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¢ Ti — based AB2 alloys synthesized by arc melting.

e Modification of Ti — based AB2 alloy by oxygen.

e MH alloy with relatively high reversible H, storage capacity (1.6 wt %).

e Improvement of hydrogen absorption kinetics of Ti — based AB2 alloy by addition of oxygen.
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A multi component AB, type hydrogen storage intermetallic alloy (A = TipgsZ10.15, Bo-

= Mn ,Ni 2,Cro Vo 3Fep06; Was investigated in this work. The intermetallic specified
above was modified by oxygen to yield the composition AB,Op0s. The oxygen was intro-
duced by adding TiO, to the charge, with corresponding decrease of the Ti amount, fol-
lowed by arc melting and annealing at the same conditions as for the oxygen free AB,-type
alloy. The addition of oxygen to the alloy did not change much the PCT properties; the only
difference was that the plateau pressure for the oxygen-modified alloy increased slightly.
Both alloys have shown to be excellent candidates for H, storage, particularly for utility
vehicles, due to their relatively high reversible H, storage capacity (1.6 wt%) and low
plateau pressure at room temperature (<5 bar). The addition of oxygen improved hydrogen
absorption kinetics in the AB, alloy allowing it to immediately absorb H, without activation
while for the non-modified sample an incubation period (30 min) was observed at the same
conditions.

Activation © 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Kinetics

N Fuel Cells (PEMFC’s) is in specialized utility vehicles such as
Introduction

A promising application for metal hydrides as materials for
hydrogen storage and source to Proton Exchange Membrane
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forklifts, mining locomotives and marine application. The low
gravimetric hydrogen storage capacity and high weight of
intermetallic hydrides can be beneficial as it assists in
steadying the vehicle or vessel without carrying extra
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counterweight [1-3]. Of the numerous metal hydride mate-
rials Ti- based AB; type (A = Ti+Zr; B = Mn+Cr+V+Fe+Ni+...)
alloys have shown to be excellent hydrogen storage materials
due to the relatively high reversible hydrogen storage capacity
(~1.8 wt%) at near ambient conditions [4—6]. However one of
the main drawbacks of Ti-based AB, alloys that hinders their
commercial application is the high cost of raw materials. One
of the technological challenges facing the everyday applica-
tion of mass production of multi component Ti- based AB,
type metal hydrides is the use of expensive elements. An
operative method is to reduce the cost of Ti- based AB, alloys
are to substitute pure V with inexpensive raw material such as
ferrovanadium (FeV). Taizhong et al. reported on the synthesis
of TiCr; g_x (FeV)x metal hydrides, the alloys showed excellent
hydrogen storage capacities comparable to use of V metal [7].
Kim et al. reported on the synthesis of a Ti gsZro 13(FeV)o se-
Mn;, 47Ni o5 alloy, they showed that the as-cast alloy consisted
of two phases: a C14 Laves phase and a FeO phase. The source
of the FeO phase in the alloy was attributed mainly due to the
replacement of pure V by FeV. To remove the FeO phase, the
alloy was annealed at 1000 °C for 1 h in Ar atmosphere that
resulted in a single C14 Laves phase [8]. Sakaki et al. reported
on TiZrMn alloy for the application as metal hydride actuators
[9]. Their results illustrated that FeV could be used to reduce
the cost of the alloy, and whereas the Al impurity in FeV
assisted in decreasing hysteresis.

Numerous studies on Ti- based AB, alloys have been car-
ried out in order to improve the performance of the alloy such
as the storage capacity, cyclic stability, kinetics and activation
which are normally achieved by substitution with different
alloying elements [10—14]. The effects of oxygen in Ti-based
alloys have been studied by various researchers, they
concluded that even small amounts of oxygen affect the P—C
isotherms, predominantly the dissociation pressure; the
hydrogen storage capacities decrease and the plateau pres-
sures of the alloys increase with increased oxygen concen-
tration [15—17].

Introduction of oxygen in the alloys of Ti and/or Zr with
transition metals (TM = Fe, V, Ni, etc.) often results in the
formation of oxygen-stabilised intermetallic n-phases, n:-
(Ti,Zr)3sTM301_x and n,-(Ti,Zr), TM,0;_x with crystal structures
related to Ti,Ni [18—22]. These phases often form hydrides
which, however, are characterised by high stabilities thus
reducing reversible hydrogen storage capacity of the material

at pressure-temperature conditions
applications.

This paper reports on the synthesis and characterization of
a multi component Ti-based AB, type alloy without (AB,) and

with (AB,Og 0s) 0xygen modification.

specific for the

Experimental

A multi component Ti based AB,-type alloy with a composition
of (A = TiogsZro.15, B = Mny 25Nig 22Cro2Vo.3F€0.06) Was prepared
by arc-melting of the starting elements (metals of >99.99% pu-
rity; V and Fe were introduced as commercial Ferrovanadium/
FeV, 80 wt% V) in stoichiometric ratios. The total weight of in-
gots was about 10 g. The melting was performed on a water-
cooled copper hearth in Ar atmosphere (99.999%; pressure
0.1 MPa). The alloys were re-melted 3 times to guarantee their
homogeneity. The as-cast alloy was sealed in a stainless steel
tube filled with Ar, transferred into an annealing furnace, and
annealed at 950 °C for 24 h followed by quenching in ice water.
The intermetallic specified above was also modified by oxygen
to yield the composition AB,Oy os. The oxygen was introduced
by adding TiO, to the charge, with corresponding decrease of
the Ti amount, followed by arc melting and annealing at the
same conditions as for oxygen free AB,-type alloy.

