balcerzak investigated the structure and the hydrogen storage
properties of Tiy_ Vx nanocrystalline alloys (x = 0.5, 0.75, 1, 1.25, 1.5) synthesized by shaker-
type ball milling [21]. All samples had a BCC crystalline structure and Ti; 5V 5 reached
a hydrogen storage capacity of 3.67 wt% at room temperature [21]. However, it must be
noted that a large part of the hydrogen is absorbed at pressure as low as 10~2 MPa [21].

In this work, we decided not to use reactive ball milling in order to avoid the possible
irreversible sorption of hydrogen occurring at such a low pressures that it would be hard
to release it in our vacuum system. Therefore, we used ordinary ball milling in an argon
atmosphere to synthesize the Vg5Nij5 sample, which was afterwards characterized by X-ray
diffraction (XRD), energy dispersive X-ray analysis (EDX) and sorption measurements in a
Sieverts apparatus.

2. Materials and Methods

V (99.5% purity, 325 mesh) and Ni (99.99% purity, 150 um diameter) powders were
purchased from Sigma Aldrich. About 1.34 g of V and 0.26 g of Ni were manually mixed
and transferred into an Evico Magnetic high-pressure vial. Ten stainless steel spheres with
a diameter of 10 mm and a mass of 4.06 g were each added tothe vial. All the previous
procedures were performed in an argon-filled glove box. The powders were ball milled in
a planetary Fritsch Pulverisette 6 at a rotation speed of 300 rpm during 30 cycles consisting
of 30 min of milling and 10 min rest. The produced powders were removed from the vial in
the argon-filled glove box to avoid contaminations from water and oxygen.
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About 0.766 g of the milled powders were transferred in the glove box to the sample
holder of a Sieverts apparatus. Smaller quantities were transferred to the sample holder for
X-ray diffraction and SEM-EDX analysis.

Scanning electron micrographs were recorded by using a field emission scanning
electron microscope (FESEM Auriga, Carl ZEISS, Oberkochen, Germany) at the CNIS
research center.

X-ray diffraction (XRD) analysis was performed by using a Malvern Panalytical X'Pert
Pro MPD diffractometer (Malvern Panalytical Ltd, Malvern, UK) equipped with a Ni-
filtered Cu Ko source (A = 1.54184 A) and an ultrafast RTMS X'Celerator detector (Malvern
Panalytical Ltd, Malvern, UK). Measurements were carried out in the 10-80-degree range
with a 0.01° step and an effective time/step = 15 s. Diffraction patterns were analyzed by
Rietveld refinement program GSAS-II [22].

Hydrogen pressure-composition isotherms were measured by means of a homemade
Sieverts apparatus, that can operate from room temperature up to 500 °C in the pressure
range between 10~ to 200 bar, using various pressure transducers. The powders were
initially heated at 170 °C and exposed to a hydrogen pressure of 17 bar twice and de-
hydrogenated by means of turbopump that can produce a final vacuum on the order of
10~8 bar in the Sieverts apparatus. The quantity of hydrogen absorbed already in the first
cycle coincides with that afterwards obtained during the more detailed investigation by
pressure-composition curves. Therefore, it seems that the sample did not need an activation
procedure at high temperatures, as the VgsNij5 sample produced by induction melting
had to be activated at 400 °C. Materials were collected from the Sievert apparatus after Hp
exchange in the glove box and analyzed by XRD and SEM-EDX.

3. Results and Discussion
3.1. Stoichiometric and Structural Analysis

The pristine V-Ni sample obtained after ball milling is constituted by micrometric
secondary particles (see Figure 1a). An SEM analysis at high magnification highlights
the presence of secondary particles of typical dimensions of a few microns, each of them
composed of primary particles in the nanometer size scale (see Figure 1b).

The composition of the pristine sample obtained from the EDX point analysis on five
different areas of the sample at different magnifications is reported in Table 1.

Table 1. Elemental analysis obtained from EDX before and after H, exchange. Nominal composition
VgsNijs with V/Ni nominal ratio of 5.7.

