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Abstract: The hydrogen absorption and desorption behavior of TiMn, ,;Cr, ,s alloys with VFe substitution for partial Mn was inves-
tigated at 273, 293 and 313 K. It is found that VFe substitution increases their hydrogen storage capacity, decreases the plateau pres-
sure and the hysteresis factor of their pressure-composition-temperature (PCT) curves. After annealing treatment at 1223 K for 6 h,
TiMny 4Cr, ,5(VFe), 5 alloy exhibits a lower hydrogen desorption plateau pressure (0.27 MPa at 313 K) and a smaller hysteresis factor
(0.13 at 313 K), the maximum and effective hydrogen storage capacities (mass fraction) are 2.03% and 1.12% respectively, which
can satisfy the demand of hydrogen storage tanks for proton exchange membrane fuel cells (PEMFC).

Key words: TiMn-based alloy; hydrogen storage capacity; hysteresis; sloping factor; PEMFC

1 Introduction

Ti-Mn Laves phase alloys are one of the promising
hydrogen storage materials with easy activation, good
hydriding-dehydriding kinetics, high hydrogen storage
capacity and relatively low cost. However, they have
two critical drawbacks limiting their successful practi-
cal applications. One is their higher hydrogen absorp-
tion and desorption plateau pressure at room tem-
perature, which is usually over 2 MPa. The other is a
larger hysteresis between hydrogen absorption and
desorption and a poor flatness of the hydrogen pres-
sure plateau. In order to resolve these problems, much
work has been done on improvement of hydrogen ab-
sorption and desorption characteristics of Ti-Mn,-
based multi-component alloys [1-3]. Recently, Park et
al. [4] reported (Tij5Zr;25)MngsCr; osVo0sClUy, as a
new alloy, which exhibits smaller hysteresis and less
sloping pressure plateau. However, the plateau pres-
sure of this alloy is still over 1 MPa, which is too high
for proton exchange membrane fuel cells (PEMFC),
the suitable plateau pressure for PEMFC is in the
range of 0.1 MPa to 1 MPa [5].

Comparing with TiMn,, TiMn, 5 alloy has higher
hydrogen storage capacity and better hydriding-
dehydriding kinetics. Gamo er al. [6] examined the
hydrogen plateau pressure of TiMn, 5 alloys whose Mn
is partially substituted by Cu, Co, Fe, Ni or V. They
found that the plateau pressure decreases when Ni or
V replaces Mn and the plateau pressure increases
when Cu, Co or Fe replaces Mn. Hong et al. [7] re-
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ported that TiMn, ,sCry,s alloy has a higher hydrogen
storage capacity, smaller hysteresis and flatter plateau,
but the influence of simultaneous substitution of Cr, V
and Fe for Mn in TiMn, s-based multi-compound al-
loys has not been systematically investigated.

In this work, the effect of VFe alloy addition on
hydrogen storage characteristics of TiMn, ,;Cr, ,5 alloy
was studied at 273, 293 and 313 K. V is known to
form two types of hydride, monohydride, VH..; and
dihydride, VH..,. There is a very low equilibrium
pressure of hydrogenation between V and VH.., at
room temperature. On the other hand, V has a high af-
finity for hydrogen. Therefore, it was expected that
addition of V into TiMn, ,5Cry,s would decrease its
plateau pressure and increase its hydrogen storage ca-
pacity. VFe alloys instead of pure element V were
chosen as melting raw materials in order to develop a
hydrogen storage alloy with reasonable cost.

2 Experimental procedure

The composition of vandium-iron is as follows
(mass fraction, %): V, 82.6; Mn, 0.07; C, 0.11; Si, 064;
S, 0.016; P, 0.044; Fe, 16.52. The other original mate-
rials are pure metals. Alloy samples were prepared by
magnetic levitation melting. 50 g of ingot was turned
over and remelted for four times to insure its homoge-
neity. Besides the as-cast samples, other samples were
undergone annealing treatment at 1223 k for 6 h as
control. The nominal compositions of the alloys were
designed as x=0, 0.1, 0.2, 0.3, 0.4 in the general for-
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mula TiMn, 55_Cry,s5(VFe),. The exact compositions
were analyzed by the induction coupled plasma (ICP)
method. The ingots were crushed into powders with
average particle size about 4 mm for PCT measure-
ments and 30 um for X-ray powder diffraction analy-
sis. For the former, 3 g of powder samples were sealed
into a stainless steel container, which was then evacu-
ated at 473 k for 1h. The container was pressurized by
3 MPa of hydrogen gas, followed by absorption-
desorption cycling about three or four times for acti-
vation. The hydriding and dehydriding behavior of the
alloys was evaluated by PCT curves at various tem-
peratures. The phase structure of all alloys under study
was identified by a Philips PW1010 X-ray diffracto-
meter with Cu K|, radiation.