The morphology and composition of the alloys were
analyzed by SEM and EDS (Hitachi X650). Samples were also
characterised by XRD (Bruker D8, Cu—K A, = 1.5406 A,
Ao = 1.5444 A, W/A; = 0.5, 26 = 20-90°). The XRD data was
further processed by Rietveld full-profile analysis using GSAS
software.

The H, absorption kinetics were measured in a Sieverts-
type volumetric installation. The measurements were per-
formed at a temperature of 20 °C and hydrogen pressure about
30 bar, for 2 h. The first H, absorption was performed without
activation (after evacuating the sample at the room temper-
ature), after which the sample was activated by heating to
300 °C under vacuum for 1 h.

The PCT studies of the alloys were performed using a
commercial automated Sievert-type apparatus (PCT Pro-2000).
Roughly, 2 g sample was loaded into the reactor; the sample
was then activated by heating to 300 °C under dynamic vac-
uum for 1 h. The sample was then allowed to cool down to
ambient temperature, followed by charging with hydrogen at

Fig. 1 — Typical SEM images for the arc-melted samples: (A) Tio g5Z10.15Cro.2Mn; 25Nig 22V 3F€0 06, (B)

Tio.85Z¥0.15Cr0.2Mny 25Nip.22V0.3F€0.0600.05.
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Table 1 — Compositional properties of the multi component AB, type alloys prepared via arc melting.

Components Content, wt%
Nominal Measured Fig. 1(A) Nominal Measured Fig. 1(B)
Tig.85Z10.15Cr0.2MnN1 2,Nig 22V 3F€0.06 Tio.85Z10.15CT0.2MN 1 2:Nig 22V 3F€0,0600.05

Total area Point1 Point2 Pont3 Total area Point1 Point2 Point3
A (Ti) 24.922 26.44 25.08 24.32 29.86 24.8 24.31 26.37 28.02 26.44
A (Zr) 8.375 8.72 9.86 9.27 8.39 8.335 9.45 8.73 8.63 12.3
B (Cr) 6.365 4.9 5.3 6.66 3.77 6.334 6.09 6.97 5.49 8.08
B (Mn) 41.026 39.19 39.8 39.89 35.42 40.826 40.02 39.43 37.74 32.7
B (Ni) 7.906 9.31 8.46 7.8 11.72 7.868 7.31 6.31 7.81 6.72
B (Fe) 2.051 1.99 2.07 2.15 1.78 2.041 2.4 2.25 2.34 2.7
B (V) 9.355 9.45 9.44 8.75 9.06 9.309 9.64 8.82 9.33 10.21
Impurity:(O) = = = 1.16 = 0.487 0.78 1.12 0.64 0.85

100 bar. The hydrogen absorption and desorption isotherms
were recorded at different temperatures 20, 40 and 60 °C and
hydrogen pressures from 0.1 to 100 bar. The accuracy of
pressure measurements was assumed to be equal to the value
(1% of the reading) specified in the instrument documentation
while the accuracy of maintaining temperature during taking
the isotherms was estimated as a standard deviation of the
sample temperature measured during the experiment (+0.1°C
for T =20 and 40 °C and +0.3 °C for T = 60 °C). These data were
further used to provide error bars in Van’t Hoff plots In(Pgq) =

F(1/T)built at hydrogen concentrations which corresponded
to plateau midpoint (1 wt% H).

Results and discussion

The SEM images of the unmodified AB, and modified AB,0q o5
are shown in Fig. 1. The SEM and EDS analysis shows that both
alloys are homogeneous. It can be observed that both alloys
have a smooth continuous surface. It can also be seen that the
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Fig. 2 — XRD patterns for arc-melted samples (A) as prepared AB, alloy, (B) hydrogenated AB; alloy, (C) as prepared AB,0q os

alloy, (D) hydrogenated AB,Og os.
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Fig. 3 — Hydrogen absorption kinetics at T = 20 °C and

Po = 30 bar for the Ti-based AB, type alloys: (1) AB, alloy
without activation, (2) AB,0g o5 alloy without activation, (3)
AB,0, o5 alloy after activation by vacuum heating at 300 °C
for 1 h, (4) AB, alloy after activation by vacuum heating at
300 °C for 1 h.

oxygen modified sample (Fig. 1 (B)) has more cracks on the
surface then the unmodified sample (Fig. 1 (A)). The EDS re-
sults shown in Table 1 confirm the XRD data, which displays
the main C14-Laves phase with a composition corresponding
to A:B = 2, this is confirmed as the measured amounts of the
metals correspond closely to the nominal composition of the
alloy. EDS results show that the total oxygen impurity was
0.78 wt% for the modified sample (B), while in the unmodified
sample (A) oxygen was only detected at point 2, this can be
attributed mainly to the use of FeV as it contains small
amounts of impurities (see Ref. [23] Which presents results of
characterization of the used FeV).