Element Pristine After H, Exchange 2
\% 88+5 876
Ni 12+5 13+6
V/Ni ratio 7.0 6.6

The composition of the pristine alloy matches, as expected, the nominal alloy within
the errors, being the experimental composition Vgg15Nijp15. Small amounts of iron have
been found randomly distributed throughout the sample with a maximum experimen-
tal concentration below a few percent: this contamination originates from the ball-
milling procedure.

The elemental distribution throughout the sample is shown in Figure 2, where the
EDX emission maps for the L-edges of Ni (Figure 2b) and V (Figure 2c) are compared to the
corresponding secondary electron micrography (Figure 2a).
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Figure 1. Electron micrographs of the pristine (a,b) and after H, exchange (c,d) samples, at low (a,c)
or high (b,d) magnification.

V L-edge emission

A

Secondary electrons Ni L-edge emission

Figure 2. SEM micrographs and EDX maps of the V and Ni X-ray emissions at the L-edges (a—c)
before and (d-f) after Hy exchange.
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Apparently, V and Ni are homogeneously distributed over the secondary particle
surface, thus suggesting the alloy formation and the absence of elemental phase segregation.
It is to be noted that the Ni X-ray signal is unavoidably much smaller compared to the
vanadium signal: this inevitably imposes a balance between the definitions of the elemental
maps and matching with micrographs (see as examples the poor special resolution of the
Ni map in Figure 2b, or the special saturation of the V map in Figure 2f. The successful
synthesis of a homogeneous V-Ni alloy is confirmed by XRD as well as the lack of extended
phase contamination (see Figure 3).

—— Experimental Data
—— Rietveld Refinement fit

after H, exchange
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Figure 3. X-ray diffraction patterns before and after H, sorption compared to the Rietveld refinement
fits and experimental-to-fitting difference lines.

The as-synthesized pristine sample shows in the XRD pattern few broad peaks and
undulations of the baseline. This experimental feature suggests the lack of an extended
crystallinity and the complete demolition of the pristine metals crystal structure by the
mechanochemical treatment. The three strongest broad signals at about 41, 62 and 77 de-
grees can be indexed with Bragg reflections with Miller indexes (110), (200) and (211),
possibly attributed to a body-centered-cubic (BCC) lattice, in line with our previous ob-
servation on a similar stoichiometry [11,12], and the attributions performed by other
authors [7,21]. The broad undulation at 22-24 degrees has an apparent poor matching with
any V-Ni ordered phase [11,12], and thus can be attributed to the glass sample holder or
nanometric traces of V,0Os.

The Rietveld refinement performed on the XRD pattern, assuming a BCC lattice with
atomic sites randomly occupied by V and N as well as the experimental stoichiometry,
confirms the qualitative analysis of the XRD pattern. The refinement procedure is in line
with our previous approaches already reported in refs [11,12] and limits the fitting to
three independent parameters (cubic lattice size, crystallite size and crystallite strain). The
Rietveld refinement results are summarized in Table 2.
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Table 2. Rietveld refinement results obtained on the pristine sample and after H, exchange. We
assumed a single BCC lattice with a random occupancy of the atomic sites by Ni and V, mimicking
the experimental stoichiometry.

Pristine After H, Exchange
a/A 2.99 + 0.01 3.05 + 0.01
Size/nm 33+0.1 49+0.1
wRp 8.6% 8.3%
Gof 1.4 1.5

A good fitting is obtained assuming a single BCC phase with a 2.99 A lattice parameter
and a nanometric crystalline size of about 3.3 nm. Minor improvements in the fitting
convergence (from 8.6 to 8.1%) can be obtained by adding a secondary BCC lattice with a
slightly larger lattice parameter (i.e., 3.06 A) to take into account the slight asymmetry in
the peak shape towards small angles. Despite the fitting improvement, in our opinion the
real co-presence of two alloys is too speculative solely based on the Rietveld refinement: in
this view, the single-phase description is more conservative, although it possibly misses
some minor structural features. It is interesting to underline that the primary crystallites
are strongly nanometric with estimated size of 3.3 nm (see Table 2), a value that is very
large compared to the polycrystalline particles observed by SEM (see Figures 1 and 2).
This evidence suggests the possible massive occurrence of grain boundary defects between
individual crystallites. Transmission electron microscopy experiments in future work may
shed light on this specific morphological detail.