3 Results and discussion

3.1 Phase structure

Typical elemental components for AB, alloys are

=Ti or Zr, and B=V, Cr, Mn, Fe, Co, Cu or Zn. The
phase composition of the AB, alloys is correlated with
the average number of outer electrons (ANOE). When
ANOE is less than 5.4 no Laves phase could be
formed for Ti and the C15 Laves phase is formed for
Zr. If ANOE is between 5.4 and 7.0, the C14 Laves
phase forms regardless of A=Ti or Zr. When ANOE
exceeds 7.0 the C15 Laves phase forms.

Figure 1 shows XRD patterns of as-cast
TiMn, ,5_,Cry,5(VFe), (x=0, 0.1, 0.2, 0.3, 0.4) alloys. It
is easily indexed on the basis of the hexagonal C14-
Laves phase structure (P6, /mmc space group). There
are no reflections corresponding to the cubic C15-
Laves phase structure. The lattice constants a and ¢
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calculated from these patterns are summarized in ta-
ble 1. Both lattice constants a and ¢ of the hexagonal
cell increase with increasing x and thus the unit cell
volume increases too. It could be attributed to the fact
that the atomic radius of V (0.192 nm) is larger than
that of Mn (0.179 nm). Although the ANOE decreases
as x increases, it is still in the range of 5.44-5.70. The
XRD measurement results are in agreement with those
reported in the literature [8].

Figure 2 is XRD patterns of as-cast and annealed
TiMng 4sCrg25( VFe), ; alloys, which shows that the
crystal structure of the alloys doesn’t change after an-
nealing. However, the peaks of the annealed alloy be-
comes slightly sharper, which means that the homoge-
neity of the phase is improved by annealing treatment.
In addition, the diffraction peaks of the annealed alloy
shift toward a lower diffraction angle, which means
that the lattice constants of the annealed sample are
bigger than those of as-cast sample (see table 1).
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Figure 1 XRD patterns of as-cast TiMn,,, Cr,,(VFe),
alloys.
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Table1 Lattice parameters and ANOEs of TiMn, ,;_,Cr,,(VFe), alloys

Samples a/nm ¢ /nm V/imm®>  ANOE
x=0 (as-cast) 0.4851 0.7990 0.1628 5.70
x=0.1 (as-cast) 0.4852 0.8003 0.1632 5.64
x=0.2 (as-cast) 0.4876 0.8004 0.1648 5.59
x=0.3 (as-cast) 0.4889 0.8015 0.1659 5.54
x=0.3(annealing) 0.4895 0.8017 0.1663 5.54
x=0.4 (as-cast) 0.4896 0.8017 0.1664 544

3.2 PCT characteristics

The ideal hydrogen storage materials should have a
larger hydrogen storage capacity, a smaller hysteresis
and a flatter plateau. In order to explain absorption-
desorpion characteristics of the alloys clearly, a sche-
matic PCT curve is shown in figure 3. The curve in-
volves a flat and wide pressure plateau with a slight
slope. There is a discrepancy between absorption and
desorption pressure which is defined as hysteresis.
The effective hydrogen storage capacity, hysteresis

and plateau effect are represented by an effective hy-
drogen desorption capacity (C,), hysteresis factor (Hy)
and sloping factor (S;), which are defined as

C.= Wp,=IiMPa — Wpy=0.1MPa ()
H; = lg(% Ve 1mM=05 2

where w is the mass fraction of hydrogen in alloy, P, is
the hydrogen absorption pressure, P, is the hydrogen
desorption pressure, H/M is the atomic ratio of hydro-
gen to alloy.
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Figure 2 XRD patterns of TiMn,4Cr,,:(VFe),, alloys: (a)
as-cast; (b) annealed at 1223 K for 6 h.
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Figure 3 Schematic diagram of PCT for a hydrogen stor-
age alloy.

Figure 4 show the PCT curves of as-cast
TiMn, ,5_,Cry,5(VFe), (x=0, 0.1, 0.2, 0.3, 0.4) at 273 K.
The absorption-desorption characteristics are pre-
sented in table 2. The hydrogen capacity gradually
increases with x from x= 0 to 0.3 but drops at x=0.4.
The highest hydrogen absorption capacity (C,),
desorption capacity (C,) and C, are 2.0%, 1.69% and
0.89% at x=0.3 respectively. The plateau pressure and
the hysteresis behavior are improved when x increases.
However, the sloping factor S, (absorption plateau)
and S, (desorption plateau) become poor.