Fig. 2 shows the refined XRD patterns for the as prepared
alloys (A, C) and the hydrogenated alloys (B, D). XRD analysis
showed that both alloys consist of the main C14 Laves phase

Tig g5210.15Cr0.2MNy 55Nig 2,V 3F€0 06

([24], ID: 21,112). Both alloys exhibited impurity of n — phase
(TisFe,01x) corresponding to 1.2 and 3.8 wt % respectively, the
reason for the appearance of the impurity phase in the un-
modified sample (A) is mainly attributed to the use of com-
mercial ferrovanadium. The main constituent of the
hydrogenated alloys is a hydride phase AB,H, with the
increased unit cell volume AV/V, = 24.93% and 25.80%, for the
unmodified (Fig. 2 (B)) and oxygen-modified (Fig. 2 (D)) sam-
ples, respectively.

The hydrogen absorption kinetics of the unmodified and
oxygen-modified Ti based AB, are illustrated in Fig. 3. It can be
seen that despite slightly slower kinetics for AB,Ogos as
compared to oxygen-free AB, after activation by vacuum
heating, it starts to absorb H, in the non-activated state
immediately while the non-activated oxygen-free sample has
an incubation period about 30 min. This is mainly due to the
occurrence of the n-(Ti,Zr)4sFe,0;.x phase in the alloy, which
acts as a catalyst for hydrogen absorption; it also increases
brittleness of the starting alloy. However, the introduction of
oxygen into the alloy leads to a slight decrease in the hydrogen
absorption capacity, from 1.8 wt% to 1.7 wt%.

Fig. 4(A) and (B) shows the hydrogen absorption and
desorption isotherms of TiggsZ10 15Cr0.oMn4 25Nip 25Vo 3F€0.06
and for the oxygen modified Tiggs5Zro.15Cr02Mn4 25Nig 25V 3-
Feo.0600.05s samples at 20, 40 and 60 °C. The isotherms for both
samples exhibit the presence of two different phases, namely
a-solid solution of hydrogen in the parent intermetallic and B-
hydride. The two-phase (o + B) region of hydrogen concen-
trations is manifested by the appearance of plateau. From the
P—C isotherms measurement, the maximum hydrogen stor-
age capacity was approximately 2 wt % at P(H,) = 90 bar and
T = 20 °C for both alloys. The reversible storage capacity for
the unmodified AB, alloy is 1.7 wt% and for the oxygen
modified AB, alloy it is 1.6 wt%. The reason for the slight
decrease in the H storage capacity could be due to the for-
mation of hydride of the n-phase which is characterised by a
high stability and does not desorb hydrogen at experimental
pressure — temperature conditions [17—19].

The formation of the n-phase (A:B = 2:1) may result in the
withdrawal of the A component from the major Laves phase
making it over-stoichiometric (B/A>2). In turn, it can result in

Tig.85Zr0.15CT0.2MNy 55Nig 2,V 3F€0.0600.05
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Fig. 4 — Hydrogen absorption and desorption isotherms for Ti based AB, alloys (A) Unmodified AB, (B) Oxygen modified AB,

alloy.
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Fig. 5 — Van’t Hoff plots for hydrogen absorption and desorption for the unmodified (A) and modified (B) alloys.

the decrease of thermal stability of the AB, hydride. Indeed,
the P—C isotherms (Fig. 4) show that the plateau pressures for
the oxygen-modified AB, sample are higher than the un-
modified AB, sample.

The thermodynamic properties such as the enthalpies and
entropies of formation and dissociation of the two hydrides
were calculated from the Van'’t Hoff plots shown in Fig. 5(A)
and (B). Good linear relationships were observed in the Van't
Hoff plots for both alloys. The values for AH and AS for the
unmodified sample obtained from Van’t Hoff plots were
calculated as —22.0 + 0.6 kJ/mol H, and —90 + 2 J/K/mol H, for
absorption and 26.4 + 0.7 kJ/mol H, and 102 + 2 J/K/mol H, for
desorption; the values for the modified sample are
—27.8 + 0.7 kJ/mol H, and —110 + 2 J/K/mol H, for absorption
and 28 + 1 kJ/mol H, and 110 + 4 J/K/mol H, for desorption.

Conclusions

The modification of Ti-based AB, alloy by oxygen introduction
was investigated. The results revealed that with the increase
of oxygen content in the Ti-based AB, alloy an increase in the
abundance of n — phase (Ti4jFe,0,.x) impurity occurs. The
activation performance of the Ti-based AB, alloy was
improved by the introduction of oxygen into the alloy allowing
it to absorb H, without any activation, but decreases its
reversible hydrogen absorption capacity from 1.7 wt% to
1.6 wt%.
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