The V-Ni alloys synthesized by ball milling were submitted to extended H; exchange
treatment at high temperature (see next section) to analyze their stability to store interstitial
hydrogen and the sorption kinetics. After H, exchange, powders were collected in a charged
state with a residual hydrogen content of H/M = 0.25 and characterized by XRD and
SEM-EDX to highlight the most relevant changes induced by hydrogen incorporation/de-
incorporation. As expected, after H, exchange the V-Ni mechanochemical alloy shows:

(@) An almost unaltered morphology (see Figure 1c,d);

(b) A constant composition in terms of V/Ni ratio (see Table 1) with a homogeneous
distribution ofelements over the secondary particles (see Figure 2d—f);

(¢) The lack of new phase formation or additional nanosizing of the BCC phase (see

Figure 3).

The most relevant change in the sample after H, exchange is the slight increase in
the BCC lattice parameter fitted by Rietveld refinement (i.e., from 2.9 to 3.05 A), and the
increase in the crystal domain size for 3.3 to 4.9 nm (see Table 2). This lattice expansion is
expected, as the sample was left in a state with a residual hydrogen content of H/M = 0.25.
Furthermore, at a high temperature and under H, atmosphere, smaller crystallites have a
tendency to sinter, thus inducing an increase in the overall crystallinity of the sample.

3.2. Hydrogen Absorption/Desorption

The hydrogen pressure-composition isotherms were measured at 120, 140 and 170 °C
in the pressure range between 10~* and 50 bar (see Figure 4). In general, the sample displays
a decrease in the hydrogen solubility at a given pressure as temperature increases. Moreover,
one can observe a quasi-linear dependence of the equilibrium pressure from hydrogen
concentration up to H/M~0.08, when reported in a double logarithmic scale. Therefore,
at such low hydrogen concentration, p is proportional to (H/M)™, withm ~ 2.7 £ 0.1 at
145 and 170 °C. This functional dependence of pressure on the hydrogen concentration,
corresponds to a generalized Sieverts law with an exponent slightly different from 2 [23].
This fact seems to support the occurrence of a solid solution of hydrogen in the V-Ni alloy,
without the formation a hydride at low H/M in the temperature range between 120 and
170 °C [24].
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Figure 4. Panel (a): Absorption (full circles) and desorption (empty circles) pressure-composition
isotherms at selected temperatures of ball-milled VgsNijs5. Panel (b): desorption pressure-composition
isotherms measured on VgsNiy5 synthesized by arc melting [11] (empty triangles).

The shape of the isotherms of ball-milled VgsNi;5 at low hydrogen concentrations is
quite different from those of pure V. In fact, it was reported that in pure V, the Sieverts law
is valid up to H/M~0.03 [3] for temperatures between 92 and 190 °C. At higher hydrogen
concentrations, one observes a clear pressure plateau for 0.03 < H/M < 0.5; for T < 140 °C,
the plateau is practically horizontal, while it becomes sloping between 160 and 190 °C. This
plateau is due to the transition to the VHy 5 hydride phase and the equilibrium pressure is
quite low, as it is ~1 Torr (1.33 x 1073 bar) at 190 °C. Previous studies of V alloys showed
that the horizontal plateau of V for H/M < 0.3 becomes a sloping non-linear curve in alloys
obtained by the addition of 6 at% of Mn, Fe, Co or Ni or 10 at% of Ti [5]; however, the
equilibrium pressures are on the order of 10~* bar at 70 °C [5].