The variation of plateau pressure can be interpreted
by difference of the lattice parameters. With increas-
ing x, the volume of the hexagonal cell (table 1) and
the interstitial hole size increase [9], which logically
leads to a decrease of both the plateau pressure and
hysteresis. Such observations had already been done
by Lee et al [10]. VFe substitution is effective on the
increase of hydrogen capacity, which could be attrib-
uted to the stronger affinity of V with H compared
with that of Mn. However, VFe substitution also re-
sults in a considerable increase of the slope of the
plateau. This could be explained by using the local
environment model proposed by Ivey and Northwood.
In hexagonal AB, Laves phase, hydrogen atoms
mainly occupy two kinds of interstitial site: [A,B,]
and [AB;]. After V substitution, there are two types of
B atoms: Mn and V. In the alloy there exist various
interstitial sites, such as [A,MnV], [A,Mn,], [A,V,],
which have different local environments and hence
different hydrogen affinities. Interstitial sites such as
[A,V,] or [AV,] have a stronger affinity to hydrogen
than [A,Mn,] or [AMn;].
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Figure 4 PCT curves of as-cast TiMn,,, Cr,,{(VFe), al-
loys at 273 K.

A large amount of VFe substitution reduces the ef-
fective hydrogen capacity. This is because that the oc-
cupation of V on some B sites leads to the production
of interstitial sites with a stronger affinity for hydro-
gen, which will form stable hydrides. On the other
hand, the content of Fe also affects hydrogen storage
capacity. this problem will be discussed elsewhere.

Annealing can improve the characteristics of hy-
driding-dehydriding reaction [11]. In lab, it is found
that the alloys annealed at 1223 K for 6 h possess the
best performance. Figure 5 show PCT curves of as-
cast and annealed TiMng¢sCr,,5(VFe) o5 alloys at dif-
ferent temperatures, and the measurement results are
summarized in table 3. For as-cast samples, the H;
and S; don’t change very much when the temperature
increases from 273 K to 313 K, but the P, and P,
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promptly increase. However, after annealing, the P,
and P, increase only slightly with increasing tem-
perature. As a result, C,, C; and C, don't decrease but
increase from 1.40%, 1.12% and 0.57% to 2.03%,
1.85% and 1.12% respectively at 313 K. Moreover,
comparing to as-cast samples, the annealing samples
have a lower plateau pressure. Especially, at 313 K,
the P, decreases from 1.37 MPa to 0.36 MPa, and the
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P, decreases from 1.01 MPa to 0.27 MPa. These re-
sults can be attributed to annealing treatment, which
improve the phase homogeneity and increase the latti-
ce constant. An increase of lattice constants causes the
increase of interstitial site, which logically decreases
the plateau pressure. However, annealing can’t de-
crease the hysteresis and sloping factor, which is con-
trary to that reported in the reference [6].

Table 2 PCT measurement results of as-cast TiMn, ,;_ Cr,,5(VFe), alloys at 273 K

Plateau pressure /MPa

i i loping factor S
Sample Hydrogen capacity / % (at HIM=0.5) Hysteresis factor H; Sloping factor S;
(at H/M=0.5)
Ca Cd Ce Pa Pd Sa Sd
x=0 1.33 106 0.71 2352 0.508 0.66 092 079
x=0.1 1.89 157 0.83 0415 0.247 0.23 1.29 119
x=0.2 195 161 0.85 0351 0.190 0.27 1.20  1.25
x=0.3 200 1.69 0.89 0.158 0.114 0.14 1.41 1.65
x=0.4 1.95 137 0.77 0.125  0.080 0.19 2.06 145
20} (@ 10 + (b}
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Figure 5 PCT curves of TiMn,,Cr,,s(VFe),, alloys at different temperatures: (a) as-cast; (b) annealed.

Table 3 PCT measurement results of TiMn, ,.Cr,,;(VFe), , alloys at different temperatures

Hydrogen capacity / %

Plateau pressure / MPa

Hysteresis factor H;

Sloping factor S;

Temperature / K (at H/M=0.5) (at HIM=0.5)
c, ¢ C, P, P, S, S4
273 (as-cast) 2.00 1.69 0.89 0.158 0.114 0.14 141 1.65
273 (annealing) 200 1.83 0.89 0.131 0.094 0.14 140 1.66
293 (as-cast) 1.74 143 0.82 0.467 0.351 0.12 1.43 1.50
293 (annealing) 197 181 1.01 0.304 0.214 0.15 145 1.53
313 (as-cast) 140 1.12 0.57 1.369 1.011 0.13 1.06 143
313 (annealing) 203 185 1.12 0.360 0.272 0.13 1.05 142

4 Conclusions

(1) With increasing VFe substitution for Mn, the
lattice constant of the TiMn, ,5_ Cry.5(VFe), alloys in-
crease.

(2) For Ti(MnCrVFe), 5 alloys, VFe substitution for
Mn increases the hydrogen storage capacity, decreases
the plateau pressure and hysteresis. It also results in an
increase of slope of the pressure plateau.

(3) Annealing treatment at 1223 K for 6 h can fur-
ther improve the hydrogen storage characteristics at
273, 293 and 313 K, which attributed to the improve-
ment of phase homogeneity and the increase of lattice
constant.

(4) Annealed TiMngysCry,s(VFe),; alloy has a
higher hydrogen storage capacity, a lower hydrogen
absorptoin-desorption plateau pressure and a smaller
hysteresis at 313 K, which is suitable for hydrogen
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storage tanks for PEMFC.
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