Above H/M = 0.08, the equilibrium pressure of ball-milled VgsNij5 starts to deviate
from the Sieverts law, and one can speculate that the sample will reach a pressure plateau
above the maximum pressure investigated here (p~45 bar).The shapes of the absorption and
desorption isotherms are clearly different from those of VigsNij5 previously synthesized by
arc melting, which are reported for comparison in Figure 4 at the same temperatures of those
obtained for the ball-milled sample. In the sample synthesized by arc melting one observes
an initial linear increase in the pressure as a function of H/M in a double logarithmic scale
below H/M~0.08 [11,25]. At higher concentrations, two different slopes are evident, for
0.1 <H/M < 0.3 and for 0.4 < H/M < 0.6 [11]. These findings were previously interpreted
as evidence of the occurrence of a solid solution of H in the alloy for H/M < 0.08 (x phase),
and the subsequent transformation of two different hydride phases, called 31 and 3 [11].
These hydrides have different dehydrogenation enthalpies: AHgepyqdr = 21 + 1 kJ/mol for
0.15 < H/M < 0.30 and AHgehydr = 26 + 2 kJ/mol for 0.53 < H/M < 0.59 [11]. It was
reported that, above 300 °C, there is no evidence for the formation of hydrides in Vg5Nijs
produced by arc melting and only an « phase is present up to the maximum measured
composition, with a hydrogenation enthalpy AHpyq4, = 10.0 £ 0.5 kJ/mol [11].

From the hydrogen absorption curves of ball-milled Vg5Nij5 one can calculate the
enthalpy and entropy changes during the hydrogenation by means of a Van’t Hoff plot,
reporting the logarithm of the equilibrium pressure as a function of the inverse of the
absolute temperature and fitting the data by a linear regression. Usually, this method is
applied to materials showing almost horizontal plateau pressures; however, it can also
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be applied to materials with sloping equilibrium pressure, provided that the equilibrium
pressures at fixed hydrogen compositions are analyzed [26,27].

Figure 5 reports the Van't Hoff plot of ball-milled VgsNiys5 at four H/M values: 0.03,
0.06, 0.10, 0.20 and 0.25, together with the best fit lines. From the slope and intercept of the
best fit, one can calculate the enthalpy and entropy variations during the hydrogenation
process, as reported in Table 3. Both AH and AS decrease as the hydrogen concentration
increases. In particular, AH passes from 90 £ 10 kJ/mol for H/M = 0.03 to 33 £ 4 k] /mol
at H/M = 0.20; concomitantly, AS decreases from 160 =+ 30 ]J/(mol K) for H/M = 0.03 to
87 £9]/(mol K) at H/M = 0.20. The values obtained for H/M= 0.25 have a very large
uncertainty, and therefore, will not be further considered. The AH values are much higher
than those obtained for VgsNijs produced by arc melting (AHgenydr = 21 = 1 kJ/mol for
0.15 < H/M < 0.30 and AHgenydr = 26 £ 2 kJ/mol for 0.53 < H/M < 0.59) [11]. Moreover,
they are different from those of pure vanadium. Most information on pure V is available
for the transformation toward the dihydride, VHy: Ono reported a AH of 49.4 k] /mol [28],
while Reilly reported a AH of 40 &= 1 kJ/mol [29]. Liu et al. measured the AH and
AS of about 39.6 kJ/mol and 120 J/(mol K) for pure V and revealedthat these values
tended to decrease with a partial replacement of V by 3 at% of Al, Mn e Ru [6]. Griffiths
et al. reported the enthalpy variation for the hydrogenation of pure vanadium for a low
hydrogen content (H/M < 0.03) in the « (solid solution) phase. In this case, for H/M = 0.01
AH =67.6 £+ 0.8 kJ]/mol [3]. However, Griffiths et al. showed that AH and AS increase (as
absolute values) as the hydrogen concentration increases [3].
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Figure 5. Van't Hoff plot of ball-milled VgsNij5 at selected H/M (the number of hydrogen atoms per
atom of metal) and best fit lines to calculate the hydrogenation enthalpy.

Table 3. Hydrogenation enthalpy and entropy of ball-milled Vg5Nij5 as a function of the hydrogen
concentration in the sample, expressed as H/M (the number of hydrogen atoms per atom of metal).

H/M AHyyq (kJ/mol) ASpyq (J/mol K1)
0.03 90 4+ 10 160 £ 30

0.06 63+1 117+ 3

0.10 524+3 105+ 7

0.20 33+4 87 +9

0.25 34+t7 100 £ 20
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Concerning the decrease in H with increasing hydrogen concentration, we can spec-
ulate here that, at the beginning of the hydrogenation process, the deepest hydrogen
energy level becomes occupied; therefore, a large value of AH is measured. With the
progression of hydrogenation, only shallower energy levels are left available; therefore,
AH decreases. This effect was observed in some other hydrogen absorbing alloys based on
Ni and Nb [27,30]. Regarding the entropy variation during the hydrogenation process, it
must be said that entropy can change when a site blocking effect is present in the model.
In this case, the presence of one hydrogen atom in interstitial sites of the metal lattice
prevents other hydrogen atoms from occupying next-neighbor interstitial sites [31]. Some
other cases of entropy variations with hydrogenation were reported for magnetic systems,
such as LaFej; 45ij ¢Hj ¢ [32], where a large change in the phonon density occurs during
hydrogenation, and consequently, a large variation of the lattice entropy is observed.

All of the previous results on the ball-milled VgsNij5 sample display clear differences
with those reported for V or VgsNijs synthesized by induction melting. Althoughwe do
not have a clear explanation for these effects, we can speculate that they originate from the
nanometric dimension of the powders producedhere, which seem to hinder the formation
of the 31 and p; hydrides detected in pure V [1] and in Vg;Nij5 synthesized in a bulk
crystalline form [11,12].

A final remark concerns the kinetics of hydrogen absorption. Figure 6 reports a com-
parison of the time evolution of hydrogen absorption at the three investigated temperatures
(120, 140 and 170 °C) expressed as normalized capacity, starting from a common initial
pressure of about 0.12 bar. As expected, the kinetics becomes faster at a higher temperature,
and indeed, 95% of the maximum capacity can be reached in about 3300, 2400 and 1600 s
at 120, 140 and 170 °C, respectively. These values are lower than that of pure activated
LaNis, a well-known material for hydrogen storage at room temperature, but are higher
than those of non-activated LaNis [33].

1.0t
0.8 |
T (°C)
506 —170 .
o | —— 140
(@] -
0.4 120 .
0.2 .
0.0

s | s | s | s | s |
0 1000 2000 3000 4000 5000
time (s)
Figure 6. Kinetics of hydrogen absorption of ball-milled VgsNij5 at various temperatures expressed
as the normalized capacity of the sample.

4. Conclusions

A Vg5Niy5 alloy was synthesized by ball milling the powders of the pure metals for
15 h in an argon atmosphere. SEM-EDX analyses confirmed the desired composition
and indicate that the sample is composed of micrometric secondary particles due to the
coalescence of primary particles of nanometric dimensions. X-ray diffraction measurements
confirm a BCC structure of the crystalline phase, which has a mean size on the order of
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3 nm. After hydrogenation, the crystalline phase is retained, the lattice parameter slightly
increases, and the crystalline size expands to ~5 nm.

From a functional point of view, ball-milled powders can absorb hydrogen without any
activation procedure, up to a hydrogen content of H/M ~ 0.4 at the maximum pressure of
~45 bar investigated here. Up to H/M =~ 0.08, the occurrence of a solid solution of hydrogen
is observed, followed by the transition to a hydride upon increased hydrogen charging.
Both the hydrogenation enthalpy and entropy decrease (as absolute values) with increasing
hydrogen concentrations. The shape of the absorption isotherms is different from those
obtained for VgsNij5 compound obtained by induction melting, possibly because of the
nanometric dimensions of the powders produced by ball milling. Moreover, the isotherms
were clearly different from those of pure V, which should present a very low pressure
plateau up to H/M ~ 0.5 and the transition to dihydride, with a formal composition
of VHZ.
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